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ABSTRACT

This report documents the detailed background information that has been compiled to support the
preparation of a much shorter white paper on the design features and fuel cycles of Very High-
Temperature Reactors (VHTRS), including the proposed Next-Generation Nuclear Plant (NGNP), to
identify the important proliferation resistance and physical protection (PR&PP) aspects of the
proposed concepts. The shorter white paper derived from the information in this report was prepared
for the Department of Energy Office of Nuclear Science and Technology for the Generation IV
International Forum (GIF) VHTR Systems Steering Committee (SSC) as input to the GIF
Proliferation Resistance and Physical Protection Working Group (PR&PPWG) (http://www.gen-
4.org/Technology/horizontal/proliferation.htm). The short white paper was edited by the GIF VHTR
SCC to address their concerns and thus may differ from the information presented in this supporting
report. The GIF PR&PPWG will use the derived white paper based on this report along with other
white papers on the six alternative Generation IV design concepts (http://www.gen-
4.org/Technology/systems/index.htm) to employ an evaluation methodology that can be applied and
will evolve from the earliest stages of design. This methodology will guide system designers,
program policy makers, and external stakeholders in evaluating the response of each system, to
determine each system's resistance to proliferation threats and robustness against sabotage and
terrorism threats, and thereby guide future international cooperation on ensuring safeguards in the
deployment of the Generation IV systems. The format and content of this report is that specified in a
template prepared by the GIF PR&PPWG. Other than the level of detail, the key exception to the
specified template format is the addition of Appendix C to document the history and status of coated-
particle fuel reprocessing technologies, which fuel reprocessing technologies have yet to be deployed
commercially and have only been demonstrated in testing at a laboratory scale.

1. OVERVIEW OF TECHNOLOGY

The Very High-Temperature Reactor (VHTR) design descriptions, technology overviews, and
discussions of issues, concerns, and benefits documented in this report establish the bases to support
more detailed assessments, as the designs evolve, using the methodology developed for evaluating the
proliferation resistance and physical protection (PR&PP) of the Generation IV reactors [1] with
consideration of the International Atomic Energy Agency (IAEA) guidance for the application of an
assessment methodology for innovative nuclear reactors and fuel cycles (INPRO) [2, 3].

Various versions of the VHTR are under development in several countries that are member states
of the Generation IV International Forum (GIF), which includes the People's Republic of China,
France, Japan, the Russian Federation, the Republic of South Africa, the Republic of Korea, and the
United States of America. The VHTR is a helium-cooled, graphite-moderated, graphite-reflected,
metallic-vessel reactor plant with the capability for the generation of electricity with possible co-
generation of process steam using a Brayton gas-turbine cycle, and high-temperature process heat for
chemical process and hydrogen co-production. 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
Below-grade embedment versus above-ground nuclear islands

The two VHTR basic design concepts considered here are the Prismatic VHTR and the Pebble
Bed VHTR.



1.1 DESCRIPTION OF THE PRISMATIC VHTR

There are currently five concepts for the prismatic VHTR under consideration by different GIF
nations. 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, the prismatic
VHTRs are being designed assuming the initial use of a once-though LEU fuel cycle.

U.S.: The General Atomics (GA) prismatic-fuel, direct or indirect cycle, air-cooled RCCS,
filtered confinement Gas-Turbine Modular Helium-cooled Reactor (GT-MHR) [4-10]. The
GT-MHR is a 600 MW-thermal plant with options for cogeneration of electricity and process
heat. ). In addition, GA has more recently proposed a less technically aggressive option by
returning to consideration of the previously developed steam-cycle Standard Modular High-
Temperature Gas-cooled Reactor (MHTGR) that was initially designed in the middle to late
1980s to operate at 350 MW-thermal and 140 MW-electric [82, 83]. The completion of
licensing-supporting research and development for the GT-MHR or the MHTGR is projected
to take at least 10 years; the pace of progress in this effort is dependent upon the GT-MHR or
the MHTGR being selected as a candidate for the DOE-funded Next Generation Nuclear
Plant (NGNP).

Russia: 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 [9] 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.

France: The Areva prismatic-fuel, indirect cycle, water-cooled RCCS, filtered confinement
Modular High-Temperature Reactor (HTR) (designated ANTARES) [12—18] where Areva is
also partnered with other EURATOM participants in the High-Temperature Reactor—
Technology Network (HTR-TN). The ANTARES Modular HTR is also envisioned to be a
600 MW-thermal cogeneration plant; however, the schedule for completion of research and
development depends on end-user engagement.

Japan: The Japan Atomic Energy Agency (JAEA) continues development work begun under
the former Japan Atomic Energy Research Institute (JAERI) on the Gas Turbine High
Temperature Reactor 300 for Cogeneration (GTHTR300C) [19, 20], which will scale up the
technology from the JAEA 30 MW-thermal High Temperature Test Reactor (HTTR) [21]
into a 600 MW-thermal configuration that shares design features with both the GA GT-MHR
and the Areva Modular HTR except for being coupled to a horizontal turbine-generator for
electricity production; however, deployment of the GTHTR300C is not envisioned until after
2030.

South Korea: 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 MW -thermal (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), and the demonstration unit will not be completed for at least 15 years after on-
going research and development activities have been completed [22-24].



Technology summaries can be found for each vendor-proposed design option in the respective
references provided above. The technical information on the point design of the Areva Modular HTR
is more limited in detail compared to that available for the conceptual designs of the GT-MHR and
the MHTGR, but both types of designs are built on the same base concept. These reactors are
proposed to be constructed as modules with the Areva and GA designs 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
TRISO-coated particle fuel in a once-through fuel cycle; the Russian version of the GT-MHR will use
excess weapon plutonium as TRISO-coated fuel particles with the addition of erbium containing '*’Er
to provide a neutron poison with a thermal neutron capture resonance to effect a negative moderator
temperature coefficient of reactivity. The safety basis for all the prismatic VHTR is to design the
reactor to achieve passive safety to avoid release of fission products under all conditions of normal
operation and accidents including most beyond design basis events. This passive safety aspect of the
design should make the VHTR less vulnerable to a significant risk of “radiological sabotage” through
malevolent acts.

The TRISO-coated particle fuel (see Fig. 1.1) has a small-diameter (nominally 200-500 um
typically varying inversely with fissile inventory) 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, an inner high density
pyrocarbon (IPyC), silicon carbide (SiC),” and an outer high density pyrocarbon (OPyC). The
coatings on the fuel particles serve as the primary containment preventing the release of fission
products, and 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. 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 and 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 set to keep the peak fuel temperature below the limit for normal operation, which is 1250°C for
TRISO-coated fuel particles with SiC coatings.

|—— Pyrolytic Carbon
| __—Silicon Carbide or Zirconium Carbide

| Porous Carbon Buffer

Uranium Oxide or Uranium Oxycarbide

TRISO Coated fuel particles (left) are formed
into fuel rods (center) and inserted into
graphite fuel elements (right).

-

PARTICLE COMPACT FUEL ELEMENTS

Fig. 1.1. Illustration of coated particle fuel in the prismatic fuel element.

*Ongoing research focuses on replacing SiC coatings with zirconium carbide (ZrC) coatings to achieve higher
temperature limits (~2000°C) for fission product retention during accidents and to reduce diffusion of radioactive silver.



Spent fuel is retained in cooled storage containers that are embedded below grade 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 kilograms of LEU, the plutonium content at full burn-up (~120 GWD/MT) will be small
(~60-70 grams) and isotopically degraded compared to weapon-grade plutonium.

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

e Direct Brayton cycle for electricity generation,
Indirect steam generation for process heat and/or electricity generation,

e Indirect heat transfer to process heat user (e.g., hydrogen production) or to a secondary
Brayton cycle.

The vessel configuration for the direct cycle GT-MHR is illustrated in Fig. 1.2, and the reactor
building option for the GT-MHR is illustrated in Fig. 1.3. These illustrations for the GT-MHR layout
are very similar to those for the earlier steam-cycle MHTGR upon which the GT-MHR below-grade
embedded configuration is based.

For the GT-MHR or MHTGR, the reactor vessel and power conversion unit are placed
subsurface, which improves and enhances the physical protection of the plant.

Power Conversion Unit (PCU)

Reactor iy Positi Refueling  Reactor

maintenance and machine  auxiliary
building

repair building
Crane central rmn\

Electrical-technical
building

- 4 M " !:,._‘“
il = Grade
2 . level
Power g “ Rt‘m“ttu'
conversion i 3 rln'fl_\'
system b = | cooling
r Y system
=1 Reactor
Reactor Vessel \ Benchor bl
Fig. 1.2. GT-MHR reactor, cross-duct and Fig. 1.3. GT-MHR fully embedded reactor

pcu vessels. building.
1.2 DESCRIPTION OF THE PEBBLE BED VHTR

In addition to the South Korea NHDD Project for which a fuel element design decision (prismatic
or pebble bed) has not been made, there are two national programs for a pebble bed VHTR.



e South Africa: The Westinghouse and South African PBMR (Pty) Ltd. pebble-fuel, water-
cooled RCCS, filtered confinement Pebble Bed Modular Reactor (PBMR) [10, 25-29] that
has been being designed as a 400 MW-thermal direct Brayton cycle plant as an NGNP
candidate but has recently been scaled back to a 200-250 MW-thermal steam cycle plant with
a 200 MW-thermal, 80 MW-electric demonstration plant at Koeberg in South Africa planned
to be commissioned in 2018. The core for the 400 MW-thermal PBMR was to be annular
with an inner reflector of prismatic graphite reflector elements; the 200-250 MW-thermal
core design would be cylindrical.

e People's Republic of China (PRC): The China Huaneng Group in a consortium with the
China Nuclear Engineering & Construction Group (CNEC) and Tsinghua University’s
Institute of Nuclear and New Energy Technology (INET) is developing and preparing near-
term (starting in 2009, commissioning in 2013) construction of the 250 MW-thermal , steam-
cycle High-Temperature Reactor-Pebble-bed Module (HTR-PM) [30, 31]; the HTR-PM,
which builds on the success of the Tsinghua University’s HTR-10 test reactor [32], is
envisioned to be constructed in two module units producing 500 MW-thermal and 200 MW-
electric. The HTR-PM core is to be cylindrical. The reactor vessel is placed above grade
level, but the fuel handling system is situated below, underground.

The pebble bed reactors share the same passive safety features as the prismatic VHTRs but have
less excess reactivity due to on-load refueling. The LEU fuel for the pebble bed VHTRs is to be
TRISO-coated particles compacted in small spheres as illustrated in Fig. 1.4.

The pebble fuel is not tracked individually by serial number as in the prismatic core, but elements
are counted, characterized, and checked following each of multiple recirculations until they achieve
the target burn-up based on radioactivity measurements. Following several (about six) passes of each
pebble through the core during on-line pebble recirculation, when pebble radioactivity indicates
sufficient burn-up, 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

5 mm Graphite layer

Coated particles imbedded in
Graphite Matrix

: Pyrolytic Carbon 40 p

- Silicon Carbide Barrier Coating 35 p
- Inner Pyrolytic Carbon 40 p
Porous Carbon Buffer 95 p

Dia. 60 mm
Fuel Sphere

Section

Dia. 0.92 mm
TRISO
Coated Particle Sl Jiotinn
Uranium Dioxide
Fuel Kernel

Fig. 1.4. Illustration of coated particle fuel in pebble fuel element.



significant quantity of direct-use plutonium (8 kilograms) since a fresh PBMR pebble only contains

9 grams of LEU and a fresh HTR-PM pebble 7 grams. Further, at a burn-up around 90 GWD/MT, the
plutonium isotopic composition in the pebble spent fuel is degraded significantly from that of
weapon-grade plutonium.

The reactor building and vessel arrangement for the 400 MW-thermal Brayton-cycle PBMR
concept is illustrated in Fig. 1.5 showing the partially embedded reactor with the horizontal gas-
turbine to the right of the reactor vessel and the associated spent fuel storage locations below-grade to
the left of the reactor vessel. The reactor vessel and vessel arrangement for the 250 MW-thermal
steam-cycle PRC HTR-PM is illustrated in Fig. 1.6 with the steam generator below and to the left of
the reactor vessel but without indicating the location of spent fuel storage that is understood to be
below grade.

"\“‘Illllllll I I!

L

Fig. 1.5. 400 MW-thermal PBMR partially Fig. 1.6. 250 MW-thermal HTR-PM
embedded reactor building with reactor vessel and reactor building elevated above ground level
turbine lay-down. with steam generator.

1.3 CURRENT SYSTEM DESIGN PARAMETERS AND DEVELOPMENT STATUS

The key design parameters for each concept (both prismatic and pebble bed) are presented in
Appendix A. Since the South African design for the 200-250 MW-thermal steam-cycle PBMR has
not yet been formulated, it is assumed that the PRC HTR-PM brackets this design. The site for the
construction is already prepared. The HTR-PM is scheduled to start in 2010 with completion and
commissioning in 2014. All other concepts require further development and are at least 10 years in
the future. Completion of the necessary research and development for the potential NGNP candidates
(GT-MHR, MHTGR, ANTARES Modular HTR, and 200-500 MW-thermal pebble bed designs)
depends upon their selection for further funding by the U.S. government.

1.4 THE COMMON SAFETY BASES FOR THE VHTR CONCEPTS

As indicated previously, the common safety basis for both the prismatic and pebble-bed VHTR is
to design the reactor to achieve passive safety to avoid release of fission products under all conditions
of normal operation and accidents including beyond design basis events. This passive safety aspect of
the design should make the VHTR less vulnerable to a significant risk of “radiological sabotage”
through malevolent acts. This objective is to be achieved by the following.



Using ceramic coated fuel particles (see Fig. 1.7) where the coatings retain fission products as
the primary containment as long as (1) the quality of the fuel fabrication process does not
result in failed or externally contaminated particles, (2) the temperature of the particle is kept
below certain limits at power and under non-power accident conditions with a core heat-up
due to loss of forced cooling, and (3) chemical attack is avoided by preventing or limiting the
ingress of water, air, or other corrosive chemicals from entering the core.

pm
dpye 40
dge 35
dipye 40
dpye 90
D, 500

Fig. 1.7. Illustration of LEU coated particle fuel.

Using a high-temperature, high-heat-capacity all ceramic core (graphite and graphitized
carbon) and an inert single-phase coolant (helium gas).

Limiting the thermal power and sizing the core and reactor vessel to allow for passive cooling
by conduction, natural convection, and thermal radiation during loss of forced cooling events
including depressurization of the primacy coolant loop, so the fuel temperature and time at
temperature do not exceed the limits at which coated particle containment integrity is
compromised.

Providing for redundant decay heat removal capability with a non-safety-related active safe-
shutdown cooling system employing an in-vessel circulator and heat exchanger and with a
safety-related passive RCCS to remove heat from the reactor (pressurized or depressurized)
when active systems fail, including the capacity to reject heat to the building structure if the
external heat sink is completely disrupted.

Embedding at least part, if not all, of the reactor systems and spent fuel storage systems
below grade (e.g., GT-MHR, MHTGR and Areva HTR) and hardening the above-grade
portion sufficiently (e.g., PBMR) to resist penetration to eliminate or minimize the effects of
adverse weather, seismic events, aircraft crashes, and possible terrorist attacks.

Employing a fuel design with a sufficiently negative temperature coefficient of reactivity
such that the reactor shuts down without requiring actuation of the reactivity control system
upon loss of forced cooling.

