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Summary

The United States Department of Energy Office of Nuclear Energy (DOE-NE), Office of
Materials and Chemical Technologies is leading development of technologies for processing
Used Nuclear Fuel (UNF) to help inform future decisions regarding the nuclear fuel cycle. While
Light Water Reactors (LWRs) have been deployed throughout the world for electricity
production for many years, several advanced reactor concepts are currently being progressed
with a view to deployment in the next decade. High Temperature Gas-cooled Reactors (HTGRS)
hold promise in offering potentially wider applications in addition to electricity generation such as
hydrogen production. These reactors achieve their high temperatures in part by the fuel’s
enhanced integrity in containing fission products and neutron moderation using relatively large
guantities of graphite. The fuel’s integrity is proffered by coating individual fuel particles in layers
of pyrolytic carbon and silicon carbide. Such fuel is known as Tri-structural 1ISOtropic (TRISO).
Breaching these layers, however, to access the used fuel kernel to recover the actinides is not
possible with the technologies currently deployed in the nuclear industry. Additionally,
separation and separate disposal of the graphite moderator potentially presents benefits for
waste management and represents a new technical challenge. Current commercial developers
of TRISO fuel are focused on a fuel based on uranium oxycarbide although some discussion in
using uranium nitride has been reported in the academic community.

The work described in this report has developed a preliminary conceptual flowsheet based on
limited published literature for the head-end of a TRISO oxycarbide UNF reprocessing plant.
The essential function of the head-end is to prepare the UNF for subsequent separation of
actinides. The main steps of the conceptual TRISO UNF head-end reprocessing flowsheet are:

1. Fragmentation of the graphite moderator to expose the fuel particles.

2. Separation of fuel particles from fragmented graphite moderator by sieving and
fluidization.

3. Fragmentation of the fuel particles to expose the fuel kernel.

4. Dissolution of the fuel kernel in nitric acid. Noteworthy at this step is the formation of
organic acids (mainly oxalic and mellitic acids) from the carbon associated with the fuel
and TRISO coatings. These acids can interfere with actinide separations and solvent
extraction hydraulic performance and carbon dioxide gas generation.

5. Clarification of the dissolved fuel solution to separate the coating fragments.

6. Dissolver off-gas treatment with specific emphasis on managing generation of carbon
dioxide gas containing carbon-14. The quantity of carbon dioxide is projected to be 100
to 1000 times greater than that arising from dissolving LWR UNF.

Pre or post treatment of the exposed fuel kernels could be undertaken to mitigate the formation
of organic acids but there still exists a significant off-gas treatment challenge.

The literature on reprocessing uranium nitride UNF was reviewed but a flowsheet was not
specifically developed since its scope and uncertainties are expected to be encompassed by the
oxycarbide flowsheet.

Summary
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Overall, the predominant feature of processing TRISO UNF is carbon management to reduce
waste volume and mitigate the formation of carbon dioxide and organic acids. This report
recommends broad areas of research that will help to further define the head-end flowsheet.

Summary iii
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Acronyms and Abbreviations

DOE-NE Department of Energy Office of Nuclear Energy
LLW Low Level Waste

HTGR High Temperature Gas-Cooled Reactor

LWR Light Water Reactor

TRISO Tri-structural 1SOtropic

UNF Used Nuclear Fuel

MT Metric Tons, or Tonnes

RRP Rokkasho Reprocessing Plant

Acronyms and Abbreviations Vv
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1.0 Introduction

Chemical processing of Used Nuclear Fuel (UNF) to recover fissile material for recycle is an
integral part of closing the nuclear fuel cycle. However, closing the nuclear fuel cycle presents
several political and economic challenges. Notwithstanding the fact the technology is
established and has been implemented historically in the United States and currently in France
for processing Light Water Reactor (LWR) UNF. Nonetheless, the recent commercial activity in
developing advanced nuclear reactors (small modular reactors and microreactors) and their use
of advanced nuclear fuels has motivated interest in developing novel means of processing
advanced reactor UNF. The work described in this report identifies and evaluates concepts for
recovery of actinides from a specific advanced nuclear fuel, Tri-structural ISOtropic (TRISO),
and makes recommendations for maturing the concepts.

This report fulfills milestone number M4FT-23PN030401091, Evaluation of TRISO Processing
Options, in the U.S. Department of Energy Office of Nuclear Energy Nuclear Technology
Research and Development Program.

1.1 Background

Separation technologies have been successfully used to recover and recycle uranium and
plutonium from irradiated commercial LWR UNF, most notably in Europe. Recycling uranium
and plutonium results in increased power production from mined uranium resources and
contributes to the national energy security of the country recycling their UNF. In addition,
appropriately processing the UNF reduces the volume of high-level waste requiring geologic
disposal and there are potential benefits in reducing the radiotoxicity of the disposed material.
Processing the UNF to also separate the minor actinides for transmutation results in further
improving the utilization of a geologic repository by reducing the long-term heat load. In the
United States, the current approach to managing UNF is once-through, with it being stored at
the reactor sites while a geological repository is established for its disposal. Nonetheless, the
United States Department of Energy Office of Nuclear Energy (DOE-NE), Office of Materials
and Chemical Technologies is leading development of technologies for processing UNF to help
inform future decisions regarding the nuclear fuel cycle and its potential closure. This is
particularly important as power reactor technology shifts from traditional LWRSs to novel
advanced reactor designs that produce UNF that is significantly different from that of LWRSs.