Employing a reactivity control system that limits the possible rate of positive reactivity
insertion while ensuring adequate diverse and redundant means to achieve both hot and cold
shutdown during an accident.



e Designing to minimize the required actions by the operators in ensuring plant safety under all
conditions.

To support the worldwide regulatory assurance for safety and safeguards in both the design and
operation of the NGNPs and associated fuel cycle facilities, including for the VHTR, the IAEA has
issued both Safety Standards (http://www-ns.iaea.org/standards/) and international regulatory
requirements (based on compliance with international treaties and conventions) in the series of IAEA
Information Circulars (http://www.iaea.org/Publications/Documents/Infcircs/index.html). The IAEA
has also compiled detailed technical information on gas-cooled reactors in the HTGR Knowledge
Base (http://www.iaea.org/inisnkm/nkm/aws/htgr/), which includes full-text retrievable
documentation from IAEA-sponsored conferences, technical committee and specialists meetings,
coordinated research projects, and technology reviews.

In addition to and often in collaboration with the IAEA, the Nuclear Energy Agency (NEA)
(http://www.nea.fr/), which is a specialized agency within the Organization for Economic Co-
operation and Development (OECD) and serves as the Secretariat for the GIF, provides guidance on
nuclear safety and regulation with documentation retrievable from the NEA web site. The NEA,
sometimes with co-sponsorship of the IAEA, has sponsored workshops on Advanced Reactors with
Innovative Fuels (1998, 2001, 2005, and 2008) and Advanced Reactor Nuclear Safety and Research
Needs (2002) and Information Exchange Meetings on Basic Studies in the Field of High-Temperature
Engineering (1999, 2001, 2003) wherein various HTR topics have been addressed. The proceedings
of the NEA workshops and information exchange meetings may be found either on the NEA web site
or, as read-only files retrievable by title, on Google Book Search (http://books.google.com/).

The USNRC has performed an expert review of the generic, pre-conceptual design of the VHTR
to assess the potential challenges to fission product retention during normal operations and accidents
and has documented the results in a series of contractor reports using Phenomena Identification and
Ranking Tables (PIRTs) [33, 34]. These PIRTs supplement the previous USNRC findings from pre-
application licensing reviews of the lower-power, steam-cycle GA MHTGR with two versions of the
USNRC findings including that published initially by the USNRC Office of Regulatory Research
(USNRC-RES) [35] and a later, somewhat less-consistent version published by the USNRC Office of
Nuclear Reactor Regulation (USNRC-NRR) [36]. In addition, the USNRC-RES has sponsored a
contractor review of the technology gaps that are recommended to be filled to satisfy safety and
licensing requirements for the NGNP [37] focusing on safety in reactor design, operations and
performance. Based on these initial assessments by the USNRC, the challenges to VHTR plant safety
are judged to be sufficiently defined at this stage of the design for consideration in initially assessing
the susceptibility to “radiological sabotage.”

Assuming that the quality of fuel fabrication is such that the coated particles have acceptably low
levels of defects in the particle coatings as well as low levels of heavy-metal fuel material
contamination outside the coatings, the primary challenge to fuel element integrity for purposes of
fission product retention is the temperature and time at temperature of the SiC, or ZrC, coatings on
the fuel particle. As noted above, the VHTR systems are being designed to limit fuel temperatures
under all plant conditions including accidents. The secondary challenge to fission product retention,
aside from quality control in fuel fabrication, is from chemical attack of the fuel particle coatings.
Water ingress has been the principal cause of chemical attack in the previous operation of high-
temperature gas-cooled reactors (HTGRs) that used steam generators in the power conversion system
with higher-pressure water-steam on the secondary side than the helium on the primary side. In the
case of the steam-cycle Fort St. Vrain HTGR, the use of water-lubricated helium circulator bearings
was the major source of water ingress.

For the VHTRs operating in electricity generation only, the high-pressure helium used for the
direct Brayton cycle will preclude water or chemical ingress except for depressurized shutdowns such
as for refueling or maintenance of primary-system components. For operations with an intermediate
heat exchanger to a secondary working fluid for either electricity generation or process heat usage,



the chemical composition and relative pressure of the secondary system fluid will determine the
propensity for chemical ingress into the primary system in the event of a heat exchanger leak. The use
of helium, a helium-nitrogen gas mixture, or a liquid salt secondary fluid does not pose significant
concern for ingress and chemical attack on the fuel unless the fluid in the secondary system becomes
chemically contaminated or degraded during operation. Depressurized shutdown is the most likely
mode for the ingress of water or other chemicals into the primary system to cause chemical attack so
the moisture and helium contamination detection systems on the primary coolant and the helium
purification system are crucial to identifying leaks and providing for the mitigation or prevention of
chemical attack before the reactor returns to full power and operating temperatures.

1.5 TECHNICAL-BASIS COMPARISON FOR PRISMATIC AND PEBBLE BED VHTR
FUEL UTILIZATION

Both the prismatic core and pebble bed core fuel VHTRs share a common technical basis for the
way in which the reactors are fueled and cooled. This basis is to maintain the fuel peak temperature
below a normal operating limit, which for SiC-coated TRISO particles is usually accepted to be
1250°C. To achieve meeting this limit, the fuel distribution is zoned by one or more means to have
the axial power peaked near the core coolant inlet so that the highest power is produced where the
helium coolant is at or near its lowest temperature. The fuel zoning is achieved much differently
between the prismatic core reactors that are subject to periodic shutdowns for fuel shuffling and
refueling and the pebble bed reactors that are subject to continuous on-line refueling and the recycling
of previously irradiated and discharged fuel pebbles that have not achieved full burn-up and been
discarded to spent fuel storage. Currently, all the VHTRSs are conceived as being down flow cores so
that the power distribution is peaked or the power density is highest at the top of the core. For both
VHTR types on the LEU fuel cycle, attention is given by the reactor physics analysts to the
distribution of LEU burn-up and the build-up of plutonium and their combined effects on the stability
of the core to xenon-135 oscillations that could cause power flipping leading to the highest power
being produced at or near the coolant outlet temperature that in turn could lead to exceeding the peak
fuel temperature during normal operation.

Maintaining the axial power profile during power operation is made somewhat more difficult for
the prismatic cores by the need to withdraw control rods from the bottom of the outer reflector
surrounding the core either in a bank or by groups which will tend to push the power distribution
down so that forcing the desired top-peaked power distribution requires attention to the axial fuel and
poison zoning in the stack of fuel elements. Since azimuthally not all columns of prismatic fuel
elements may be located adjacent to a withdrawing control rod in the outer reflector, in some cases,
radial and/or azimuthal power flattening may be required using fuel and poison zoning. For the
prismatic cores, these needs may vary from one core to another even for the same VHTR design.
Since approximately half of the fuel is replaced at each reload in the equilibrium cycle of the
GT-MHR or MHTGR, a once-burned fuel element will have a burn-up of between 60 and
70 GWD/MT on average but depending also upon where the fuel was located in the core with
elements in the bottom of the core having a lower burn-up and those from the top of the core having a
higher burn-up due to the power distribution management scheme.

In the pebble bed core, control rods will be withdrawn almost fully so that criticality, power
levels, and radial/azimuthal power distributions maintained during prolonged constant-power
operation will be accomplished by the on-line refueling scheme mixing fresh and irradiated-
recirculated fuel pebbles and controlling their insertion location into the top of the core.

For the designers of the prismatic cores, maintaining the desired axial, radial and azimuthal power
distributions has several options that include the following.

e Varying the loading of fuel elements so that the higher fissile-loaded fuel elements are placed
at the top of the core (and/or adjacent to control rods) while the lower fissile-loaded and/or



higher fertile-loaded fuel elements are placed at the bottom of the core (and/or away from
control rods) with perhaps some appropriate variation in fissile-loading for fuel elements in
the middle of the core. For single particle cores with only fissile particles of a single
enrichment (Modular HTR on LEU or the GT-MHR on weapon plutonium for deep-burn),
fuel compacts in the fuel elements will vary the fissile content in the fuel compact by using
inert graphite shim particles to reduce the loading of the fuel compact and therefore the fuel
element. In two particle fissile-fertile cores (GT-MHR or MHTGR on LEU), either use of
inert graphite shim particles to dilute the fissile loading or use of a combination of shim and
fertile particles will allow the variation of fuel compact and fuel element fissile loadings, but
the use of higher fertile loadings may impact the effect of plutonium production on late-in-
cycle xenon-135 stability so the analysis of loading requirements has to consider all times in
cycle life. Fuel loading variations may also be required to flatten radial or azimuthal power
distributions but perhaps not at all elevations of the core such as only for fuel elements at the
top of the core where the local power densities are highest so as to reduce coolant
temperature entering the lower fuel elements.

¢ Using lumped or integral burnable poisons such as boron carbide (B,C) for lumped burnable
poisons inserted into non-fuel holes (six per element in the GT-MHR or MHTGR on LEU) in
some of the graphite fuel elements or erbium as an integral burnable absorber in the fuel
particle or compact for the very high fissile/no-fertile content (deep burn) fuels, where the
thermal capture resonance of erbium-167 assists in keeping the sign of the moderator
temperature coefficient of reactivity negative. Lumped burnable poisons may also be required
at times to flatten the radial and azimuthal power distributions.

e Reloading or shuffling irradiated fuel elements either azimuthally or axially to control the
axial, radial and azimuthal power distributions.

Therefore, as a result of loading each fuel element or groupings of fuel elements uniquely to
control power distributions in the VHTR prismatic cores, each serial-numbered fuel element will have
to be tracked separately as to initial loading, in-core locations during irradiation cycles, and burn-up
both for the reactor physics analyses of power distributions to support demonstrating that the peak
fuel temperature limits are not exceeded during normal operation and for nuclear material control and
accountancy (NMC&A) records for spent fuel placed in storage after discharge. This NMC&A
tracking is similar to that of serial-numbered pressurized water reactor (PWR) subassemblies except
that it is made more complicated by axial fuel zoning in the prismatic VHTRs and by the large
number of separate items to track (1020 in the GT-MHR, 660 in the MHTGR, during any one cycle
with half of the core reloaded after each cycle versus typically <200 in any one PWR cycle with
between one-half to one-third of the core reloaded after each cycle). By comparison, the LEU loading
in a prismatic VHTR fuel element is on the order of 3—4 kilograms in each element with a total
element mass of ~122 kilograms [Table 3—4 in Refs. 5 and 6] while a typical PWR subassembly will
have ~450 kilograms of LEU in a subassembly having a mass of between 650 and 750 kilograms and
obviously will also have proportionately higher plutonium loadings at discharge after burn-up.

The control of power distributions in the PBMR can best be explained in the context of the
illustrations in Figs. 2 through 7 in Ref. 28 and in slides 36 through 45 of the presentation on “PBMR
Reactor Unit and Main Support Systems” in Ref. 27 (see Figs. 1.8, 1.9, and 1.10). To summarize
these illustrations, the initial loading of the PBMR is totally with non-fuel graphite pebbles to check
core flow and pressure drop at zero power. The graphite pebbles are then unloaded gradually from the
bottom of the core and replaced at the top of the core with the initial core fuel pebbles (9 grams of
LEU per pebble at an estimated ~5.7 percent enrichment) before control rods are withdrawn to
approach criticality. Initial criticality is achieved [Fig. 2 in Ref. 28 or first quadrant in Fig. 1.8] with
the graphite pebbles essentially forming a lower reflector in the bottom half of the core. Approach to
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full power is carried out by removing graphite pebbles and replacing them with a mix of graphite and
fresh and irradiated initial core pebbles for the first two recirculation cycles and then loading fresh
equilibrium core pebbles (9 grams of LEU per pebble at an estimated 9.8 percent enrichment) into the
mix of graphite and irradiated initial core fuel pebbles. The steps in this process are listed below as
taken from Slide 36 of the presentation on “PBMR Reactor Unit and Main Support Systems” in

Ref. 27:

¢ Initial loading of the core of the reactor with graphite spheres.

e Replacing the graphite spheres with fresh fuel spheres intermixed with graphite spheres
during initial start-up.

® Gradually changing the start-up core composition of graphite and fuel to a fuel-only
composition, and then to a core consisting of fuel to be used in the equilibrium state.

¢ Loading and unloading the fuel into and from the reactor core while the reactor is operating at
power.

e Spent fuel discharge to spent fuel tanks.

The discharge of the pebble mix to storage is illustrated on Slide 45 in the same presentation and
given here in Fig. 1.10. Once start-up is completed and full power is achieved, the core is refueled
with a mix of fresh equilibrium core pebbles and irradiated pebbles where the pebbles on the bottom
of the core have been burned more than those at the top where the pebbles being loaded consist of a
mix of fresh pebbles and on-average less-irradiated pebbles than those being discharged at the bottom
of the core.

The introduction of the mix of fresh and less-irradiated pebbles into the top of the core tends to
keep the power distribution peaked (or at the highest power density) toward the top of the core
analogous to the prismatic VHTR. From Table 1 of Ref. 28, the ratio of fresh pebbles to
irradiated/recirculated pebbles loaded into the top of the core each day is ~1:6 in the equilibrium core.
The recirculation of irradiated pebbles for up to six cycles through the core is managed by monitoring
the radiation from irradiated pebbles discharged at the bottom of the core until a pebble is determined
by its radiation signature to be at full burn-up (~91 MWD/MT in the PBMR) where upon it is
discharged to spent fuel storage. Graphite pebbles have a very low radiation signature and so are
readily distinguished from irradiated fuel pebbles. As illustrated in Fig. 1.10 (from Slide 45 of the
presentation on “PBMR Reactor Unit and Main Support Systems” in Ref. 27), the mix of graphite,
initial core fuel and equilibrium core fuel pebbles continues to be discharged to spent fuel storage
until well into the sixth recirculation cycle of the start-up initial core pebbles, by which time the core
will mostly be fueled with equilibrium core pebbles. Irradiated graphite pebbles are stored separately
from spent fuel pebbles. Subsequently, defueling of the whole core and replacement of all fuel with
graphite pebbles occur when major in-core maintenance is performed such as replacement of the
core-facing reflector graphite blocks. Restart following such defueling is again accomplished by
unloading the graphite pebbles from the bottom of the core and inserting a varied mix of fresh and
irradiated pebbles into the top of the core, so that upon restart the power distribution is again peaked
toward the top of the core and relatively flat both radially and azimuthally so as to control the peak
fuel temperature

Since there is no serial number for tracking individual pebbles, the NMC&A for spent fuel is
performed by bulk counting of discharged pebbles that meet the full burn-up radiation signature.
Recording the count and radiation signature of pebbles discharged to a specific storage tank and then
inspecting the storage tank by movable radiation monitors (gamma detectors or fission chambers) is
the system proposed by the proponents along with the use of cameras to follow the piping of the Fuel
Handling and Storage System to verify that no pebbles are diverted [see Fig. 1.11 taken from Fig. 9 in
Ref. 28 or Slide 48 in the presentation on “PBMR Reactor Unit and Main Support Systems” in
Ref. 27]. If required spent fuel pebbles may be retrieved from a spent fuel storage tank and recounted,
but the design of spent fuel storage tanks must be tailored to accommodate this option.
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2. OVERVIEW OF FUEL CYCLE(S)

A comparison of the vendor-proposed VHTR fuel cycle parameters is provided in Appendix B.
The information in Appendix B is taken either from the references given in Sect. 1 or from inferences
drawn 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. The Russians are simultaneously pursuing the GT-MHR as a “deep-burn” option for weapon-
grade plutonium disposition [9]. The use of high enriched uranium (HEU) as HTGR fuel, as was done
in the past, is no longer considered acceptable due to the very low proliferation resistance of HEU.
Both GA and Areva are considering a range of other fuel cycle options for future reactor deployments
including plutonium disposition, transuranic (TRU, plutonium-neptunium plus other more radioactive
minor actinides) and/or minor actinide (MA, neptunium, americium, and potentially curium)
transmutation, and the use of thorium (***Th) as a fertile component for high-conversion fuel [38—43].
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 either 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 past
experience provide a reasonably sound basis to have confidence in the ability to close the VHTR fuel
cycle in the future, if needed.

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

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, 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, 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
Plutonium fuel particles

TRU or MA fuel particles

33U fuel particles (or 33U with 238U)

Thorium (or thorium with uranium) fertile fuel particles

Pu/**Th and/or Pu/**U 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 and may contain in some designs
fertile particles of natural uranium [5-7]. However, with the VHTR’s thermal spectrum, thorium has
substantially 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 [5, 6]. This thorium may be mixed
with a small amount of uranium to dilute and “denature” the fissile **’U produced by neutron
absorption in thorium. In general, it can be expected that future VHTR 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 pyroreprocessing methods, and recycled
materials may be returned to VHTRs or sent to fast reactors.

The fabrication of VHTR fuel particles, independent of the constituent fissile or fertile materials,
has the same basic steps:
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e The use of a chemical solution deposition (sol-gel) process to form the fuel kernels as
microspheres followed by selective quality control acceptance inspections to ensure
uniformity in sphericity, density/porosity, and kernel composition and stoichiometry,

¢ The high-temperature coating of the fuel kernels by multi-pass reactive-flowing-gas
fluidized-bed chemical vapor deposition (CVD) in a furnace to form the multi-layered coated
fuel particles followed by selective quality control acceptance inspections of coatings
integrity,

¢ The compacting of the coated fuel particles with a carbon-based blending material and the
subsequent graphitization of the compacted coated fuel particles in the carbon matrix to form
the final fuel compacts again followed by selective quality control acceptance inspections,
and

e At each step, defective or damaged kernels or coated particles are collected as scrap, and the
nuclear material is recovered and processed for refabrication as fuel to minimize radioactive
waste generation.

Although the fabrication steps are common to each VHTR fuel type, due to the variations in
radioactivity of the fuel materials, substantially different approaches are needed for the different types
of fuel material to carry out the fabrication steps listed above. LEU or thorium TRISO particles may
be fabricated with direct-contact handling and standard personnel safety, physical security and
safeguards effort similar to that as currently applied in the fabrication of light water reactor (LWR)
LEU fuel. Plutonium particles must be fabricated in glove boxes, with substantially increased safety,
physical security, and safeguards effort typical of those measures adopted for LWR mixed oxide
(MOX) fuel fabrication. TRU/MA and ***U particles must be fabricated using remote handling
methods in hot cells, simplifying safety and physical security requirements but complicating issues
for reliability due to the complexities of the fabrication steps and requiring new approaches for
addressing remote nuclear material accountability to achieve safeguards objectives.

At this stage of development, it must be remembered that only the LEU fuel is currently under
active development and qualification and that all other particle types are yet to be developed and
qualified to meet both (1) performance objectives for fission product retention under both normal-
operations irradiation and temperature-transient accident conditions and (2) demonstrated
reproducible quality assurance/control in industrial-scale fabrication. These development and
deployment efforts will likely constitute approximately, or at least, $100 million investment and will
most likely be required for each particle type to meet respective licensing and regulatory requirements
of the USNRC (Sect. 4.2, “Fuel System Design,” currently Revision 3, of the USNRC Standard
Review Plan [44]) or alternatively, for example, the Russian Federal Service for Ecological,
Technical and Atomic Supervision (Rostekhnadzor) [45] and the industrial State Standards of the
Russian Federation (“gosudartsvennye standarty” or GOSTy or GOST) [46]. Qualification of
different fuel particle types will not be completed based solely on laboratory-scale fabrication and
research reactor irradiations of test fuel, but, in both the U.S. and Russia, the licensing of new fuel
particle types requires the completion of several cycles of core irradiations of fuel fabricated in
industrial-scale, quality-assured fuel fabrication facilities. Qualification of the LEU and plutonium
fuel now under development is still years away to meet licensing and regulatory requirements.

The technical issues of spent fuel disposal and reprocessing technologies relevant to alternative
future fuel cycles are discussed in Appendix C. Appendix C also addresses the past development
efforts for HT'GR fuel reprocessing and refabrication for the HEU/Th cycle as relevant to the LEU
and future fuel cycles. However, a common point of technical interest with respect to both

"Kernel formation may also involve the addition of oxygen getters to control fission product chemistries or inert matrix
diluents to reduce the fissile inventory or both thus complicating quality control inspections of the kernels [39].
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(1) potential volume-reduction for spent fuel disposal and (2) reprocessing technologies that permit
fuel reuse/refabrication for achieving partial sustainability in the alternative future fuel cycles is the
technology required to remove the '*C-contaminated graphite and other carbon-based material from
around the coated particles in the spent fuel [47-56]. However, generally once the encased fuel
kernels are removed and the particle coatings (particularly the SiC or ZrC coating layer) cracked
[57, 58], any reprocessing technology (PUREX or other) can be used to recover and separate the
actinides and fission products.

Except for ongoing research and development 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 several years 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 the LEU fuel
is being tested for qualification, so alternative fuel options are likely years away in development.
Further, reprocessing technologies for VHTR fuels are not currently developed because it will need a
a proven and economic head end process to separate the fuel particles from the graphite matrix. The
grind-leach, burn-leach and electrolysis in nitric acid technologies studied for reprocessing HEU/Th
fuels must still be developed beyond the laboratory and pilot scale and yield large quantities of
"*C-contaminated CO, or carbon sludge that must be disposed safely.
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3. PR&PP RELEVANT SYSTEM ELEMENTS AND POTENTIAL
ADVERSARY TARGETS

The “system elements” for the VHTR are described as follows:

VHTR System

| |

Fresh fuel Fresh fuel storage at user site; fresh Spent fuel on-
fabrication fuel lay-down at PBRs site storage
by supplier system
Fresh fuel Spent fuel
shipment VHTR transfer, cask-
from Module loading and
supplier to shipping from
user user to
supplier
Irradiated fuel recirculation system disposition
Fresh fuel for PBRs, irradiated fuel handling facility
receiving at system for prismatic reactors
user .
Supplier
- - - disposition
On-site radioactive and hazardous facility
waste storage

Fig. 3.1. Diagram of VHTR nuclear system elements.

Key high-level information defining the VHTR system elements includes the following.
e Material types existing within each system element or grouping of system elements

— Fresh fuel: LEU in currently planned VHTRs; weapon-grade plutonium in future Russian
GT-MHR; plutonium or TRU in future deep-burn VHTRs; and LEU/Th or Pu/Th MOX
in future converter VHTRs. As raw material for fresh fuel fabrication (LEU—uranium
hexafluoride, nitrate, or oxide; Pu-bearing—plutonium metal, nitrate or oxide; TRU—
nitrates or oxides; and LEU/Th—hexafluoride, nitrate or oxide). The material is most
attractive since the least amount of effort would be needed either to enrich indirect-use
uranium or to handle direct-use plutonium for nuclear weapon fabrication. As currently
practiced, appropriate accounting measures and physical protection should be utilized as
assurance to preclude theft or diversion of the the nuclear material used for
manufacturing the fresh fuel. Once encased in graphitized carbon as TRISO-coated
particle fuel in fuel elements (pebbles or prismatic blocks), recovery becomes more
difficult involving processes similar to reprocessing except for the presence of fission
products and activation products such as "*C.

— Irradiated and spent fuel with fission products: Irradiated LEU with small amounts of
plutonium in currently planned VHTRs; irradiated/isotopically degraded plutonium in
future Russian GT-MHR; irradiated TRU in future deep burn VHTRSs; irradiated LEU/Th
with both plutonium and 23U in future converter VHTRs; and radioactive or other
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hazardous wastes especially those solid, liquid, and gaseous materials collected for
storage and/or disposal during operations and maintenance of any reactor type.
Reprocessing is required to recover usable weapon-grade material, but, as is the case for
all spent fuel, breakage and dispersal of radioactive irradiated fuel is potentially attractive
as a means of effecting radiological sabotage.

e Operations envisioned to occur in a system element, and whether (and how) these operations
can be modified or misused

— Fresh fuel: Operations include fabrication by supplier, shipment from supplier to user,
receiving and storage at user’s site. Theft is an issue in each element dealing with fresh
fuel for the acquisition of either indirect-use **°U in the current baseline concepts or
direct-use plutonium in future plutonium and TRU fueled concepts, but recovery of
weapon-usable material is made difficult by the form of the fuel (particles embedded in
graphite matrix) where recovery would necessarily involve processes similar to
reprocessing except for the lack of presence of fission products and activation products
such as "*C. Fabrication is where a deliberate act or inadvertent error in quality control
can lead to fuel failures and radioactive releases from the damaged fuel during irradiation
as an act of radiological sabotage. Fabrication also involves scrap recovery and recycling
within the supplier’s fuel fabrication facility with non-recoverable scrap stored for
disposition as low-level radioactive waste. Broken fresh fuel elements would be stored
separately by the user for shipment back to the supplier for recycling as unirradiated
scrap.

— Irradiated fuel: Operations include irradiation in reactor, recirculation (pebble bed) of
irradiated fuel, reloading (prismatic) of irradiated fuel into reactor, irradiated and spent
fuel storage, radioactive waste handling and storage, loading irradiated and spent fuel or
radioactive wastes into shipping casks for off-site shipment, shipment of spent fuel or
radioactive wastes for disposition, and processing of spent fuel for disposition by
supplier. Diversion and theft of irradiated material is the principal threat for the
acquisition of potentially nuclear weapon—usable material (enriched uranium, plutonium,
or ’U) that still must be recovered from irradiated fuel elements by reprocessing and for
uranium by both reprocessing and subsequent enrichment. Theft of smaller quantities of
such material can result in their use for radiological sabotage. Sabotage of the reactor
during fuel irradiation or shutdown operations or sabotage of spent fuel storage tanks or
shipping casks can potentially lead to radiological releases to the environment as an act of
radiological sabotage. Special handling of damaged irradiated fuel would likely include
separated canned storage at the user’s site with a negotiated disposition path including
shipment back to the supplier.

e Material movements in and out of a system element

— Fresh fuel fabrication: Raw constituents of fresh fuel are brought into the fuel fabrication
facility (LEU—uranium hexafluoride, nitrate, or oxide; Pu-bearing—plutonium metal,
nitrate or oxide; TRU—mnitrates or oxides; and LEU/Th—hexafluoride, nitrate or oxide),
and fabricated fuel elements (prismatic blocks or pebbles) containing graphitized-carbon-
encased TRISO-coated fuel particles are shipped out. Fuel scrap is recycled internally at
the supplier’s fabrication facility with non-recoverable fuel scrap-waste stored on-site and
ultimately shipped off-site for disposal as low-level radioactive waste.

— Fresh fuel shipment to, receipt by, storage at, and irradiation by user facility: Except for
irradiation, all movement in and out of the listed system elements is that of fresh fuel;
damaged fresh fuel is collected, stored and returned to supplier for scrap recovery.
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Diverted or stolen fresh fuel must still be processed using the same methods for
reprocessing spent fuel to remove the carbon and SiC in order to recover the fissile
material content.

— Irradiation, handling of irradiated fuel for recirculation (pebbles) or reloading (prismatic)
or spent fuel storage, spent fuel storage, loading for off-site shipment, shipment for
disposition, and the handling and storage of radioactive wastes: Except for irradiation and
radioactive waste handling and storage, all movement in and out of the listed system
elements is that of irradiated or spent fuel. Radioactive waste handling and storage
involves all fluids and solids that are contaminated with fission and neutron-activation
products that end up in either the off-gas system or the solid and liquid waste systems for
storage and ultimate disposition as low-level radioactive waste; the wastes are primarily
generated by the helium purification system and routine maintenance of the reactor and
auxiliary systems.

e Safeguards and security envisioned to exist in the system elements

— All facilities and operations will be subject to the provisions of the supplier and user
states’ Safeguards Agreement with the IAEA, the Additional Protocol, the Convention on
Physical Protection of Nuclear Materials for international shipments of nuclear material,
the Agency’s guidance on The Physical Protection of Nuclear Materials and Nuclear
Facilities, and the nuclear material, equipment and technology transfer commitments of
the members states of the Zangger Committee and the Nuclear Suppliers Group.

— Within facilities, measures shall be taken to assure Containment and Surveillance (C/S)
and the Continuity of Knowledge (CoK). For prismatic fuel VHTRs, CoK shall be
established by the visual tracking of serial-numbered fuel elements from fabrication to
disposition. For pebble fuel VHTRs, CoK shall be established by counting of fresh fuel
elements and by bulk accountability methods that may include for spent fuel both
counting elements and active neutron interrogation techniques to quantify the fissile
inventory to within acceptable levels of uncertainty.

Assuming that the most likely adversary targets are those presented in the user state, then fresh
fuel is the most likely target for theft or diversion. For this reason, LEU and LEU/Th fuels are best
suited for export to user states containing only indirect use ***U in LEU with the use of Pu-bearing
fuels reserved for use in supplier states for weapon material disposition and-deep burn of TRU.
However, recovery of usable nuclear material from either fresh or irradiated VHTR fuel involves the
processes needed to remove large quantities of carbon for a small yield of nuclear material.
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4. PROLIFERATION RESISTANCE CONSIDERATIONS
INCORPORATED INTO DESIGN

The key proliferation resistance feature of the VHTR fuel system is the fuel itself. To obtain a
significant quantity of either indirect-use **U from LEU (75 kilograms) or direct-use plutonium
(8 kilograms), one has to process metric ton and tens of cubic meter quantities of carbon encasing
coated particles using either grind-leach, burn-leach, or electrolysis in nitric acid. For irradiated LEU
fuel, the high burn-up of the discharged spent fuel (>80 GWD/MT) provides highly radioactive fuel
with poor plutonium isotopics for weapons usage, and the difficulty of reprocessing the spent fuel
involves removing massive amounts of '*C-contaminated carbon to retrieve a very small quantity of
plutonium per fuel element. The most attractive fuel form for diversion would be weapon-grade
plutonium oxide proposed for plutonium disposition in Russia, and this fuel form would most likely
not be exported out of country. If, in the future, MOX or TRU oxides for deep-burn were to be
qualified as licensable fuel forms, such fuel would also be less likely to be exported until LEU
availability runs out, by which time advanced safeguards will have been developed and implemented
for the export of potential breeder fast reactors.

In the following discussion of each of the candidate fuel types proposed for the VHTR, reliance is
made on reported results from the PBMR to draw inferences about LEU fuel in the prismatic cores
since the prismatic core designers have not yet reported fuel cycle data in as much detail.

The Baseline LEU Cycle: The key proliferation resistance features of the VHTR candidate
systems are the use of the once-through baseline fuel cycle using LEU fuel irradiated to high burn-up
(~90-100 GWD/MT or greater except for the HTR-PM at 80 GWD/MT) and the fact that the
produced actinides in the coated fuel particles encased in graphite and graphitized carbon where the
fuel particles are not readily accessible to be reprocessed and contain high levels of the less desirable
plutonium isotopes, namely ***Pu and ***Pu.