While LWRs have been deployed throughout the world for electricity production for many years,
several advanced reactor concepts are currently being progressed with a view to deployment in
the next decade. High Temperature Gas-cooled Reactors (HTGRs) hold promise in offering
potentially wider applications in addition to electricity generation, such as hydrogen production.
These reactors achieve their high temperatures in part by the fuel's enhanced integrity in
containing fission products, which also allows for significantly higher burnup than achievable in
LWRs, and neutron moderation using relatively large quantities of graphite. The fuel's integrity is
greatly enhanced by coating individual fuel particles in layers of pyrolytic carbon and silicon
carbide. Such fuel is known as TRISO. Breaching these layers, however, to access the used
fuel to recover the actinides is not possible with the reprocessing technologies currently
deployed in the nuclear industry because the nitric acid used to dissolve the fuel would be
ineffective at breaching the silicon carbide coating.
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Processing TRISO-based fuel introduces additional challenges due to the configuration of the
fuel assembly. The assembly consists of TRISO fuel particles dispersed in a physically robust
graphite monolith. These can take the form of compact rods that are configured into hexagonal
graphite blocks, or spherical assemblies referred to as “pebbles.” Separation and separate
disposal of the graphite moderator potentially presents benefits for waste management and
represents a new technical challenge.

Previous work by Arm et al. (2022) established a strategy to help guide DOE-NE in identifying
and maturing options for recovery of actinides from TRISO UNF for recycling into the nuclear
fuel cycle to produce additional electrical power. The strategy identified several technologies
demonstrated for fragmenting the graphite moderator to facilitate separation of the fuel particles,
but all were judged at a low readiness level for implementation. One technology identified used
pulsed electrical energy of high voltage and high current and was considered technically
attractive for further evaluation because it does not involve any chemical additions. Arm et al
(2023) then evaluated the feasibility of the pulsed current technology for industrial and
experimental implementation. Arm et al (2023) recommended a flowsheet and concept be
developed that shows how the technology could be integrated into the head-end of a TRISO
UNF actinide recovery plant. Therefore, this task was initiated to develop and evaluate a
flowsheet concept based on the pulsed current technology.

1.2 Scope

This work considered the head-end processes needed for processing TRISO UNF, including
(but not necessarily limited to) fragmentation of the graphite moderator, breaching of the fuel
particle coatings, separation of the moderator and coatings from the fuel particles and
dissolution of the fuel (considering the fuel could be something other than oxide). Once
dissolved, the subsequent processes for recovering actinides from TRISO fuel are expected to
be the same as those applicable to LWR oxide fuel and so were not considered in this work.
The potential for recycle of secondary process liquid and solid wastes was considered as part of
developing the flowsheet concept. Plant scale and throughput was considered relative to current
European plants reprocessing LWR oxide UNF. Gaps and opportunities from a flowsheet
perspective were elucidated for potential future research and development.
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2.0 Description of TRISO Fuel and Challenges to Actinide
Recovery

As described by Demkowicz et al. (2019), the development of TRISO fuel was driven by the
desire to increase burnup. More extensive fission of fissile plutonium and reducing the downtime
for refueling reactors are two reasons to operate to higher burnup. The cladding of conventional
LWR fuel is the in-service life-limiting component and TRISO fuel looks to improve in-service life
by more effective containment of fission products. Use of TRISO fuel in a huclear reactor was
demonstrated at full-scale in the U.S. at the now closed Fort Saint Vrain and Peach Bottom
nuclear generating stations. Today, the fuel, with some modifications from its earlier use, is
being considered for application in advanced reactors.

As shown in Error! Reference source not found., TRISO fuel consists of particles
approximately 1 mm diameter that are formed into ‘compacts’ of either cylindrical shape (~12
mm diameter and ~25 mm long) or spheres (‘pebbles’) ~60 mm diameter. Compacts are
fabricated by mixing graphite powder with a phenolic resin, then adding the TRISO patrticles and
isostatically pressing the mixture. A heat treatment sometimes is applied. The cylindrical
compacts can be considered like the subassemblies of conventional LWR fuel. Thus, they are
loaded into prismatic graphite blocks to fuel a HTGR. The pebbles are coated with an outer
layer of graphite (approximately 5 mm thick) and intended for use in ‘pebble-bed reactors’. In
the HTGR, inert gas (e.g., helium) passes through channels in the block or around the pebbles
to cool the fuel and provide heat transfer for power conversion.

TRISO particle

Spherical fuel pebbles

Prismatic graphite blocks

Cylindrical fuel compacts

Figure 2-1. TRISO Fuel Assemblies (Source: US Department of Energy. Reproduced
INPOWER at https://www.powermag.com/the-allure-of-triso-nuclear-fuel-explained/)

Important to this plan is a consideration of the fuel particles further illustrated in Figure 2-2. The
inner core or ‘kernel’ of the particle consists of uranium dioxide or uranium carbide between 350
and 500 um in diameter. The kernels are successively coated with layers of silicon carbide and

pyrolytic carbon:

o A ‘buffer’ approximately 100 um thick of low-density pyrolytic carbon that provides space for
gas accumulation.
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o Another, denser layer of pyrolytic carbon approximately 40 um thick that protects the particle
surface from chloride during the subsequent deposition of silicon carbide.

e The main structural layer is silicon carbide, approximately 35 um thick, which is primarily for
retaining non-gaseous fission products.

¢ Afinal layer of pyrolytic carbon approximately 40 um thick that protects the silicon carbide
during handling and provides a surface for bonding the particle into the compact or pebble.

Both the inner and outer layers of pyrolytic carbon also contribute to gas retention.