The impact of using LEU fuel in the VHTR where the uranium is enriched above the enrichment
used in LWRs can be assessed as follows. Using the PBMR as an example, since most likely pebble
fuel elements are not going to be inscribed with tracking serial numbers as is the case in the prismatic
fuel, the diversion of an indirect-use significant quantity (75 kilograms) of ***U in LEU in fresh
pebbles would require, for the equilibrium core with a pebble loading of 9 grams of LEU at 9.6%
enrichment, 75,000/(9 * 0.096) = 86,806 pebbles or ~17.4 MT of fuel pebbles, which should be quite
readily detectable even over time since that is ~20 percent of a core loading [28]. By comparison, for
the prismatic core GT-MHR or MHTGR using fuel elements with inscribed serial numbers for visual
tracking, the diversion of an indirect-use significant quantity (75 kilograms) of ***U in LEU in fuel
elements containing ~3.43 kilograms of LEU on average at 19.8% enriched would require
75/(3.43 * 0.198) = ~111 fuel elements or 13.5 MT of fuel elements, which would be ~15-16% of a
GT-MHR core loading or ~17% of the MHTGR core leading [5-7, 82, 83]. Thus, the mass ratio for
the diversion of indirect use **U in LEU between fresh pebbles and fresh GT-MHR fuel elements is
17.4/13.5 = ~1.29 so that 29% more pebbles by mass would have to be diverted to obtain
75 kilograms of indirect use *°U in LEU. A volumetric comparison can also be made where the
GT-MHR or MHTGR prismatic element has a physical volume of 0.0889 m® [Table 3-4 in Refs. 5
and 6], where a cylinder occupied by a single prismatic fuel element is ~20% larger by volume, while
a single 60 mm diameter pebble has a volume of 0.000113 m® with a packing fraction in small
volumes that would vary between 50 and 60 percent at most so that the gross volume occupied when
stacked in a small container would be between 0.000226 and 0.000272 m’. Diverting 111 prismatic
fuel elements requires a net container volume of at least ~9.86 m’ where the prisms are optimally
stacked in some sort of cylindrical container, increasing the volume by 5-20% depending on the
number prisms, and diverting 86,806 pebbles requires a net container volume of at least ~24 m’ if
several small containers are used or ~20 m’ if larger containers are used to increase the packing
fraction, which would take time to do. Thus, the minimum gross volume ratio for the diversion of
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indirect use **U in LEU between fresh pebbles and fresh GT-MHR or MHTGR fuel elements is at
least ~19/9.86 = <2.

Because the fuel elements of PBMRs lack serial numbers for tracking, the use of LEU-fueled
PBMRs has been examined by several researchers from the aspect of the attractiveness for diversion
of fully burned spent fuel, one-cycle-irradiated pebbles, and the use of special production pebbles
[28, 59-63]. These studies have demonstrated in calculational results that, at full burn-up, the isotopic
composition of the produced plutonium is less attractive than that of fully burned LWR spent fuel
(at ~55 GWD/MT), with **Pu being less than 50% of the total plutonium (see Table 4.1 taken from
Ref. 63).

Table 4.1. Calculated plutonium isotopic fractions for PBMR spent fuel as a function
of initial enrichment and discharge burn-up [Table 3-2 from Ref. 63]

Average
% Discharge
Enrichment| Burnup Pu Isotopic Fractions
(U-235) | (Mwd/kg)| Pu-238 Pu-239 | Pu-240 Pu-241 Pu-242
7% 70 1% 46% 29% 15% 9%
8% 80 1% 46% 28% 16% 9%
10% 100 1% 46% 26% 17% 11%
15% 150 2% 44% 23% 18% 13%
20% 200 4% 42% 20% 19% 15%

The calculational results for the plutonium isotopic fractions in the PBMR fully burned spent fuel
would likely be very close to those for the prismatic VHTR spent fuel where the prismatic fuel is to
be discharged at a burn-up exceeding 100 GWD/MT (or MWD/kg). The PBMR and prismatic VHTR
spent fuel will have slightly different plutonium isotopic compositions resulting from differences in
the thermal-neutron and epithermal-neutron energy spectra due to a different moderator-to-fissile
atom ratio and additional thermal and epithermal neutron self-shielding due to the higher-density fuel
compacting used in the prismatic fuel. The documentation for the GT-MHR on the LEU once-through
cycle [9] does not provide typical plutonium isotopic fractions for GT-MHR spent fuel but does state
that “The GT-MHR spent fuel has very high proliferation resistance because the quantity of fissile
material (plutonium and uranium) per GT-MHR spent fuel element is low, the plutonium isotopic
composition is unattractive and there is neither a developed process nor capability anywhere in the
world for separating the residual fissionable material from GT-MHR spent fuel.” It is expected,
however, that the spent LEU fuel from both the GA GT-MHR and Areva Modular HTR will have
plutonium isotopic fractions very close to the values calculated for the PBMR in Table 4.1.

Because the PBMR recirculates a pebble up to six times through the core before it is discharged
to spent fuel storage at full burn-up (~92 GWD/MT), the question arises about the diversion of an
irradiated pebble after one cycle or the use of special pebbles designed as target elements to produce
plutonium. The analysis of the PBMR by PBMR (Pty) Ltd. [28] shows in Fig. 4.1 the plutonium
build-up per pebble and the relative isotopic content as a function of recirculation.

Figure 4.1 indicates that at full burn-up each pebble will contain about 0.11 grams of plutonium
with the isotopics indicated, and, from this, it can be inferred that, at full burn-up (120 GWD/MT in
the GT-MHR), the prismatic fuel elements can be estimated to contain on the order of 60-70 grams of
plutonium of similarly degraded isotopics. This estimate accounts for the fact that, with fuel loadings
not given for the other prismatic designs (see Appendix B), the prismatic GT-MHR fuel contains on-
average 0.995 kilograms of natural uranium in addition to the 3.43 kilograms on-average of LEU in
fresh fuel and reaches ~120 GWD/MT at full burn-up. Therefore, at full burn-up, the plutonium
content equivalency between the serial-numbered average prismatic fuel element and the number of
discharged fully-burned non-serial-numbered pebbles is estimated to be approximately a numerical
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Fig. 4.1. Plutonium build-up in a PBMR fuel element in an equilibrium core [28].

ratio of 1:590, where the equivalent number of pebbles is estimated by dividing 65 grams per prism
by 0.11 grams per pebble equaling ~590. The comparative fuel element mass ratio is 122 kilograms
divided by 590 * 200 grams per pebble, or 122/118 = ~1.02.

However, the LEU pebble in a PBMR is recirculated up to six times while the fuel element in a
GT-MHR or MHTGR is typically reloaded only once [5—7]. From Fig. 4.1, the plutonium content of a
pebble after its initial irradiation is given as ~0.047 grams (~74% ***Pu), whereas for the GT-MHR
there are no data quoted for the one-cycle-burned prism but it is inferred that the plutonium loading
would be ~50 grams with less favorable isotopics than in the pebble after one cycle of irradiation.
From this, a rough comparison can be made that it would take at least ~1050 pebbles diverted after
the first cycle to equal the amount of less favorable plutonium in a prismatic fuel element removed
from a GT-MHR after the first irradiation. Unfortunately, the ***Pu content shown in Fig. 4.1 does not
match the value quoted in Table 3.3 of Ref. 63 where the latter value differs by about a factor of 2,
implying that the number quoted in Ref. 63 may more likely be the total plutonium content and not
merely *’Pu.

The assessment by the Massachusetts Institute of Technology (MIT) of the potential for diversion
of first cycle pebbles (Slide 102 of Ref. 60 and Slide 32 of Ref. 61) indicates that, per the MIT
analyses where the isotopic fraction of **’Pu after the first cycle (82.8%) is approximately consistent
with that (74%) In Table 4.1, the diversion of a significant quantity of plutonium (8 kilograms) with
82.8% **Pu content would require diverting ~285,000 pebbles or ~57 MT with a packed volume
approaching ~64 m’. The MIT study also calculates that it would take ~20,000 special covert pebbles
to obtain 6 kilograms of plutonium. By comparison, it is estimated to take the diversion of
~160 GT-MHR first-cycle-irradiated fuel elements with a total mass of 19.5 MT in fuel elements and
a volume of over 14.5 m’ to obtain a significant quantity of plutonium (8 kilograms) where the
isotopics would be more like that of the pebble after four cycles of irradiation (that is, ~60 MWD/MT
assuming a linear burn-up trajectory). These are huge masses and volumes of '“C-contaminated
carbon that are required to be handled to effect diversion of a significant quantity of plutonium for
both prismatic and pebble fuels.

The analysis in Ref. 62, which assumes the special pebble contains a metallic 30 mm diameter
sphere of natural uranium, concludes that use of a PBMR “to produce energy and clandestinely
produce plutonium for a weapon is impractical and slow, and the plutonium yielded would be of very
poor quality.” This latter study further noted that “the design of the pebbles is likely to be improper
for the retention of fission products and generated gases” so that “ensuing releases could cause health
and safety concerns and would most likely make the facility easier to detect.” Slide 33 in Ref. 61
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illustrates other concepts for “special pebbles,” all of which, assuming a 1% inventory in the core,
would require several tens of thousands of pebbles and several years to obtain 6 kilograms of **Pu
and likely be subject to the detectable release of radioactive fission gases.

Another more recent assessment of pebble bed reactor safeguards challenges for the LEU cycle is
presented in Ref. 64. Several key conclusions from this latter study include the following.

¢ Fuel Source Tracking: The use of tags where the tags are small particles whose chemical
composition provides a unique serial number identifier. The tags would be added during the
pebble fabrication process and be incorporated into the graphite matrix. If a diverted pebble is
recovered or an inspector has a question about where a pebble came from, the tags can be
recovered destructively from the pebble. An example of such tags is microspheres of rare
earths where a lot is identified by the specific mixture of rare earths.

e Pebble Radiation Inspections during Pebble Recirculation: The pebbles flow through the
reactor during irradiation and then upon discharge from the reactor though a detector to
determine which pebbles are sufficiently irradiated for disposal and which pebbles are to be
recirculated. The radiation profile of a target “special pebble” would be very different from
that of a fuel pebble and thus could be detected. It is also likely that a target “special pebble”
would have a higher loading of natural or depleted uranium than a normal fuel pebble. This,
in turn, implies a higher mass pebble. As a practical matter for potential proliferators, pebble
inspection is how the host country would find the target “special pebbles” sorted from the rest
of the fuel. There are strong incentives to use the reactor’s pebble inspection system as an
integral component of the safeguards tracking system.

e  Monitoring of Fuel Recirculation Records: The use of a large number of targets implies
power and reactivity shortfalls in the reactor. That is, the fresh fuel loading or enrichment or
the enrichment of spent fuel will increase to provide the neutrons for the target pebbles.
Mismatches between fuel loadings and power output are strong indicators of misuse of the
reactor. In this context, the PBMR has a unique feature. All of the spent fuel has
approximately the same burn-up. This characteristic makes it potentially easier to compare
power production records with fuel usage to determine any potential mismatch.

The inferred analyses discussed above to compare the prismatic and pebble bed fuels on LEU is
approximate due to the lack of detailed fuel cycle data for the various prismatic options. However, the
common conclusion is that to divert either fresh fuel or irradiated fuel to obtain a significant quantity
(75 kilograms of indirect use *°U in fresh LEU fuel or 8 kilograms of plutonium in irradiated LEU
fuel) requires diverting over ten metric tons and ten cubic meters of material. The use of serial
numbers on the prismatic fuel elements allows for item tracking, and such tracking is required for fuel
management in the reactor and is very useful for NMC&A in spent fuel storage. The lack of serial
numbers on the pebble fuel element is of no consequence for fuel management in the reactor that
relies on pebble counting and the radiation signature, but this lack raises questions about the accuracy
of bulk accounting for NMC&A. However, as discussed above, the quantities of elements, their
masses, and their volumes needed to constitute a proliferation concern for both the PBMR and
GT-MHR or MHTGR are substantial so that bulk accountability is reasonable for adequate NMC&A
in both types of reactor. Record keeping and the mechanical ability to reconstitute such records are
essential to ensuring adequate safeguards for the pebble bed reactor.

Specific proliferation resistance considerations of each possible fuel cycle other than the LEU
once-through are discussed as follows.

Pu Particles: The proliferation attractiveness for fuel cycles using Pu particles is in the potential
for diversion of plutonium during the processes leading from separation through irradiation of Pu fuel
particles in VHTRs. Countries with the capability to recycle spent fuel and fabricate Pu-based fuels
would be less likely to export such fuel, except potentially pebble fuel that could be irradiated for one
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to two passes in an onsite reactor prior to shipment to provide self-protection. Such self-protection
could also be valuable for physical protection of Pu pebble fuel during transportation. After
irradiation to typical burn-up levels of 60% to 70%, Pu deep burn fuel would be quite unattractive for
diversion or theft. The fissile plutonium isotope loadings in fresh Pu deep burn fuel is greater than
that for *U in LEU (489 kilograms in the GT-MHR at start-up from Table 3-4 in Refs. 5 and 6) in
terms of the mass of fissile material with the plutonium loading never exceeding 1.8 MT in the
equilibrium cycle as indicated for the GT-MHR in Table 1 of Ref. 38 and for the Areva Modular HTR
as assumed in the analyses reported in Table 3 of Ref. 40. " However, the presence of substantial
amounts of **’Pu and **'Pu in reactor-grade plutonium would make the fuel both radioactive from the
#0py spontaneous fission and the presence of americium as **' Am from the beta decay of **'Pu as the
fuel ages and thus be less desirable for use in weapons. Also the alpha particles from the decay of
plutonium isotopes produce neutrons in oxide fuel from the interaction with '*O that can be a neutron
source almost as large as that from the spontaneous fission of the **’Pu. Recovery of a significant
quantity of plutonium (8 kilograms) from fresh Pu infertile fuel (commonly referred to as “deep burn”
fuel) can be estimated for the GT-MHR by dividing the equilibrium core loading (1.8 MT) by the
number of fuel elements (720) to be ~2.25 kilograms on-average in each fuel element. This would
equate to the diversion of ~4 fuel elements to obtain one significant quantity of plutonium

(8 kilograms) or ~500 kilograms of fueled graphitic material in the diverted fuel elements. While as
noted in the footnote above pebbles will likely be more lightly loaded than the LEU 9 grams of
heavy-metal per pebble if non-fertile plutonium were used as the fissile loading, the minimum
number of pebbles required to be diverted for one significant quantity of plutonium can be estimated
to be greater than (8000/9) = ~889 or ~177 kilograms of fueled graphitic material. Obviously for the
all plutonium-fueled core, the diversion potential is much greater than for irradiated LEU fuel due to
the significantly higher concentrations of plutonium in the deep-burn core. For plutonium-bearing
MOX fuel, the numbers of elements that would be required to be diverted to obtain one significant
quantity of plutonium will be much closer to one-tenth (8/75) of that for LEU where the presence of
large amounts of ***U will provide the reactivity compensation that the use of erbium provides in the
all plutonium core. However, plutonium recovery from diverted fuel elements would entail the same
procedures and methodologies needed to reprocess VHTR coated particle spent fuel except for not
having to deal with fission products and "“C in the graphite and graphitized carbon that would be
present in spent fuel. Here again, the complexities of reprocessing coated particle fuels have not been
demonstrated on an industrial, practical scale and would involve more steps and expense than
recovering reactor-grade plutonium from fresh MOX in LWR fuel where each LWR MOX fuel
assembly (~500-600 kilograms in total mass with cladding) would contain approximately two
significant quantities (16 kilograms) of plutonium.