Figure 2-2. The TRISO fuel particle (Source: US Department of Energy)

There are two primary challenges to recovering the actinides from the TRISO fuel that
differentiate it from LWR fuel:

o Clearly the superior structure in the successive coatings of the fuel to retain gas and
non-gaseous fission products also present significant barriers to accessing the fuel
kernel for actinide recovery. Pyrolytic carbon and silicon carbide are chemically inert
by design (from the standpoint of in-service fuel performance) that would make
industrially mature UNF treatment processes ineffective. That is, the nitric acid
normally used to dissolve LWR fuel cannot penetrate through the pyrolytic carbon and
silicon carbide layers.

e Arelatively considerable quantity of graphite is used in HTGRs and other TRISO-
fueled reactors that present a secondary waste challenge. For example, Lotts et al.
(1992) have postulated the volume of HTGR UNF dispositioned as a whole block in a
geologic repository would be approximately 25 times that of conventional LWR fuel for
the same quantity of heavy metal. However, if the fuel can be cleanly separated from
the graphite blocks, then the latter could conceivably be dispositioned as low-level
waste (LLW). However, notwithstanding the challenges in making a ‘clean’ separation
by mechanical means to minimize contamination, another challenge is the carbon-14
content. Tzelepi et al. (2020) describe how nitrogen and oxygen impurities and the
stable carbon, itself, in the graphite can all be neutron-activated to carbon-14, which is
a limiting constituent for the LLW classification.

Three forms of uranium have and are being considered for TRISO fuel. Dissolution of uranium
oxide is well-established and will not be expanded upon here. As described by Demkowicz et al.
(2019), uranium oxycarbide is considered the baseline while uranium nitride has been
postulated by Skerjanc and Youinou (2023) for microreactors given its relatively high density.
The literature on processing these fuel forms considers their dissolution and subsequent
separations to recover actinides. In general, although the scope of our study does not address
actinide separation, the chemical characteristics of the dissolved uranium carbide or nitride can
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have an impact on it. Additional processing of the solution could be beneficial to subsequent
actinide separation and this aspect is considered here as part of a head-end.

The TRISO fuels being considered by current commercial vendors such as X-Energy include
uranium oxycarbide (see, for example, National Academies, 2023). Reprocessing uranium
carbide UNF has been considered since the 1960s although not to anywhere near the same
depth as uranium dioxide UNF and has never been implemented at industrial scale. As early as
1965, Horsley et al. (1965) studied the reprocessing and refabrication of HTGR prismatic type
carbide fuels and a conceptual reprocessing plant was subsequently developed by the
Chemical Plant Design Office and Technical Branch (1966). These early studies primarily
considered grinding of the compacts and particles to expose the fuel kernel but also initiated
development of anodic defragmentation with some success before the program was terminated.
A unique challenge identified by these workers among others at the time (e.g., Ferris and
Bradley, 1965) is associated with the formation of organic acids during dissolution of the fuel in
nitric acid and their interference with subsequent actinide separations.

In contrast to (oxy)carbide UNF, reprocessing of nitride UNF introduces additional nitrogen-
based constituents into the off-gas from its dissolution in nitric acid. These constituents, while
different from those arising from dissolving oxide UNF, are not expected to create a significant
technical challenge.

The study described in this report mainly focused reprocessing carbide UNF given the relatively
greater technical challenge and its nearer term potential deployment in HTGRs. Additionally, the
scope and uncertainties associated with a nitride UNF head-end are largely encompassed by
those for oxycarbide.
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3.0 TRISO Oxycarbide UNF Actinide Recovery Head-End
Flowsheet Concept

3.1 Overview of the Head-End Process Concept

A preliminary process concept for treating TRISO UNF based on the pulsed current technology
was developed by Arm et al (2023) who had extended information contained in the patent
submitted by Fatterer (2006). The preliminary concept for actinide recovery is illustrated in
Figure 3-1. Intact TRISO UNF in either the pebble or block form is retrieved from storage. The
blocks need to be reduced in size to approximately that of pebbles (~6 cm) for subsequent
fragmentation using the pulsed current technology. Alternatively, compacts could be
mechanically extracted from the blocks as advocated most recently by del Cul et al. (2002)
although the Chemical Plant Design Office and Technical Branch (1966) expressed some
concern with the implementing such an approach in a shielded facility for irradiated fuel.
Nonetheless, any graphite is fragmented to allow the fuel particles to be separated from it. This
is considered a gross separation and further decontamination of the graphite is achieved in a
further separation that exploits the density difference between the graphite and fuel particles.
The graphite is disposed once sufficiently decontaminated. Additional steps to facilitate recovery
of actinides from the fuel particles require the separated TRISO particles to be further
fragmented to expose the fuel kernels. The fuel kernels are then optionally pretreated (e.g., by
voloxidation) before dissolution while the TRISO coating pieces remain as solid particulates.
The coating pieces and dissolved fuel are separated to facilitate disposal of the former. If the
fuel kernels are not pretreated then the solution of dissolved fuel is treated to destroy any
organic compounds that would interfere with subsequent actinide recovery by liquid-liquid
extraction.

TRISO SNF
size reduction

t

Blocks
| Y

TRISO SNF | Graphite | . Graphite | . Graphite
storage Pabbles fragmentation Graphite decontamination Graphite disposal
T
TRISO
particles
¥ S :
TRISO particle N } Fuel kernel ! Fuel TRISO coating | TRISO — TRISO coating
fragmentation ; Pretreatment dissolution separation coatings disposal
S |
l I
Dissolved fuel fmmmmmmmee
1
! 1
Off-gas ! Dissolved fuel ! Reprocess
treatment ; treatment dissolved fuel
1
b o mmeeeod [

Figure 3-1. Outline Concept of a TRISO UNF Pulsed Current Treatment Process

Ekberg et al. (2020) highlighted that production of carbide nuclear fuel requires additional care
(compared to producing oxide fuel) due to the pyrophoric nature of carbide powders. The
exothermic nature of carbon oxidation also means that special care must be taken during
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handling at the back end of the fuel cycle and during reprocessing. Not only does it pose a
safety hazard, but Ananthasivan et al. (1996) considers the exothermic nature of carbon
oxidation can lead to the formation of sintered oxides, which complicates reprocessing.
Additionally, the behavior of uranium carbide fuel during oxidation can be influenced by its
previous history. In a study of unirradiated uranium carbide fuel, Bodine et al. (1962) showed
that freshly arc-melted uranium carbide is relatively resistant to oxidation while “reactive”
uranium carbide ignites in oxygen at approximately 300 °C. Therefore, there are additional
nuclear safety considerations for reprocessing carbide UNF.

The remainder of this section focuses on the technical aspects of reprocessing carbide UNF in
terms of a conceptual flowsheet. The specific process steps of the conceptual flowsheet are
considered in further detail in the following sections.

3.2 Fragmentation

As described by Arm et al (2023), selective fragmentation (fracturing along the interfaces
between inhomogeneous solids) is based on the principle of applying pulsed high
voltage/current discharges on inhomogeneous, nonconducting solids. A high voltage discharge
(~400 kV and up to 100 J/cm) is delivered to electrodes separated from the solid by a liquid with
a dielectric strength greater than the solid (e.g., water). Under these conditions, the electric
current is then delivered to the solid through the liquid. Pressures of up to 10° Pa and
temperatures of approximately 10,000 K are generated in the solid; the result is a high-pressure
impulse that propagates through the solids causing them to be fractured at grain boundaries
due to mechanical stress.

The fragmentation vessel concept described by Fitterer (2006) and reproduced in Figure 3-2 is
fabricated from steel and lined with an electric insulator such as plastic. The vessel is filled with
water and the pebbles or size-reduced blocks added to it before a steel electrode (arranged in
an electrically insulated cover block) is lowered into the water. A second electrode is arranged
at the bottom of the vessel and is also electrically insulated from it. The fuel is placed on a sieve
in the vessel. The size of the holes of the sieve would need to be optimized but are likely ~3 mm
to allow fuel particles through and collect in the base. A pulse generator periodically charges the
top electrode with voltages between 40 and 400 kV relative to the bottom electrode. For
cracking the particle coatings, the sieve hole diameter should be slightly smaller than the
kernels (0.4 mm) so the silicon carbide and pyrolytic carbon fragments drop through. Fltterer et
al. (2008) postulated that a clean separation of the kernels from the coatings may not be
accomplished with irradiated fuel. Instead, they considered the mixture could be fed directly to
the dissolver. However, as described later, doing so gives rise to formation of organic
compounds that interfere with subsequent actinide separation, and would also preclude the
implementation of voloxidation as a pretreatment step.
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Figure 3-2. Conceptual Fragmentation Vessel (reproduced from the patent of Fltterer (2006))

3.3 Graphite Decontamination

Gross separation of the fuel from the graphite occurs on the sieves intrinsic to the fragmentation
vessel. Further decontamination of the graphite may be beneficial in improving the overall
recovery of actinides and its waste management. In particular, disposal of the graphite as LLW
may be feasible if sufficient fuel is separated from it. There are several technologies deployed in
the mining industry that could be employed for this separation but they generally use large
guantities of water as a carrier fluid and rely on gravity in exploiting the difference in density
between the fuel and graphite. Centrifugal separators and hydrocyclones could be used to
reduce the equipment size but are mechanically intensive, which presents challenges for
shielded facilities.

A promising alternative approach is fluidization. Rasul et al. (2000) have described this
technology for minerals processing in which binary mixtures of particles of different sizes and
densities separate at certain fluidization velocities into layers. In this concept, the mixture of
fragmented graphite and TRISO patrticles would be fluidized in water at a velocity that enriched
either the top or bottom of the column in the TRISO particles. The layer enriched in the TRISO
particles would be separated and routed for fragmentation of the TRISO coating. The TRISO-
depleted graphite would be dried and dispositioned as either LLW, appropriate for near-surface
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disposal, or Greater-Than-Class-C LLW, which currently requires disposal in a geologic
repository.

3.4 Fuel Pretreatment

Although never industrially deployed, voloxidation has long been considered as a pretreatment
step for UNF prior to its dissolution in nitric acid. Whereas standard voloxidation (e.g., described
by Johnson and Stone (1980)) uses air at up to ~550 °C to oxidize the UNF, the more recent
advanced voloxidation, as described by DelCul et al. (2010) uses nitrogen dioxide, which
facilitates a lower reaction temperature up to 375 °C. For uranium oxide UNF, voloxidation
provides benefits for subsequent dissolution and volatile fission product management.

Very little work has been performed to study voloxidation (with air or oxygen at 480°C to 600°C)
of uranium carbide. Nonetheless, Kulyukhin et al. (2020) has summarized the potential
application of standard voloxidation to processing uranium carbide UNF and reported
experimental results from application of advanced voloxidation. The authors postulate the
application of standard voloxidation based on the chemical behavior of uranium carbide in
oxidizing atmospheres. The voloxidation of carbide UNF will avoid the problems associated with
generation of polybasic organic acids when it is dissolved in nitric acid (see section 3.5).

Based on their experimental results, Kulyukhin et al. (2020) concluded the application of
advanced voloxidation (incorporating nitrogen dioxide) to carbide UNF is poorly justified given
the relatively low conversion rates. Stable colloidal particles were observed from advanced
voloxidation of uranium carbide that could not be separated by centrifugation. The authors
postulate the colloidal particles arose from carboxylic acids formed by the reaction of uranium
carbide with nitrogen oxide gases. However, these particles were destroyed by ozonation of the
solutions generated from dissolving the voloxidized product.

Much earlier work on an alternative pretreatment approach was reported by Flanary et al.
(1964). These workers investigated the effects on dissolution of a pyrohydrolysis process that
converted uranium carbide to uranium dioxide. In their experiments, steam was reacted with the
irradiated fuel at 750°C for up to five hours although was reported as complete within one hour.
The uranium dioxide product dissolved in nitric acid under standard conditions for reprocessing.
Subsequent successful batch solvent extraction experiments did not indicate any production of
organic acids, but increased phase coalescence times was attributed to a fine carbonaceous
precipitate. However, the formation of hydrogen and carbon monoxide from the reaction of
steam with the fragmented pyrolytic carbon coating as described by Smolik et al. (1990) needs
to be considered from a nuclear safety perspective. Separation of carbon monoxide from the off-
gas would also be more challenging than if it existed as carbon dioxide.