Pu particle fuel may be used for the disposition of excess weapons plutonium. This fuel form
could logically be pursued in a weapons-state as a disposition path for excess plutonium but would
clearly not be exported to a non-weapons state. Theft or diversion of fresh fuel elements would be
more attractive than for reactor-grade MOX since the plutonium loadings would exceed those with
reactor-grade MOX and have a more attractive isotopic content. Under the likely disposition
programs for excess weapons plutonium, this plutonium will be placed under IAEA safeguards to
verify its removal from military use. The use of VHTR technology would be expected to substantially
change the plutonium isotopic composition and attractiveness for weapons use.

TRU and MA Particles: The deep-burn of plutonium mixed with minor actinides (TRU) would
be accomplished by use of fuel particles composed of a mixture of plutonium and minor actinides
(TRU particles), or a mix of pure minor actinide (MA) particles with fissile particles (either LEU or

*While no quantitative citations of proposed loadings have been found for Pu-fueled pebbles, similar to the proposed
approach taken in Ref. 29 to reduce the fissile inventory of the Russian Pu burner GT-MHR, Ref. 76 refers to “the use of
inert matrix based fuel kernel to dilute the fissile component,” indicating the generally recognized need to reduce the fissile
loadings of the Pu-fueled elements.
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plutonium particles). The technology for fabricating TRU or MA particles and fuels is only now
starting to be developed, so the practicality and licensability of the burner VHTR for these fuel
materials are yet to be demonstrated.

Thorium Particles: The long-recognized advantage of the LEU/Th cycle is the possibility of
achieving higher burn-up in the thermal-spectrum once-through cycle due to the enhanced in situ
production and fissioning of ***U compared to that for ***Pu in the LEU once-through cycle [38]. All
of the fissile fuels listed above, plus potentially **U, could be used as the seed particles with thorium
particles as fissile material. A nontrivial disadvantage of near-term implementation of an LEU/Th
cycle in the United States is that all of the previously readily available thorium has been collected by
the Department of Energy and “disposed” in shallow burial at the Nevada Test Site (NTS), with the
industrial facilities for processing thorium decommissioned so that needed infrastructure would have
to be rebuilt.

The GT-MHR or MHTGR two-particle (smaller fissile and larger fertile) fuel system was
selected based on the initial HEU/Th cycles used in Peach Bottom Unit 1 and Fort St. Vrain and
adapted first as the LEU/Th concept for the MHTGR (LEUCO fissile and ThO, fertile).
Subsequently, thorium was dropped in favor of using natural uranium in the fertile particle as the
baseline fuel for the MHTGR and GT-MHR conceptual designs [81] to “lower decay heat and
attendant peak fuel temperatures during conduction cooldown events.” The Areva Modular HTR and
the PBMR designs are based on the use of a single particle that is less easily adapted and optimized to
use a mixture of LEU with thorium in a single particle since the uranium enrichment would have to
increase to maintain the burn-up and is limited to 20% enrichment.

If the GT-MHR or MHTGR two-particle system were adopted to minimize the diameter of the
fissile particle with a larger diameter fertile particle, the differences in the diameters of the coated
particles would allow for easier separation of fertile and fissile particles once the graphite and
graphitized carbon were removed in post-irradiation reprocessing. However, the recoverable *°U
from the thorium fertile particles would have several hundred ppm of **U, making the product likely
too radioactive for practical unshielded handling except remotely as alluded to above in Sect. 2.0. The
remote handling needed for **U TRISO fabrication would be similar to that needed for TRU/MA
deep-burn fuel or target fabrication.

Blending recovered U with either fresh or reprocessed LEU would have to account for the fact
that the HEU-to-LEU cut-point for non->*U-bearing uranium is 20% enriched by mass, whereas for
23U blended with **®U the equivalent enrichment in U is 12% by mass [65, 66]. Therefore, the
blending of **U and ***U in LEU would have to have an equivalent enrichment less than the fissile-
content mass fraction of U times 12% plus the fissile-content mass fraction of **’U times 20%. If
the mass fraction of each fissile isotope were 0.5, the equivalent enrichment of the mixed fissile
uranium isotopes would have to be less than 16% to be considered to be LEU. Unblended **’U is
considered equivalent to plutonium in terms of defining significant quantities and physical protection
requirements independent of its **U content and radiation source. On the other hand, uranium-based
fuel cycles produce plutonium that cannot be rendered non-weapons-usable by blending with a
chemically identical diluent. In this context, the proliferation resistance of closed fuel cycles based
upon “’Th/**U without denaturing may be similar to that of cycles based upon ***U/Pu.

In general, the LEU/Th cycle has some advantages and disadvantages. For open cycles the use of
thorium may reduce the quantity of uranium needed, but reprocessing for closed cycles will be as
difficult as reprocessing for any other closed HTGR fuel cycle.

Other Proliferation Considerations: While the VHTR may not be ideal for serving as a direct
mechanism for proliferation, the technical expertise that will be required to be transferred in an export
to the host state to assure safe and economic operation of the reactor may pose the greatest
proliferation threat. Therefore, the technologies and skills needed to operate the reactors offer the
most significant opportunity for a would-be proliferant country to gain the hands-on understanding
needed to build and operate a clandestine production reactor, given the assumed access to natural
uranium to fuel such a reactor. Most weapons states used low-temperature graphite-moderated reactor
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technologies (water-cooled, air-cooled and later CO,-cooled) using natural uranium-metal fuel and
aluminum or magnesium clad, where graphite is most readily available from its common use to make
large-diameter electrodes for aluminum and steel making. These technologies are available off the
bookshelf in any library [67, 68]. Trying to make other than gram quantities of plutonium using small
targets inserted for short irradiations in control rod or neutron detector penetrations is likely the only
undetectable option in a foreign-deployed VHTR. Such small-scale usage may be helpful as were the
initial irradiations in the X-10 Graphite Reactor at the Clinton Laboratories (now Oak Ridge National
Laboratory, ORNL) were to develop a knowledge base on the chemistry and metallurgy of plutonium
but not to deploy full-scale production. Another likely use is gram quantities of tritium produced in
such targets, but the introduction of large quantities of lithium-bearing targets even in the reflector
region would likely provide a reactivity change indicator [62, 64].

4.1 CONCEALED DIVERSION OR PRODUCTION OF MATERIAL

For large quantities of materials production (plutonium or **U), this would likely be detectable
by spent fuel accountancy based on radiation monitoring or fuel element counting, by containment
and surveillance on fuel storage, or by recorded reactivity deviations in reactor operations [62, 64].
The production of small quantities for research would not likely be detected so readily. As concluded
by most studies to date as discussed above in this section, the VHTR does not produce readily
accessible, attractive fissile material, and the technologies for reprocessing coated particle fuels are
both more complicated and still require development.

4.2 BREAKOUT

As noted in Sect. 2, reprocessing has yet to be demonstrated for the coated particle fuels on an
industrial scale. If there are multi-lateral contractual provisions for the supply of fresh fuel and the
take-back of spent fuel for an exported VHTR, the issue of breakout is further mitigated since there
will be either no such material or limited quantities of material to be reprocessed in the user state, but
this depends of course on the frequency of take-backs and either IAEA or bilateral inspections of the
spent fuel storage facilities.

Breakout by the use of clandestine production facilities is discussed in the following section.

4.3 PRODUCTION IN CLANDESTINE FACILITIES

The most likely breakout is the use of the skills obtained in operating a foreign-sold VHTR to
construct and operate a much simpler, clandestine graphite-moderated production reactor. The use of
a multi-billion dollar exported VHTR under international safeguards and with a fuel take-back
contract likely offers only one real opportunity for proliferation, and that is the proliferation of
enabling technical knowledge to do something much simpler to achieve the production of weapons-
usable plutonium outside the view of international on-lookers. However, this type of information
proliferation is unavoidable since it is needed to ensure the host country’s ability to operate the
VHTR both safely and economically. Even if the supplier-state provides the operators, the host state
would still likely require the training of a small staff of knowledgeable regulators unless the IAEA or
some other international group is to provide the independent regulatory oversight, which would still
likely have staff members from non-weapons states including the host state.

Such a clandestine production reactor facility could include an accelerator-driven (that is,
cyclotron-driven) subcritical reactor using either light water moderation or lower-than-export-
controlled nuclear-grade graphite (that is, non-nuclear-grade graphite) [69] where such devices are
now not covered by the IAEA Safeguards Glossary [70] nor the safeguards implementing IAEA
Information Circulars [71-73] that define a reactor to be a device capable of achieving criticality, that
is, “any device in which a controlled, self-sustaining fission chain reaction can be maintained.”

29



Whether the clandestine reactor achieves criticality or is a cyclotron-driven subcritical assembly, the
user-state operating experience gained from an exported VHTR would include such key technologies
as reactor physics analysis, materials (graphite neutron-radiation damage, water-corrosion of metals,
use of barite concretes in shielding), low-temperature water chemistry control, instrumentation and
control, and other science-based technologies that would make implementation of off-the-shelf
[67-69] knowledge much easier to execute. The fuel for the clandestine reactor would be natural
uranium metal slugs (in the quantities exempted from safeguards under Paragraph 37 of Ref. 72 but
still reportable as to location and use under Article 2.a(vii)(a) of Ref. 73) clad in aluminum (aqueous
or air-cooled environment) or magnesium (CO,-cooled) alloys where (1) metal fuel is directly
amenable to PUREX reprocessing and (2) the mitigation of fuel-damaging uranium-aluminum clad
interdiffusion/interactions under neutron irradiation by use of a diffusion barrier (such as nickel or a
silicon-aluminum eutectic alloy) is well known historically from the open literature [74, 75].
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5. PHYSICAL PROTECTION CONSIDERATIONS INCORPORATED INTO DESIGN

This section provides a high-level, qualitative overview discussing those elements of the VHTR
system design that create potential benefits or issues for potential subnational threats.

5.1 THEFT OF MATERIAL FOR NUCLEAR EXPLOSIVES

Any plutonium, or ***U in future LEU/Th cycles, would be in highly radioactive spent fuel
encased in coated particles with fission products, where the material of interest would be quite dilute
so that the theft of a significant quantity would require the theft of metric tons of '*C-contaminated
(along with leaked fission products and other minor activation products) graphite and/or graphitized
carbon containing the coated particles. Obtaining access to a significant quantity of plutonium or **U
in the stolen spent fuel would require substantial effort of both mechanical and chemical processing
with a resulting product of less than desirable nuclear characteristics, namely, either plutonium with a
high inventory of the heavier plutonium isotopes or **U with hundreds of ppm of **U, making it
highly radioactive and requiring further chemical cleaning to remove radioactive decay products that
would then reappear within a matter of hours to days after processing. It is judged that the intrinsic
qualities of VHTR spent fuel would not make it a desirable target for theft by a subnational group for
nuclear explosives.

Deep burn fuels containing Pu or TRU/MA and thorium fuels containing ***U without ***U
diluent could be potential targets for theft, particularly during transportation. In this case pebble fuels
may have a PP advantage, since it is possible to partially irradiate them with an onsite reactor before
transportation, which could use the same shielded canisters used for the return of spent pebble fuel.
Another alternative would be to add radioactive spikants to the fuel during fabrication as was
previously considered for HEU/Th fuels, but this would increase fabrication costs and need to be
assessed. The most economical and practical approach for exported fuels may likely be to use LEU.

5.2 RADIOLOGICAL SABOTAGE

As discussed in Sect. 1, the VHTR is designed based on achieving passive-safety by the use of a
robust fuel in a reactor that maintains the fuel temperature below fuel-damaging temperatures under
all conditions of normal operations and accidents including beyond-design-basis events. The design
vision used is that, even if the safety-related RCCS is compromised, heat will still be dumped from
the external wall of the reactor vessel such that sufficient heat is removed into surrounding structures
so that fuel temperatures in the core do not exceed the levels that would cause the loss of the primary
containment provided by the SiC, or ZrC, coatings on the fuel particles. However, the possible
objectives for “radiological sabotage” by insider threats could include the following.

e  Sabotage of fuel quality and quality control/assurance checks at the fuel fabrication plant in the
supplier state

e  Sabotage from an insider or intruder threat in the host state either by causing a core heat-up
accident by sabotage of shutdown cooling systems or by the deliberate introduction of corrosive
chemicals into the primary coolant with simultaneous sabotage of primary coolant contaminant
detectors/instrumentation and simultaneous sabotage of the helium purification system

Neither of these strategies would be expected to cause significant off-site consequences but could
be very expensive to recover due to lost operations and repair costs and would be highly detrimental
to public confidence. Fortunately, it is hard to think of a corrosive chemical that would get through
the graphite and graphitized carbon in an expeditious manner and then attack the integrity of all of the
SiC or ZrC particle coatings; even fluorine gas will not get to the fuel kernel unless the SiC is already
cracked. Using fluorine gas was a method proposed to cull out failed particles in early fuel
fabrication.
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There is also the possibility of either an insider threat or a knowledgeable intruder initiating a loss
of cooling event with failure to scram. This type of sabotage can lead to recriticality following
deliberately initiated beyond-design-basis loss of forced cooling accident and could be exacerbated if
accompanied by the deliberate withdrawal of all control rods and the deliberate bypassing of the
actuation of the reactor protection system and preventing the operator-actuated scram. The impact of
such actions would be that the core temperatures can reach fuel damaging levels during such an
insider-initiated event. Such events, without assuming either an insider threat or a knowledgeable
intruder as the cause, were analyzed for the MHTGR as indicated in Tables 3.7 and 15.3 of Ref. 35
where USNRC requested the analysis of USNRC-hypothesized Bounding Events. These incredible
Bounding Events were analyzed for the MHTGR only to lead to delayed small releases that did not
exceed the limits for protective actions (evacuation or sheltering) outside the Exclusion Area
Boundary. Since the GT-MHR is physically larger than the MHTGR but has been designed to
accommodate the higher power level and larger vessel size without fuel damage, it would be expected
that the recriticality Bounding Event sequence discussed in Ref. 35 for the MHTGR would have a
similar result for the GT-MHR. This type sabotage scenario would likely bracket the worst-case
insider threat by disaffected or compromised operations staff since it can be carried out with a
handgun and an access key and does not require carrying in enough shape-charge explosive to
penetrate confinement and the reactor vessel.

Another potential insider or intruder threat resulting in radiological sabotage outside the reactor
boundary might best be accomplished by stealing small quantities of spent fuel and then explosively
smashing it into smaller chunks or pieces in small but strategically located areas.