3.5 Fuel Dissolution and Off-Gas Treatment

3.5.1  Uranium Carbide UNF Dissolution Literature Review

3511 Dissolution in Nitric acid

One key step to most reprocessing approaches for uranium carbide fuels is the dissolution of
uranium carbide in nitric acid. This approach has been studied over several decades. Ferris
and Bradley (1965) found that samples of uranium carbide with different stoichiometries were

passivated in boiling nitric acid when concentrations were 0.5 M or lower. This passivation was
also observed when the samples were boiled in sodium, calcium, uranyl, aluminum, and thorium
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nitrate solutions. However, when samples were exposed to nitric acid at 90 °C and with
concentrations from 2 to 16 M, complete dissolution occurred. During this dissolution carbon
dioxide, nitric oxide, and nitrogen dioxide gasses were produced. Ratios of gasses varied with
nitric acid concentration and uranium carbide stoichiometry. Traces of nitrous oxide were found,
but no carbon monoxide, hydrogen, or hydrocarbons were detected.

One of the challenges with dissolving uranium carbide fuels in nitric acid is that the dissolution
process results in incomplete removal of the carbon as carbon dioxide, resulting in the formation
of organic compounds, typically oxalic and mellitic acids as shown by Ferris (1964) and
Bokelund et al. (1983). Kudinov et al. (2015a) showed these organic impurities reduce the
efficiency of plutonium extraction, resulting in plutonium concentrations in waste streams higher
than allowable standards.

Different methods of handling the organic compounds have been tested including different
methods of oxidative degradation (Flanary et al., 1964) including using manganese as a catalyst
with increased holding times (Kudinov et al., 2015b) and ozonization in the presence of a cerium
catalyst, though this method was observed to transition the Pu from Pu(lV) to Pu(VI) which does
not extract as readily (Kudinov et al, 2015a). Work by Bokelund et al. (1983) showed that the
oxalic acid can be photo oxidized in the presence of uranyl ions through the following reactions:

H,C,0, + UOFY + 2HY + hv > 2C0,0 + 2H,0 + U**

h
H,C,0, U5§+ 2C0, + HCOOH
2

h
H,C,0, = CO + CO,+ Hy0
vojFt

This photooxidation also reduces the uranyl and reduces the nitrate to nitrite, which can be
advantageous to preventing the formation of higher oxides of plutonium. Overall, the
photooxidation was able to reduce the organic compounds that formed and leave hexavalent
uranium and tetravalent plutonium.

3.5.1.2 Other Approaches

Other pathways that have been studied for the dissolution of uranium carbide fuels include
dissolution in hydrogen peroxide and dissolution in steam. While pure hydrogen peroxide was
able to effect the dissolution of uranium carbide, Jamal et al. (2021) observed that the kinetics of
the reaction were enhanced if the solution contained bicarbonate. Flanary et al. (1964) found
oxidation in steam could be carried to completion at 750 °C, with the resultant uranium dioxide
containing only approximately 3% carbon. In tests where the air was not excluded from the
reaction, the uranium was further oxidized to triuranium octoxide. The gaseous reaction
products include hydrogen, carbon dioxide, and carbon monoxide, along with ~5% of the
cesium being volatilized. The uranium dioxide formed in this process was dissolved in 6.5M
nitric acid, through it is speculated that additional settling time was required compared to typical
uranium dioxide dissolution due to residual carbon.

A different approach was taken by Ananthasivan et al. (1996) who looked at converting the
carbide fuel to nitride fuel prior to reprocessing. They found the uranium carbide reacted readily
with nitrogen at 873K. The product was identified to be a-uranium nitride, and further testing
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showed that uranium-plutonium mixed carbide fuels were also able to be converted using this
same process. Carbon liberated during this process was not able to be removed as methane by
reaction with hydrogen, requiring removal by filtration or centrifugation.

3.5.2 Graphite Oxidation by Nitric Acid Literature Review

One concern with any residual graphite and its oxidation with nitric acid is carbon dioxide
production because its carbon-14 content would mean it needs to be removed in the dissolver
off-gas treatment system and immobilized leading to larger quantities of solid waste. Early
efforts to create carbon-clad fuels in the 1960s and 70s produced some work that looked at
graphite oxidation in nitric acid. Tests were performed by Farrell and Haas (1967) using reactor
grade graphite in 1-4N nitric acid at 275 °C and 300 °C under 1500psig atmospheres of oxygen,
air, and nitrogen. The results showed that, in all atmospheres, carbon dioxide, nitrogen oxides,
and nitrogen were produced. The nitrogen and air atmospheres did not change the chemistry of
the reaction but did inhibit the rate of reaction.

Tests by Haas and Ferris (1966) did show that the graphite was able to be completely oxidized
in 24 hours in 2M nitric acid at 300 °C when oxygen was in excess by 150-500 psi. The
proposed overall reaction is 3C + 4HNO3z - 4NO + 3CO; + 2H,0. During the reaction, it was
observed that no nitric acid appeared to be consumed, so a secondary reaction was proposed
in which the initial attack of the carbon is by the nitric acid, not excess oxygen. This is followed
by production of nitric oxide which is rapidly converted to dinitrogen pentoxide by gas-phase
reaction with the oxygen present in the system. The dinitrogen pentoxide is then absorbed by
the solution, re-forming nitric acid, hence why no nitric acid appeared to be consumed.

Haas and Ferris (1966) further showed that while consumption of the carbon in 1 and 2M nitric
acid at 275 and 300 °C is possible, reaction rates are low. While the studies by Forsman et al.
(1978) are limited, the weak reaction of graphite in nitric acid is supported by intercalation
studies where pyrolytic carbon exposed to nitric acid vapor showed production of nitrogen
dioxide while nitrate and nitric acid did intercalate into the graphite lattice. The lack of carbon-
based species detected in the off gas indicate that the carbon is not being corroded.

Another concern with the presence of graphite during reprocessing is the formation of mellitic
acid, which can affect subsequent solvent extraction. Ferris (1964) placed samples in boiling
90% nitric acid for digestion periods of up to 475 hours. During that time, less than 70% of the
graphite was reacted. The unreacted graphite was washed in water and analyzed, showing it
was 90-99% carbon. Infra-red spectroscopy of the residues from the test showed strong C=0
and hydroxide groups with little C-H, C-N, or N-O bonds, indicating aromatic acids with little to
no nitration.

Overall, these studies show that it takes significant temperature, acid concentration, and oxygen
overpressures to get the carbon to readily react in nitric acid. The reaction will oxidize the
carbon without forming new species on the graphite surface. The reaction products formed are
primarily nitrogen and carbon oxides in the gas phase, and organic acids in the liquid phase.

353 Fuel Dissolution and Off-Gas Treatment Flowsheet

The major phenomenon associated with dissolving carbide UNF with nitric acid is the formation
of organic acids, predominantly oxalic and mellitic (or benzenehexacarboxylic) acids and carbon
dioxide gas. Furthermore, any fragments of the pyrolytic carbon coating will partially oxidize in
nitric acid to form carbon dioxide and organic acids, mainly mellitic acid, to some degree. That
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said, no information on the quantification of mellitic acid formation was found, especially at nitric
acid concentrations less than 90%. This is a major gap in understanding the reprocessing of
TRISO UNF. The presence of oxalic acid is known to suppress the extraction of plutonium by tri-
butyl phosphate and mellitic acid could interfere with the dispersion processes of liquid-liquid
systems, notably suppressing coalescence. These phenomena may require some mitigative
measures as described in section 3.7.

The formation and management of carbon dioxide gas is a major area of uncertainty and
potential problems. The majority of the carbon in uranium oxycarbide appears likely to form
carbon dioxide gas, which will need to be captured in the dissolver off-gas treatment system to
mitigate the release of carbon-14 (formed by neutron activation of carbon-13 and nitrogen
impurities). The industrially established means of performing this separation is a sodium
hydroxide scrub that produces sodium carbonate (e.g., see Phillips (1993)). The carbonate is
precipitated and subsequently immobilized in grout for disposal. One means of estimating the
solid waste produced from the scrub operation is to consider the flowsheet of Law et al. (2014)
established for processing LWR UNF and that used an established calcium hydroxide scrub.
This flowsheet estimated that for a 1500 MTHM/year LWR UNF reprocessing plant, the process
air used to sparge dissolver solutions gives rise to 760 kg per year of carbon dioxide that is
treated in the dissolver off-gas system because of the carbon-14 arising from neutron activation
of nitrogen in the UNF (e.g., see Davis (1977)). The process gives rise to 1.6 MT/year of
calcium carbonate, which is grouted to produce 6.5 MT/year of solid waste for disposal as LLW.
If all the carbon of the uranium oxycarbide is oxidized to carbon dioxide then the quantity of
solid waste is projected to be ~100 times than that in the flowsheet of Law et al. (2014). In the
extreme case, the quantity of solid waste produced from capturing the carbon dioxide formed
from oxidizing all the carbon in the fuel and coatings is estimated at approximately 6,400
MT/year for a 1500 MTHM/year plant; representing an increase of ~1000. One way of
minimizing some of the problem is to separate the coating fragments from the kernels in the
fragmenter. However, as already described, there is the possibility that cleavage of the kernels
from the coating may not be complete leading to some loss of fuel with the coating fragments if
separation was pursued in the fragmenter.

One alternative to dissolution in nitric acid and avoiding the formation of organic acids is the
direct dissolution in the PUREX solvent, tri-butyl phosphate in dodecane. The impact on carbon
dioxide generation from the fuel is not known but the solvent should not be expected to react
with the carbon of the coating. Arm (2021) evaluated flowsheets for dissolving LWR uranium
oxide UNF in PUREX solvent and identified several benefits for waste management and
simplification of the headend processes. However, nothing regarding organic solvent dissolution
of uranium carbide or nitride was identified in the published literature.

Fukaya et al. (2023) have recently discussed the feasibility of reprocessing HTGR UNF in the
Rokkasho Reprocessing Plant (RRP). A new headend plant would be constructed and the
dissolved fuel fed to RRP’s separations plant. For their basis, they assumed TRISO UNF with a
burnup of 120 GWd/MT and initial uranium-235 enrichment of 14 wt%. Under these conditions,
depleted uranium must be added to the dissolved fuel so that the uranium-235 content matches
that of LWR UNF for criticality safety purposes. Furthermore, the plutonium content is reduced
to approximately the same as LWR fuel. In this way, the RRP separations plant performance is
similar to that obtained processing LWR UNF and there is no need to adjust its flowsheet.
However, the dilution increases the cost of reprocessing TRISO UNF and reduces the uranium-
235 content of the recovered uranium. Therefore, the authors consider the benefit of
constructing a new separations plant specifically for TRISO UNF. While primarily focused on the
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separations performance, the paper does highlight the need for greater criticality controls in the
headend process over and above those for LWR UNF.

The dissolver design must also consider dissolution of kernels approximately 0.5 mm in
diameter compared to fuel pellets. However, TRISO kernels are larger than the particles derived
from voloxidation of LWR UNF, reported by Goode et al. (1980) by a factor of approximately ten.
Therefore, the dissolver design should not present any unsurmountable challenges.