Based on the discussions above, the most crucial aspects of preventing radiological sabotage in
reactor operations are those steps, including physical protection and access controls to sensitive areas
on-site to preclude both insider and intruder threats, to ensure the following.

e  Quality controls at the fuel fabrication plant in the supplier nation.

e  Proper maintenance, inspections and protection of (1) the helium supply and the helium supply
station to prevent the introduction of corrosive chemicals, (2) the primary coolant contaminant
monitoring equipment to detect the introduction of such chemicals, and (3) the helium
purification system to remove contaminants.

e  Careful maintenance, inspections, testing, and protection of reactivity control systems to ensure
the capability to achieve safe hot and cold shutdown and if required accomplishing the same
function from a secure remote location.

e  Careful maintenance, inspections, testing and protection of the safe-shutdown cooling system
circulator, heat exchanger and power supplies so that, while not safety-related equipment but
rather investment-protection equipment, loss of normal cooling upsets do not always lead to
reliance on the safety-related reactor cavity cooling system in which fuel temperatures can
approach their limits for accident conditions.

e  Physical protection of and controlled access to fresh and spent fuel storage locations and to the
inbound and outbound transportation loading systems and the transportation of the fresh fuel
from the fuel fabrication facility and of the spent fuel to its processing or disposal facilities.

Failure to exercise proper controls of the reactor systems discussed above may not be expected to
cause significant off-site consequences because of the design robustness of the fuel and graphite core
in resisting damage but could be very expensive events from which to recover due to lost operations
and repair costs and would be highly detrimental to public confidence. While the discussion here
focuses on radiological sabotage issues from the standpoint of “Physical Protection Considerations
Incorporated into Design,” as the design matures and specific sites are selected, a comprehensive
vulnerability analysis is required for each as-built and sited VHTR.
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6. PR&PP ISSUES, CONCERNS AND BENEFITS

The key areas of known strength in the VHTR concept at this time are its robust fuel, high burn-
up, and the use of the once-through LEU fuel cycle. Future plans for integration and assessment of
PR&PP for the concept need to address (1) emerging issues from the PR&PP aspects of alternative
fuel cycles that have yet to be realized and (2) the inclusion of PR&PP aspects in the development of
coated particle fuel reprocessing technologies that are as yet not fully developed and demonstrated.

The list of identified PR&PP R&D needs for the VHTR system concept may have much in
common with the technology gaps that the USNRC requested to be identified and discussed in
Ref. 37 that focuses on radiological risk aspects that also impact physical protection considerations
for the reactor. Since the passive safety aspects of the VHTR are intimately tied to the reduction in
radiological risks from insider threats and outsider attacks on the facility, the technology gaps that
relate to assuring passive safety are important to the PP considerations related to radiological
sabotage.

For proliferation resistance, the coated particle fuel encased in graphite and/or graphitized carbon
is the major barrier to the ease of recovery, but additional aspects such as adding a radiation barrier or
an enhanced radiation barrier not easily removed requires attention both from basic R&D and from
engineering development that will impact the cost of fabrication and handling fresh fuel. The key
question is whether such radiation barriers are needed or will they make the cost of using the fuel too
expensive for practical implementation. This aspect was partly addressed previously in studying
means to provide for deterrence for HEU/Th fuels [77-79] and the potential use of ***U-bearing ***U
from reprocessed HEU/Th fuels [80], but these options have not as yet been addressed in any
engineering detail for the currently envisioned fuel cycle options involving reprocessing and deep
burn. The key question is whether such radiation barriers are needed or will they make the cost of
using the fuel too expensive for practical implementation. For deep-burn pebble fuels, the option to
partially-irradiate fresh pebbles in an on-site reactor prior to transportation may provide some
physical protection benefits for theft threats.

In addition, the benefits of a below-grade siting in terms of enhanced physical protection versus
cost of construction needs to be assessed in detail for each concept.
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Table A.1.

VHTR major reactor design parameters

General Westinghouse & Huaneng
Major Reactor Areva Modular Atomics PBMR (Pty) Ltd Group & JAEA OKBM KAERI
Parameters HTR *  CNEC/INET GTHTR300C GT-MHR NHDD
GT-MHR PBMR
HTR-PM
Thermal power 600 600 400 250 600 600 200
(MW-th)
Thermal efficiency ~50 (inferred) ~48 44.8 at a core 40 ~50 (inferred) ~48 None, H,
(%) in electricity coolant Ty Of production
generation ~850°C
Primary coolant Helium Helium Helium Helium Helium Helium Helium
Moderator High- High- High-Temperature High- High- High- High-
Temperature Temperature Graphitized Temperature Temperature Temperature Temperature
Graphite Graphite Carbon with Graphitized Graphite Graphite Graphite or
Graphite Reflector ~Carbon with Graphitized
Graphite Carbon with
Reflector Reflector
Power density ~6.3 (inferred) 6.3 4.78 ~3.22 5.4 6.3 2.27-3.0
(MW/m?) pebble, 5.68
prismatic
Fuel materials LEU02 TRISO- UCOASOIAS LEU02 TRISO- LEU02 LEU02 PuOlAg . LEU02
coated particles TRISO-coated  coated particles TRISO-coated  TRISO-coated  LEUCO or TRISO-coated
particles; particles particles mixed particles
LEUCOASOLS uranium-
(19.8%) fissile plutonium
and oxide (MOX)

UnatCo.5015
fertile
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Table A.1. (continued)

General Westinghouse & Huaneng
Major reactor Areva Modular Atomics PBMR (Pty) Ltd Group & JAEA OKBM KAERI
parameters HTR GT-MHR PBMR *  CNEC/INET GTHTR300C GT-MHR NHDD
HTR-PM
Core inlet 500/~6.0-7.0 490/7.07 500/~9.0 250/~7.0 586-663/6.9 490/7.07 490/~7.0
temperature/pressure  (pressure inferred) (pressure inferred) (electrical
(°C/MPa) production) &
594/5.1 (H,
production)
Core outlet 900-1000 (for H, 850/7.0 900/~9.0 750/~7.0 850-950/6.9 850/7.0 950/~7.0
temperature/pressure  production/6.0 or (electrical
(°C/MPa) 850 (for electricity production) &
generation)/7.0 950/5.1 (H,
production)
Neutron energy Thermal peaking Thermal Thermal peaking  Thermal Thermal Thermal Thermal
spectrum just below 0.3 eV peaking just just below 0.3 eV peaking just peaking just peaking just peaking just
below 0.3 eV below 0.3 eV below 0.3 eV below 0.3 eV below 0.3 eV
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Table B.1. A comparison of VHTR fuel cycle parameters

Huaneng
Fuel cycle Areva gf:;?:; P‘]?Il\‘j[slt{nz%l:;)u Isj/d Gcrl(\);llz%fl JAEA OKBM KAERI
parameters Modular HTR GT-MHR PBMR INET GTHTR300C GT-MHR NHDD
HTR-PM

Reactor thermal 600 600 400 250 600 600 200
power
(MW-th)

Reactor electrical | ~300, 186 for 262 to 286 165 100 per reactor | 274-300 262 to 286 Only H,
power (MWe) cogeneration (varied in two reactors | depending on (varied production
Generation with process assumptions per module outlet T, assumptions

heat use documented) 87-202 documented)
depending on
H, production
Fuel type LEU LEU LEU LEU LEU Pu initially LEU
— Form — Ceramic — Ceramic — Ceramic — Ceramic — Ceramic — Ceramic — Ceramic
coated coated coated particle coated coated coated coated particle
particle particle particle particle particle
— Fertile By _ By 281 _ By By — None _ 28y
material
— Fissile 3y _ 25y 255 _ 35y _ a5y Py sy
material
Enrichment (%) ~15 19.8 in fissile 9.6 in the 8.5 in the ~14 Pure Pu 9.6 pebble,
particles, 0.7 equilibrium core equilibrium 15.5 prismatic
(Una) in fertile loading ~ 5.7 in core
particles start-up loading

Source of fissile U.S. or U.S. or South African, Undefined Undefined Russian excess | Undefined
material (inputs European European U.S. or European weapons Pu;
are assumed enrichment enrichment enrichment other U and
since not given plants plants plants (inferred) Pu in later
in available (inferred) (inferred) versions
documentation)

Fuel inventory Not given 4.68 initial core, | ~4.0 in ~2.91n Not given ~1.8 in Not given
MT) 2.26 each equilibrium core equilibrium equilibrium

reload core cycle
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Table B.1. (continued)

General Westinghouse/ Huaneng
Fuel cycle Areva Modular Atomics PBMR (Pty) Group & JAEA OKBM KAERI
parameters HTR GT-MHR Lid PBM{{ CNEC/ GTHTR300C GT-MHR NHDD
) INET HTR-PM
Discharge burn- | 150 121 for LEU 91 90 120 ~120-150 153
up (GWD/MT) cycle
Refueling 18 18 Continuous on Continuous on 24 (electrical)/ 18 Pebble continuous;
frequency line line 18 (Hy)
(months)
Recycle Baseline is once- | Baseline is once- | Baseline is once- | Baseline is once- | Baseline is once- | No recycle, Baseline is once-
approach through through through through through deep-burn through
Recycle To be developed | To be developed | To be developed | To be developed | To be developed | No recycle, To be developed
technology deep-burn
Recycle To be To be To be To be To be No recycle, To be determined
efficiency determined determined determined determined determined deep-burn
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APPENDIX C. TECHNICAL HISTORY REVIEW OF HTGR SPENT FUEL DISPOSAL,
REPROCESSING, AND RECYCLE/REFABRICATION TECHNOLOGIES

C.1 INTRODUCTION

In the 1960s and 1970s, most of the research and development on sustainable fuel cycles for the
High-Temperature Gas-cooled Reactor (HTGR) was performed for the high enriched
uranium/thorium (HEU/Th) fuel cycle with *’U recycle or for the utilization of recycled plutonium
from other reactor spent fuel as fissile fuel in the HTGR. The majority of this work took place in
either (1) the Organization for Economic Cooperation and Development (OECD) Dragon Project led
by the Atomic Energy Establishment (A.E.E.) laboratories in the United Kingdom; (2) the
contemporaneous Arbeitsgemeinschaft Versuchs-Reaktor (AVR) at the Jiilich Nuclear Research
Center (KFA-Jiilich) in the Federal Republic of Germany built in cooperation with the Brown-Boveri-
Cie-Krupp construction concern and developed in cooperation both with the OECD Dragon Project
and under the United States—Federal Republic of Germany High-Temperature Reactor Research
Exchange Program; or (3) the U.S. Atomic Energy Commission (AEC) programs led by Oak Ridge
National Laboratory (ORNL) and General Atomic (GA) Company in the United States with key
support on reprocessing implementation by the Idaho Chemical Processing Plant (ICPP) in Idaho
Falls . The U.S. AEC programs included both the Gas-Cooled Reactor (GCR) Program and the
Thorium Utilization Program that later merged into a single program in 1970. Prior to the 1950s in
the mid-1940s, early work on reprocessing technologies for graphite-based fuels had been initiated by
the U.S. AEC as part of the High-Temperature Power Pile Program conducted in cooperation of the
University of Chicago Metallurgical Laboratory and the Clinton Laboratories in Oak Ridge.

In addition, between 1953 and 1972, the U.S. AEC funded research, development, fabrication and
testing work by Los Alamos National Laboratory (LANL) and the Y-12 Plant in Oak Ridge on HEU-
fueled, graphite-moderated nuclear space rockets (KIWI, ROVER/NERVA, see
http://www .fas.org/nuke/space/cO4rover.htm) that were fueled with HEU carbide and had the graphite
around the rocket cooling holes coated with either zirconium carbide or niobium carbide to resist
erosion and fuel failure when hydrogen was fired through the reactor as the propellant. In the same
period, there was extensive work at both ORNL and the ICPP to develop methods for recovering the
HEU from the KIWI and ROVER fuel elements; this work either predates or later coincides with
AEC work on the reprocessing of HTGR fuels. An extensive bibliography of domestic and foreign
technical reports covering both the KIWI/ROVER fuel recovery technologies and related HTGR
reprocessing technologies can be found in Appendix A of Ref. C1.

C.2 OECD DRAGON PROJECT

The Dragon Project Reports have been collected and recorded as Portable Data Files (PDFs) on a
compact disk (CD) available from the OECD Nuclear Energy Agency (NEA) [C2]. The overall
history of the Dragon Project can be found on the NEA CD in a book [C3] and a final technical report
[C4].

The Dragon Project experimental work began with planning in 1956 and was centered primarily
on the Dragon Reactor Experiment (DRE), which operated at 20 MWth between 1965 and 1976, and
its associated Dragon Fuel Development Laboratory, Dragon Fuel Element Fabrication Laboratory,
and the hot cells at A.E.E. Winfrith. Additional work was also carried out at other European
laboratories in support of the OECD.

Fuel for the DRE was based on removable fuel elements of graphite clad tubes with multiple
concentric annular/tubular fuel elements or later with single-tube annular fuel compacts or with
teledial-pelletized fuel compacts of coated particles in a graphitized carbon matrix. The later fuel
element designs are illustrated in Fig. C.1. The fuel tubes were arranged vertically in stringers and
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Fig. C.1. Later Dragon Reactor experiment (DRE) tubular fuel element designs—annular rods and
teledial fuel.

inserted into semi-permanent graphite moderator structures arranged in a hexagonal pattern. The use
of removable fuel elements separable from the rest of the core structure was pursued to facilitate the

reduction of non-fuel structural volume and mass sent to reprocessing and/or spent fuel disposal.

Other than the DRE, only the more recent Japanese High Temperature Test Reactor (HT'TR) has used

separable fuel element and in-core moderator structures. Today, it is generally recognized that
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reusable graphite structures in-core require a high-temperature, corrosion-resistant graphite with well-
controlled shrinkage and swelling under neutron irradiation, that is, typically a graphite made with
isotropic needle coke using isostatic molding during fabrication to limit the presence of cracks and
voids.

The initial coated particle fuel used in DRE was high enriched uranium-thorium carbides
(HEUC,-ThC,) and was followed by high enriched uranium-thorium oxides (HEUO,-ThO,) and later
low enriched uranium oxide (LEUO,). The fuel kernels were also studied with various oxygen and
fission product gettering agents [C4]:

The main variants on the Reference UO, fuel were to dilute with carbon (using the
carbon agglomeration route or the WAR [Weak Acid Resin] process developed by
Oak Ridge National Laboratory); to dilute with alumina (UO,/Al,O53) or to alter the
composition to uranium carbide with zirconium carbide additions. (UC/ZrC,
UC/5ZrC). Some experiments also involved uranium carbo-nitride kernels.”

For thorium oxide fertile particles, other gettering agents were also evaluated [C4]:

A large number of oxide getters was examined to explore the possibility of fission
product gettering in thorium oxide fuels. (Al,O3, Ce,0;, Si0,, ZrO,, Al,05.510,,
Cr203, F6203, MOO3, Ml’lOz, Nb205, TiOQ, VzOS, YzO';)

In addition to kernel getters, the study of candidate coated particle fuels included BISO, TRISO,
and multiple pyrocarbon (PyC) and silicon carbide (SiC) coating layers to demonstrate and evaluate
fission product retention during irradiation and under accident conditions.

In addition, various compositions of plutonium-bearing fuel particles were fabricated and tested
in irradiations and post-irradiation examinations including (Thggs-Pug 16)C,.4 and (Thg gs-Pug 95)Cs 35,
PuO,/Pu,0;, and plutonium oxide diluted with carbon (Pu:C ratios of 1:30.5 and 1:21) [C5-C13].

The Dragon Project initially assumed that, for deployment of large HTGRs, the use of thorium in
HEU/Th fuels to produce ***U would require time to generate sufficient quantities of **’U to replace
50 in HEU/Th fuel so that it would be necessary to use Pu/Th fuels in the interim where supplies of
fissile plutonium would be obtained from the reprocessing of other commercial reactor LEU-based
spent fuels. Subsequently, large HTGR deployment studies were also conducted by the Dragon
Project for once-through LEU fuel cycles.

Reprocessing and refabrication were addressed in the Dragon Project solely for HEU/Th fuels
and focused primarily on a series of conceptual design studies and cost analyses, now much out of
date, for a reprocessing/refabrication plant [C14—C18]. Only limited laboratory-scale testing of the
head-end portion of reprocessing techniques was performed for (1) the electrolytic removal of carbon
and (2) the grinding and leaching of the residual fuel material in nitric acid both with and without
subsequent oxidation by adding a nitric acid-permanganate solution [C16.d]. Although there were no
studies of the off-gas treatment or that for other waste streams for the conceptual design of the
reprocessing/refabrication plant, there were studies of both noble gas trapping from releases during
reactor operation [C19] and of spent fuel disposal options and associated costs, now out of date,
including temporary storage, volume reduction by removing carbon and graphite cladding sleeves,
and long-term storage of canned spent fuel particles [C20]. Reference C20 also discusses options for
either storing or burning and off-gas scrubbing of the excess graphite and/or carbon sludge produced
if the graphite is separated by electrolytic dissolution. No recommendations are made as to geologic
disposal of canned residual spent fuel but as an addendum it was noted that such canned spent fuel
material could be used to provide a radiation barrier in the storage facilities for fresh fuel containing
HEU, **U, or Pu.

Finally, only one report appears on the NEA CD of Dragon Project reports related to safeguards
[C21]. This report extends the experience in using gamma-scanning for post-irradiation examinations
to address the quantification of burn-up and the potential verification of reactor operating conditions
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during fuel irradiation where the latter can be deduced from the ratios of gamma-emitting fission
products in spent fuel given the development of correlations between directly measurable fission
product activities and useful information like spent fuel cooling time, burn-up, flux and initial fuel
enrichment. Reference C21 also notes that “The primary source of error in gamma-spectrometric
measurements on irradiated fuel elements is the necessary correction for gamma-self-absorption
effects for an unknown fission product distribution.” However, since the Dragon-type fuel element is
in stringers and is separable from the graphite-moderator-core structure, the error is judged by the
Dragon Project analysts to be negligible also given the low density (~1 g/cm’) and homogeneous
distribution of the heavy-metal fuel material in the fuel element. The basic argument is that the
Dragon-type separable fuel element is more easily quantifiable as to burn-up and operating conditions
by gamma-spectrometric measurements.

The Dragon Reports also include various reactor physics fuel-cycle analyses for the different fuel
types in the large Dragon-type HTGR for HEU/Th, Pu/Th and LEU fuels. These various reports can
all be found on the NEA CD [C2].

C.3 ARBEITSGEMEINSCHAFT VERSUCHS-REAKTOR (AVR)

The AVR archival documentation has been collected and recorded as PDFs on a CD available
from the OECD NEA [C22]. The CD contains both archival documents from AVR (almost
exclusively in German) and a bibliography of papers and other documents, some of which can be
found in journals or other sources such as conference proceedings as identified in the bibliography.
While there are many documents on the fabrication and irradiation performance of both HEU/Th and
LEU fueled pebbles, neither the archive nor the reference list in the bibliography appears to contain
information related to AVR fuel reprocessing or disposal.

Papers on the AVR fuel reprocessing or disposal do appear elsewhere in two categories of
collections: (1) papers appearing in conferences and journals and (2) reports, as cited in Appendix A
to Ref. C.1, that were provided to AEC and later DOE contractors under the United States-Federal
Republic of Germany High Temperature Reactor Research Exchange Program. This latter set of
reports includes the GERHTR-series and certain JUL-series reports.

Addressing the first category of papers first, there is one paper from 1969 [C23] discussing
preliminary experiments for reprocessing AVR thorium-bearing fuel and there are three papers from
the 1983 International Atomic Energy Agency (IAEA) Specialists Meeting in Moscow that do
address AVR spent fuel head-end processing [C24.a], chemical processing [C24.b], and interim and
long term storage [C24.c].

These papers from 1983 address the spent fuel handling issues for both the AVR HEU/Th and
LEU spent fuel and that from the anticipated operation of the then (1983) new Thorium High-
Temperature Reactor (THTR) in Germany, which was shutdown in 1989 after start-up in 1983. The
head-end processing of spent pebble fuel [C24.a] involves the removal of graphitized carbon from the
pebbles to reduce the volume to be reprocessed, and the conclusion reached in developing a flow
sheet is quoted as follows:

Besides burning techniques different kinds of processes like mechanical, chemical or
electrolytical disintegration, chlorination, etc. have been investigated. However,
burning off the graphite proved to be the technically most feasible process and the
reference reprocessing flowsheet evolving was therefore based on this head-end
treatment method.

The chemical processing [C24.b] of the residual fuel kernels after grinding was based on the

PUREX and THOREX processes to separate uranium (either residual HEU or depleted LEU),
plutonium and residual thorium.
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In the first category of papers, spent fuel disposal [C24.c] was addressed at all stages from
temporary storage in water-pool-immersed 50-pebble steel cans to longer term dry storage in 1000-
pebble steel cans to ultimate disposal of the 1000-pebble steel cans in either a borehole or salt dome,
but as of 1983 no field testing had been performed on disposal options. Since 1983, the suitability for
direct disposal of pebble fuel forms has been studied in more detail [C25, C26]. For pebble-bed fuel,
especially LEU, direct disposal of pebbles packed in steel drums that are embedded in an
underground salt dome was selected in the later German studies as the most economical means for
disposal although the studies concluded “that other technical solutions for disposal besides
embedding in salt rock seem possible and could easily be developed for countries with a different
infrastructure and lacking suitable underground salt strata” [C26]. However, as of 1997, the issue was
still being studied in Germany with spent pebble fuel in interim storage, and no final decision was
made among options such as salt dome, borehole and co-disposal in steel canisters with LWR fuel
[C27]; this situation has apparently not progressed to date.

The published German studies in this first category of papers did not address IAEA safeguards.
The most recent studies of pebble bed spent fuel conducted by Idaho National Laboratory in the U.S.
have concluded that:, even for deep-burn options, the spent pebble bed fuel would still be subject to
IAEA safeguards the same as LWR spent fuel [C28]

The principal conclusion of this study is that the fully burnt spent fuel from the
PBMR-400 reactor does not meet the IAEA criteria for termination of safeguards on
measured discards. Therefore safeguards should be maintained on such spent fuel
until it has been treated to meet said IAEA criteria. For completeness, it is important
to note that spent fuel from prismatic block HTRs [or from LWRs] would have to be
subjected to at least the same restrictions.

As noted above, additional references to reports from German studies of HTR fuel reprocessing
by KFA-Jiilich (GERHTR-series, JUL-series, and Jiil-Spez-series reports) can be found cited in
Appendix A to Ref. C1. Hard copies of these reports are available at the DOE Office of Scientific and
Technical Information (.DOE/OSTTI) in Oak Ridge. Some of these are also available on microfiche in
DOE and DOE contractor libraries. Reports covering the following subjects have been pulled aside at
DOE/OSTTI and have been requested to be scanned and uploaded onto the Energy Citations Database
(http://www.osti.gov/energycitations/advancedsearch.jsp). Some of these reports are also listed on the
TAEA’s International Nuclear Information System (INIS at http://inisdb2.iaea.org/) but are not
retrievable from that web site.

e Progress and related summary reporting on reprocessing thorium-bearing HTR fuels [C30-
C39]

Head-end processing of HTR fuels [C40-C46]

Dissolution processing of HTR fuels following head-end processing [C47-C54]
Solidification of liquid wastes from HTR fuel reprocessing [C55, C56]

Handling gaseous wastes from HTR fuel reprocessing [C57-C68]

Handling solid wastes from HTR fuel reprocessing [C69]

HTR spent fuel storage/disposal [C70]

Fabricating **U/***Th-contaiminated ***U/Th kernels from reprocessed HEU/Th HTR fuel
[71]

HTR fuel reprocessing plant siting [C72, C73]

Nuclear material accountability and safeguards [C74—-C79]
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C.4 UNITED STATES PROGRAMS ON HTGR FUEL REPROCESSING
C.4.1 Work from the 1940s

In October 1944, Dr. Farrington Daniels of the University of Chicago Metallurgical Laboratory
proposed to the AEC the consideration of the possibility of developing a high-temperature pebble bed
reactor with uranium carbide fuel encased in graphite spheres cooled either by a gas or by molten
bismuth [C80]. Subsequently, the AEC funded the Clinton Laboratories in Oak Ridge to conduct a
technical review of the design and development issues for a high-temperature gas-cooled power pile
[C81]. The technical review addressed alternatives to using graphite as the moderator including both
beryllium (Be) and beryllium oxide (BeO, beryllia). A major finding from the technical review with
respect to reprocessing is found in Sect. 7.b (page 112) of Ref. C81 and is quoted as follows:

Since graphite fuel units may be used, considerable study was given to chemical
reprocessing of graphite units. The use of graphite units will effect considerable
saving in reprocessing costs. This saving is particularly significant because one of the
major economic factors involved will be the cost of constructing and operating the
chemical process plant...The advantage of the graphite units lies in the fact that it
would be possible to recover the uranium, and to prepare a feed to the solvent
extraction columns which is perhaps 100 times as concentrated as is possible in the
case of Be-U and BeO-UO, fuel.”

The “considerable study” of the “chemical reprocessing of graphite units” referred to in Ref. C81
is documented in Ref. C82. This study involved reviewing the AEC-funded technical work and
developments by the Y-12 Plant [C83], the University of California, and the Purdue University [C84]
to address the salvage recovery of uranium from tramp uranium contamination of graphite and carbon
tools and equipment used in processing and handling natural and enriched uranium and uranium
enrichment tails. The principal technical method used to recover uranium that had become
impregnated in graphite or carbon parts and tools was to grind off the surface of the graphite or
carbon piece, burn the grindings, and leach the ashes with nitric acid. The use of burn-leach and
grind-leach techniques in later HTGR fuel reprocessing research and development can be traced to
the findings reported in Ref. C82. Subsequent to the issuance of Ref. C82, additional study was
proposed to address remote processing of irradiated uranium-thorium fuels to facilitate the rapid
recovery of fissile materials [C85]. In carrying out the additional study, the researchers in Oak Ridge
found in 1948 the utility of recovering uranium from graphite by electrolytic
disintegration/dissolution in nitric acid [C86, C87]. No further work was apparently conducted after
1948 on graphite fuel reprocessing at ORNL until the latter part of the 1950s, or at least such work if
conducted is not documented in readily available papers and reports. Refs. C82 and C87 are the
reports cited by ORNL documents issued after work on graphite fuel reprocessing was restarted in the
late 1950s for both ROVER HEU recovery and HTGR spent fuel reprocessing.

C.4.2 Unirradiated and Irradiated HEU Recovery from ROVER Fuels

As indicated in Sect. C.1, the ROVER space rocket reactor program started at LANL in 1952.
The ROVER HEU fuels recovery activities had four parts:

e Research and development at ORNL from 1957 to 1965 [C87-C99]
e Testing and reprocessing component development at the ICPP from 1965 to 1978
[C100-C109]

e Issuance of the Environmental Statement for ROVER reprocessing at the ICPP in 1972
[C110]
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e Execution of the ROVER fuels reprocessing at the ICPP, cold testing on unirradiated fuels in
1981 and hot work on irradiated fuels in 1983-1984 [C111]

In addition to the references cited above, there are annual and later quarterly progress reports
issued by the ICPP from 1971 to 1978 that document the results of equipment design and testing for
reprocessing graphite-based fuels including both ROVER and HTGR fuels [C112-C123].

The research and development work at ORNL addressed grind-leach and burn-leach followed by
either chlorination, dissolution in a mixture of nitric and hydrofluoric acids, or fluorination for
recovery of the uranium in a soluble form. Electrolytic disintegration/dissolution did not work
satisfactorily because of the niobium carbide coatings on the coolant channels. As described in
Ref. C111: “The dissolution process for this [ROVER] graphite-matrixed fuel used two hot fluidized
beds of alumina particles to convert the fuel elements into gaseous combustion products and a
uranium and niobium bearing ash. Ash was collected, weighed, and then sent to a specialized plastic
dissolver, where it was dissolved in a mix of hydrofluoric acid and nitric acid.” This process is
essentially the process recommended by ORNL from final research and development testing reported
in Ref. C99.

C.4.3 Background and Context for the GCR and Thorium Utilization Programs

Much of the history of ORNL work on the GCR and Thorium Utilization Programs can be found
summarized in ORNL divisions’ 50-year histories for the Engineering Technology Division (formerly
the Technical Division) [C124], the Chemical Technology Division (formerly also part of the
Technical Division) [C125], and the Metal & Ceramics Division (formerly the Metallurgy Division)
[C126]. As discussed in Ref. C124, the AEC initiated the GCR Program in 1957 at the direction of
Congress due to Congressional concerns about staying abreast of the perceived success of the British
CO,-cooled Magnox and Advanced Gas-cooled Reactor Programs. The initial effort at ORNL was to
develop a graphite-moderated, helium-cooled, steel-clad, enriched uranium, but higher temperature
equivalent to the British GCRs. This initial effort at ORNL included collaborations with the
Tennessee Valley Authority and another AEC contractor, Kaiser Engineering, to design and build the
Experimental Gas-Cooled Reactor (EGCR) that was completed but never operated at the ORNL site.
Also, in 1957, the AEC had contracted with GA to design the Peach Bottom HTGR and with an
architect-engineering firm, Sanderson and Porter in New York, to develop the conceptual design of a
pebble bed reactor. In 1958-1959, in collaboration with the Battelle Memorial Institute also under
AEC contract, ORNL began work on the pebble bed reactor concept based on using doubly-PyC-
coated (BISO) fuel particles of carbide fuel in graphite pebbles. By 1964, the EGCR and the pebble
bed design effort had been canceled by the AEC to pursue only the design and construction of the
Peach Bottom HTGR. However, ORNL was chartered to work with GA on HTGR fuel and materials
development and to collaborate with work at KFA-Jiilich on fuel and materials for the AVR.

As discussed in Ref. C125, the Laboratory Section of the former ORNL Technical Division,
which section later became the Chemical Technology Division, developed the THOREX Process to
separate 23pa, 23U, and thorium in 1952 using the war-time-built concrete hot cells in Building 205,
later designated as Building 3019, to reprocess targets irradiated in the X-10 Graphite Reactor at
ORNL [C127, C128], where the table in Ref. C128 provides an historical summary of the dates of
work in Building 3019 including the preparation of U for various experiments and of plutonium
sol-gel particles for Fuel Test Element-13 irradiated in Peach Bottom Unit 1 HTGR. As also
discussed in Ref. C125, the AEC initiated the Thorium Utilization Program in 1961 with the objective
of developing a thorium-based breeder reactor for breeding *’U; hence, the subsequent ORNL
research and development efforts were pursued on the Molten Salt Reactor technology development
and technical support to the Bettis Atomic Power Laboratory work on the Light Water Breeder
Reactor (LWBR) Program [C125]. However, the HT'GR as a converter reactor on the HEU/Th cycle
was pursued in concert with the Thorium Utilization Program, and in 1970 the Thorium Utilization
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Program merged with the GCR Program as the HTGR fuel recycle subprogram, which continued until
1978 [C125, C126]. As in the Dragon Project, besides HEU/Th fuel development, the AEC and later
DOE GCR Program work at ORNL and GA also addressed plutonium and plutonium-thorium fuels
development and later LEU fuel for HT'GRs.