3.6 TRISO Coating Separation

As described by Phillips (1993), in a typical UNF reprocessing plant such as the Sellafield
Thermal Oxide Reprocessing Plant (THORP), the product from UNF dissolution is clarified in
suspended bowl centrifuges to remove insoluble fission products and cladding debris.
Centrifuges are periodically taken offline, and the separated solids washed from them for
encapsulation and disposal. The same technology could arguably be applied to removing what’s
left of the TRISO coating fragments, likely mainly silicon carbide. However, the solids
concentration of the dissolver product will likely be higher for TRISO UNF than encountered for
LWR UNF. Therefore, some design development will likely be required to balance the number of
centrifuges and their capacity against plant throughput. An initial separation by gravity settling
may also be warranted for an optimal overall configuration for TRISO coating separation.

3.7 Dissolved Fuel Treatment

The formation of organic acids from the carbon associated with the fuel or the TRISO carbon
coating may require some form of treatment to destroy them to facilitate subsequent recovery of
actinides by solvent extraction and avoid deleteriously impacting the liquid-liquid dispersive
processes. This process function could be performed in the same vessel as the fuel’s
dissolution depending on the technology. Additionally, there may be advantages to performing it
prior to separation of the silicon carbide coating from the dissolved fuel.

Kudinov et al. (2015) recommended heating the solution with manganese, which catalyzes the
oxidation of oxalic acid, and the addition of molybdenum to complex with any residual organic
acid. This function could be performed simultaneous with dissolution and subsequent solids
separation would also remove the catalyst. On the other hand, the photochemical treatment
demonstrated by Bokelund et al. (1983) would be better accomplished on the clarified solution.

Complexation of the plutonium with oxalic acid to prevent its extraction might be beneficial if the
objective is only to recover uranium. However, the potentially deleterious effect of organic acids
on phase coalescence needs to be considered, which may necessitate their destruction
irrespective of the objectives of plutonium management. The destruction of mellitic acid could
prove problematic given its stability and little was found in the published literature, possibly
because of its stability.

3.8 Process Wastes and Opportunities for Recycle

The major process operation added to the head end of an established reprocessing plant
concept specific for processing TRISO UNF is the fragmenter. While fragmentation can be
accomplished simply using water, other requirements may necessitate the addition of some
chemical constituents. For example, a soluble neutron poison may be required for criticality
safety and other chemical constituents for corrosion mitigation in the fragmenter or downstream
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equipment. Recycle of the fragmenter solution or its constituents is likely not beneficial since it
will be needed for transport of the solids to the next unit operation; either graphite
decontamination, fuel particle fragmentation or fuel kernel dissolution.

The head end concept described here separates the bulk graphite moderator from the fuel. The
bulk graphite could be considered for recycle in fresh TRISO fuel but its carbon-14 (arising from
neutron activation mainly of nitrogen impurities) content means it would need to be processed in
radiological facilities, which likely makes recycle uneconomic.

An important solid and process-related waste are the fragmenter’s electrodes. As described by
Arm et al. (2023), generation of electrical discharge shockwaves causes erosion of electrodes
and other spark formation components. The electrodes may be inexpensive, but they are
physically located in the fragmenter and, therefore, the system must be designed to allow for
their routine replacement.

3.9 Plant Scale and Throughput

The scale of the process was developed by considering the published operating characteristics
of the X-Energy Xe-100 reactor described by Chapman (2023). The initial operating concept for
the Xe-100 involves discharging 179 pebbles from the core of 220,000 every full-power day.
The power plant has an assumed operational life of 60 years. Therefore, a treatment plant
should be capable of treating 179 pebbles per day assuming the same operational life. For
conceptual purposes only, we considered an Xe-100 fleet of 100 reactors (representing
approximately 10% of the current nuclear electricity generating capacity in the US) for the
treatment plant to treat approximately 18,000 pebbles per day. A single pebble weighs
approximately 200 g and so the capacity of the plant becomes approximately 3.6 MT UNF/day
or 2 MTHM/day (given a kernel mass fraction of 0.57). This capacity is comparable to the 5
MTHM/day capacity of the Thermal Oxide Reprocessing Plant (THORP) at Sellafield, United
Kingdom. Alternatively, a plant comparable in size to THORP but with a TRISO process head-
end could treat the UNF from ~140 Xe-100 reactors, which represents approximately 15% of the
current nuclear generating capacity in the US.

The plant capacity of 3.6 MT UNF/day is quite small compared to the size of plant designed by
SELFRAG for processing slag waste (~100 MT/day). Furthermore, the Pre-Weakening Test
Station described by Bru et al. (2018) has a nominal capacity of up to 1 MT/hour or
approximately 7 times larger than required for the conceptual full-scale case. Therefore, a
shielded chemical process plant with remote maintenance appears feasible based purely on
scale. This is important because the fragmenter design will likely need to be specific for treating
UNF given the need to replace the electrodes periodically and remotely. For example, several
duplicate systems could be installed commensurate with the time required to replace the
electrodes.
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4.0 TRISO Nitride UNF Actinide Recovery Head-End
Considerations

As already described, TRISO nuclear fuels being considered for current advanced reactors are
of the oxycarbide form. There is some discussion of the use of nitride fuels in the academic
community and, therefore, the reprocessing of nitride fuels was considered in this work but not
to the same detalil as carbide. Furthermore, as described below, the dissolution of nitride fuels
largely presents additional off-gas treatment challenges that need to be considered in
engineering the head-end in addition to those presented by the graphite moderator and particle
coatings. The same considerations in fragmenting the graphite moderator and fuel particles also
apply to nitride fuel. Our consideration of nitride fuels is therefore limited to a literature survey of
their dissolution and pretreatment.