C.4.4 GCR Fuels Reprocessing Work from 1957 to 1970

Conducted at ORNL in parallel to the ROVER HEU recovery work and prior to the consolidation
of the GCR and Thorium Utilization Program in 1970, the ORNL work on HTGR fuels reprocessing
concentrated initially on the fuels used in the first core of Peach Bottom Unit 1 and the AVR, namely,
HEU/Th carbide BISO-coated particles [C129-C146]. One key finding from this period is that ball
milling was not very effective in replacing grind-leach or burn-leach options for removing external
carbon from the coated particles and would not fully-crush the hard fuel kennels to facilitate leaching
[C146]. In 1960-1961, the AEC also contracted with Aeroprojects Incorporated to supplement work
being performed at ORNL on the grind-leach process to see if the application of ultrasonic energy
could be used to accelerate the extraction, diffusion and dissolution of uranium recovery from grind-
leach [C147]. While the results of preliminary testing of ultrasonic assisted leaching on unirradiated
materials proved to be encouraging, development of this technology was apparently not pursued
further with a preference shown for pursuing burn-leach instead. In 1966-1967, work also started on
the reprocessing of urania-thoria (oxide) kernels [C148]. In 1967-1968, work was initiated on
developing reprocessing techniques for the SiC-coated TRISO carbide particles [C149-C151] to be
used in Fort St. Vrain and other future-planned HTGRs at the time.

In 1964, GA also began to work on reprocessing of HT'GR fuels. This early GA work up to 1970
included:

e Joint studies with Nuclear Fuel Services at the West Valley reprocessing pilot plant in New
York on integrating HTGR fuels head-end processing with light water reactor fuel
reprocessing facility [C152, C153].

® Design and cost considerations for HTGR centralized fuel reprocessing plants [C154, C155].

e Reprocessing of SiC-coated TRISO particle fuel [C156, C157] and assessing the impact of
fuel design changes on reprocessing costs [C158].

e (Cold-testing development of head-end processing using small experimental batches of fuel
[C159, C160].

e Interim storage of HT'GR spent fuel prior to reprocessing [C161].

C.4.5 ORNL Experience with the Fabrication of ***U-bearing Fuel

One of the key aspects of recycling and refabrication of **U from HEU/Th reprocessing is the
fact that recovered U contains ***U that has decay daughter products that are strong gamma emitters
thus making the ***U radioactive in proportion to the content of **U. The ***U content of the ***U
used in ORNL fabrications of fuel varied from 6 parts per million (ppm) to 68 ppm while the ***U
content in **’U recovered from the thorium in highly-irradiated HTGR fuels would be several hundred
ppm making the recovered ***U too radioactive for any post-processing or refabrication into fresh fuel
except by remote handling [C162].

As noted above, the *U-bearing fuel fabricated at ORNL was fabricated in the walk-in hot cells
in Building 3019 [C126, C128]. ORNL fabricated several batches of ***U/thorium oxide-bearing fuel
for either critical experiments or chemical testing in different types of reactor lattices [C163—C166],
but there is no record of any irradiation experiments using this material except for the LWBR where
the fuel was fabricated as U/Th LWR-type pellets at Bettis using ***U with low ppm values for **U
and that had been chemically cleaned at ORNL of **U decay daughter products using a process
developed at ORNL [C167]. For particle fuels other than those used for making vibratory-compacted
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fuel rods, ORNL fabricated both **UQ,-ZrO, kernels and 300 um diameter 23U0,-ThO, kernels with
a Th/U mole ratio of 3/1 and ***U content of <6 ppm [C168] for use in reactor physics experiments at
Battelle Northwest Laboratories (BNWL). Prior to shipment to BNWL, the *3U0,-ThO, kernels were
coated with 100 pum thick layer of PyC in a 5-in. coater located in a shielded glove box in Building
4508 at ORNL [C169]. These particles were the only coated particle fuel made with **U. All
subsequent ORNL experimental development of kernel and coated particle fabrication, irradiation and
post-irradiation examinations for U/Th recycle fuel used HEU/Th [C170—C174] starting in the 1960s
with testing of UO, and ThsU (,0, and developing into the new reference fuel kernel, as of 1976,
being the weak-acid-resin-derived (WAR) UO,-UC,, which is the basis for the current uranium oxi-
carbide (UCO) standard for the current U.S. LEU HTGR fuel.

C.4.6 Thorium Utilization Program—GCR Fuel Reprocessing/Refabrication

In 1968, the AEC chartered the ICPP to develop conceptual design criteria for a small
reprocessing plant (260 MT per year) to handle the reprocessing of AEC-owned HTGR spent fuels
irradiated in AEC-chartered demonstration reactors such as Peach Bottom Unit 1 and Fort St. Vrain.
[C175]; at that time, the AEC plans for next steps of this program were the development of the
conceptual design by an architect-engineer and the establishment of a cost estimate for the facility and
its operations. In 1969, the AEC chartered a Task Force on Advanced Converter Reactors to provide
direction on future research, development and deployments of advanced concepts including the
HTGR [C176]; reprocessing and thorium utilization were addressed in the task force efforts to define
future work for the AEC. The ORNL efforts on thorium utilization outside the work performed in
Building 3019 at ORNL focused on refinement of the THOREX process at a pilot scale in the
Thorium-Uranium Recycle Facility (TURF) [C177] in Building 7930 at ORNL. The design
description for TURF, which was only partially completed, is given in Ref. C153. After the GCR and
Thorium Utilization Programs were merged in 1970, a National HTGR Fuel Recycle Development
Program Plan’ [C178] was written by ORNL and GA that called for the design and construction of an
HTGR Fuel Refabrication Pilot Plant. ORNL proposed that this pilot plant be located adjacent to
TURF at ORNL as the site of a proposed HT'GR Fuel Reprocessing Facility (HTGR-FRF). An
AEC-mandated preferred alternative to locating the HTGR-FRF at TURF was to place the facility
adjacent to the ICPP at the National Reactor Test Station (NTRS) in Idaho [C179]. While the
conceptual design documentation of the ORNL-proposed HTGR Fuel Refabrication Pilot Plant can
not currently be located as a final report,’ certain common design features are briefly described in the
Final Environmental Statements for the proposed ORNL and ICPP facilities [C180, C181]. Only two
ORNL internal reports were found in ORNL Laboratory Records Central Files on design aspects of
the HTGR Fuel Refabrication Pilot Plant [C182, C183]. As for the HTGR-FRF to have been located
adjacent to the ICPP in Idaho, Ref. C116 indicates that by 1975 the U.S. Energy Research and
Development Administration (ERDA) had halted the development and design of the HTGR-FRF but
that a four-volume conceptual design report had been completed by the Ralph M. Parsons Company
(RMP) architect-engineering firm. Ref. C116 states that the HTGR-FRF conceptual design report
includes (a) conceptual design engineering documents supporting the cost estimate, (b) a conceptual
cost estimate, (c) special engineering studies covering 13 design-related subjects, and (d) detailed
schedules for accomplishing the Title I, Title II, construction, and procurement activities. In addition,

“The Plan was reportedly revised three times based on references to later revisions in later ORNL, GA and ICPP
reports; however, only a pen-and-ink mark-up of Revision 1 has been found in the ORNL Central Files in Laboratory
Records and nothing at DOE/OSTI.

fORNL report, HTGR Fuel Refabrication Pilot Plant—Conceptual Design Report, GCR: 74-30, Volumes 1 through 4
(Nov. 1, 1974). This report could not be located in ORNL Laboratory Records; however, sections of the report (that is,
individual system design descriptions) were found in ORNL program files for the HTGR Fuel Recycle Program, Box IDs
199601868 (Location OSTI/03301) and 199601863 (Location OSTI/03296). No attempt was made to reconstitute the report
from the individual sections found nor to move the documents into ORNL Laboratory Records Central Files.
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two consulting organizations, MB Associates and Programmed and Remote Systems Corporation, are
reported in Ref. C116 to have summarized studies of proposed remote handling features for the
HTGR fuel reprocessing demonstration facilities. The conceptual design report for the HTGR-FRF
was not published as a public document, but at least portions of the conceptual design documentation
exist in the High Level Waste archive files at INL in document retrieval numbers HLW-REF-6512
through HLW-REF-6515, HLW-REF-6548 through HLW-REF-6551, and HLW-REF-6558. Whether
all the design documentation, associated studies, and cost estimates are in the INL High Level Waste
archives is not known.

Although construction of the HTGR Fuel Refabrication Pilot Plant was not pursued at ORNL nor
was the completion pursued for the HTGR-FRF at Idaho, GA did set up a cold line for testing
reprocessing equipment, and the ICPP executed a similar testing program for equipment. There are
numerous reports from ORNL, GA, and the ICPP that address various aspects, components and
features that would have been included or addressed in constructing and operating the Pilot Plant and
the Reprocessing Facility to handle HTGR fuel:

® General equipment considerations in planning [C151, C162, C184, C185]

e Head-end processing (carbon burning) and reprocessing off-gas treatment by Krypton
Absorption in Liquid CO, (KALC) to remove krypton, radon, and "*C [C162, C186-C234]

® Pneumatic handling and classification of irradiated, separated fuel particles [C197, C228,
C235-C237]

e Dissolution studies by GA [C238-C242]

Remote fabrication and inspection of fuel kernels, coated particles and rods and scrap

recovery-recycle [C242-C252]

Production/quality control in HTGR fuel refabrication [C253]

Waste management for liquid and solid wastes and update of off-gas treatment [C254-C256]

Economic analyses [C257—C260]

Nuclear material accountability and safeguards [C250, C261-C263]

Criticality safety considerations [C264]

Enhancing proliferation deterrence by fission product spiking of recycle fuel [C265-C267]

Open research and development requirements [C268]

Progress between 1971 and 1978 at ICPP in various equipment testing for both ROVER HEU

recovery and HTGR coated particle fuel reprocessing [C112-C123]

C.4.7 Other Work by GA

During the 1970s in addition to the GA reports cited above, GA reported its progress in
developing HTGR fuel reprocessing methods in a cold test facility in a series of quarterly progress
reports on the Thorium Utilization Program later renamed the HTGR Fuel Recycle Program and then
the Consolidated Reprocessing Program. References C269 through C287 cite this series of reports.
The continuing reports in this series issued after May 1979 until 1984 were initially designated to be
APPLIED TECHNOLOGY: DOE/OSTI is now concerned that, prior to public release, these limited
distribution reports need to be reviewed for Export Controlled Information (ECI); however, these
limited reports in the GA-C16172/-series are available to DOE and DOE contractor staff who are
registered users (with approved access) of the DOE/OSTI Science Research Connection (SRC at
https://www.osti.gov/src/logon.jsp ).

GA has also issued a number of reports, not cited above, on various relevant topics to spent fuel
reprocessing:

* Spent fuel shipping, storage, reprocessing and refabrication technologies [C288-C290]
e Studies of reprocessing LEU/Th fuels [C291, C292]
e HTGR spent reflector block disposal study [C293]
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e (Cold test reprocessing of unirradiated German HEU/ThO, pebbles [C294, C295]
e Reports on the HTGR Spent Fuel Treatment Program from the early 1980s addressing the
LEU fuel cycle and delays in reprocessing [C296, C297]

C.4.8 GCR Program—Plutonium Fuel

Reference C268 addresses the open research and development requirements for recycle of both
U and plutonium fuels in 1979 after the recycle program had ended; however, ORNL and GA had
jointly worked on the potential recycle of plutonium from LWRs in HTGR fuels for over a decade
prior to 1979 [C298]. The major thrust of the preceding work had been the fabrication, irradiation,
and post-irradiation examination of Fuel Test Element-13 (FTE-13) in the Peach Bottom HTGR
[C299—C303]; unfortunately, the detailed post-irradiation examination reports by both ORNL [C301]
and GA have never been published in the open literature. It is judged to be more than a bit unusual
that the substantive technical reports underlying the marketing for the on-going GT-MHR work under
the Russian program for Fissile Materials Disposition and the Deep-Burn Program have not been
issued as publicly available and reviewed reports.

233

C.4.9 Spent Fuel Disposal

The storage and ultimate disposal of German pebble bed spent fuel in salt mines are addressed in
refs. C24.c through C27. Other references for spent fuel disposal, as it relates to volume reduction as
also required for reprocessing, are discussed briefly in Sect. 2 and in Refs. 47-56 in the main body of
the report.

C.5 RECENT DEVELOPMENTS

In 1977, a researcher at the Japan Atomic Energy Research Institute (JAERI) proposed the use of
fluorination to remove the SiC coatings of HTGR fuels [C304]. While both chlorination and
fluorination had been studied previously at ORNL [C93-C96, C136-C138] and KFA-Jiilich
[C29-C33, C42, C57], these previous studies had focused either on uncoated carbide fuels encased in
graphite or pre-ground fuel particles with the coatings no longer intact. The JAERI proposal was the
first to address SiC coating removal using the highly-chemically-reactive and corrosive properties of
a halogen gas.

In the last few years, renewed interest in HTR fuel reprocessing has led to two patents on head-
end processing by the European Union [C305, C306]. Ref. C306 is actually another version of that in
Ref. C305 proposed to be applied to the recovery of radio-nuclides in contaminated graphite parts
from facility decommissioning. Both patented techniques rely upon electrolytic disintegration/
dissolution that was initially studied and tested by ORNL in 1948 [C86, C87] and later in the early
1960s [C92, C133], which later testing gave disappointing results both in separating uranium in the
presence of niobium carbide coatings for ROVER fuel elements and in separating uranium and
thorium in BISO-coated HTGR fuels. Therefore, electrolytic disintegration/dissolution was not
pursued further in the United States due to the concentration of development effort on grind-leach and
burn-leach by ORNL, GA and ICPP focusing on the reprocessing of HEU/Th fuels. The Dragon
Project [C16.d] also only applied electrolytic disintegration to remove graphite cladding leaving
coated particles and graphite fines to be separated by grind-leach to recover uranium and thorium.
However, Ref. C305 is developed to apply to the disintegration/dissolution of both encasing graphite
and the encased coated particles using energetic electric pulses applied to LEU fuel. So far it appears
that no one has yet suggested the possibility of including or adding ultrasonic-assisted disintegration/
dissolution that was tested by Aeroproducts Incorporated in 1960-1961 for ultrasonic-assisted grind-
leach [C147] but also never further pursued to replace grind-leach/burn-leach as the preferred
techniques developed in the United States.
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C.6 CONCLUSIONS

As demonstrated by the information provided in this appendix, extensive development and testing
have been performed for the reprocessing of graphite-encased coated particle fuels; however, none of
the techniques studied have been brought to the level of commercial deployment nor progressed
beyond laboratory-scale demonstrations. Cost estimates for commercial applications are all dated.
The United States design documentation and cost estimates for both reprocessing and refabrication
pilot-scale facilities exist in pieces in archives and were based on reprocessing HEU/Th fuels and
refabrication using **U/Th not the LEU—plutonium closed fuel cycle. Burn-leach reprocessing
generates substantial quantities of radioactive gases including '“CO,, and grind-leach and electrolytic
disintegration/dissolution reprocessing each generate substantial amounts of liquid and sold wastes
along with radioactive noble gases. Although the technical baselines have been established for
various reprocessing options for graphite-encased coated particle fuels, the practicality and cost
effectiveness are yet to be demonstrated.
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