4.1 Dissolution of Uranium Nitride Fuel in Nitric Acid

As with uranium carbide fuels, one of the primary methods that has been studied for the
reprocessing of uranium nitride fuels is the dissolution of the fuel using nitric acid. The primary
dissolution pathways in nitric acid are:

UN + 4HNO3z; > UO2(NOs3)2 + NH4NOs + NO (Jones et al., 2023)

5NH4* + 3NO3s™ = 4Ny + 2H* +9H,0 (Jones et al., 2023)

6UN + 25HNO3; = 6UO2(NOs3), + 3NHs + N2 + NoO + 6NO + 6NO; + 8H20 (Ershov, 2017)
UN + 5HNO3 = UO2(NOs), + NH3 +3NO; +H,0 (Ershov, 2017)

As recently described by Jones et al. (2023), the formation of ammonia, nitrogen, and nitrogen
dioxide adds complexity to the process. Hydrolysis of these nitrogen species can lead to the
formation of ammonium hydroxide and nitrous acid which require additional consideration,
particularly in downstream processes. The release of nitrous oxide and nitrogen during
dissolution is connected with the formation of ammonium from uranium nitride while the release
of nitric oxide and nitrogen dioxide comes from the catalytic action of nitrous acid.

The nitrous oxide forms largely because of the oxidation of uranium nitride and the reduction of
nitric acid. The presence or absence of oxygen in the atmosphere has no effect on the amount
of nitrous oxide formed. The nitrogen in uranium nitride does not participate in the formation of
nitrogen dioxide; the release of nitrogen dioxide is due to the reduction of nitric acid; the
presence of oxygen increases the amount of nitrogen dioxide formed as described by Ustinov et
al. (2015). Tracing the nitrogen pathway is important because uranium nitride fuel uses
nitrogen-15 instead of nitrogen-14 for neutron economy and to avoid formation of carbon-14
from the n,p reaction of nitrogen-14. During reprocessing, there is economic incentive to
capture the nitrogen-15 from the fuel for future fuel fabrication.

Work by Ekberg et al. (2020) has shown that the addition of plutonium and zirconium to nitride
fuels could cause problems for dissolution in nitric acid. In one test, pellets containing 30%
plutonium nitride and 70% zirconium nitride were dissolved in 8M boiling nitric acid and resulted
in the low burnup centers being dissolved with a high burnup rim remaining. Jones et al. (2023)
described how zirconium has been considered as an alloying agent in uranium nitride fuels,
since it increases stability of the fuel, but it does inhibit dissolution in nitric acid as do other
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potential alloy elements including aluminum and chromium. Other challenges to reprocessing
include insoluble fission products and grey phases that precipitate out during dissolution.

4.2 Dissolution of Uranium Nitride in Lithium/Potassium Chloride
Salts

Another dissolution process that has received attention is the electrolytic dissolution of uranium
nitride fuels in molten lithium/potassium chloride salts. Testing of this process by Hayashi et al.
(2014) showed that the nitrides dissolve into the molten salt and metals are recovered at solid
cathodes while nitrogen gas is released from the nitrides. This dissolution process did produce
uranium nitride chloride, which could cause problems with further reprocessing. Cadmium
chloride was added to the process to minimize uranium nitride chloride formation through the
formation of uranium chloride.

The use of lithium/potassium chloride salts has also been tested by Satoh et al. (2009) on
simulated irradiated uranium nitride fuel that was doped with molybdenum, palladium, and
neodymium. Results showed that most of the uranium nitride was dissolved as uranium
chloride at the anode, neodymium was dissolved at the anode as neodymium chloride, and
neither molybdenum nor palladium were dissolved but remained at the anode. Other work by
Zaikov et al. (2020) has shown that cesium and strontium form chlorides during processing.
These can be purified out of the salt during recrystallization.

4.3 Other Approaches

Studies by Bright et al. (2019) of the exposure of uranium nitride fuels to 0.1M hydrogen
peroxide show that dissolution rates of uranium dioxide, uranium mononitride and uranium
sesquinitride had corrosion rates of 0.083, 0.020, and 0.47 A/s respectively. A further study by
Hickam 2019) looked at dissolution using a different concentration of hydrogen peroxide and
different concentrations of lithium hydroxide to determine the effect of peroxide and alkali
concentrations on dissolution. The results showed that the ratio of hydrogen peroxide and alkali
metal concentrations are important in determining the extent of dissolution of uranium. Alkali
concentrations determine dissolution only if the starting conditions include sufficient hydrogen
peroxide.

Degradation of pure uranium nitride pellets has been shown to occur in steam. Jolkkonen et al.
(2017) found high density pellets (>95%TD) could withstand 300 °C for 90 minutes with no
weight change at 0.5 bar pressure. With pressure increased to 84 bar at 300 °C, pellets
fragmented to mm-sized granules in 1 hour. At 400 °C visible degradation was observed within
3 hours. At 0.50 bar and 500 °C complete degradation of pure UN pellets was obtained within 1
hour. Jones et al. (2023) described the addition of chromium to uranium nitride pellets resulted
in the chromium forming a protective layer that increased the stability of the uranium nitride
pellets in the presence of boiling water.

Voloxidation is a process under development for the reprocessing of oxide fuels. It consists of
oxidizing the fuel in a gas medium to remove fission products from the fuel. Two strategies
described by Jones et al. (2023) have been attempted with nitride fuel, including combusting the
fuel in oxygen to form nitrogen or oxidizing the fuel in superheated steam to form ammonia
which would allow the nitrogen to be used directly for new fuel fabrication. In all processes,
care must be taken to manage ammonia, since it poses significant health risks, along with the
potential formation of ammonium nitrate, which poses an explosion hazard.
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5.0 Areas of Potential Research

In general, there has been little work to advance the maturity of technologies applicable to
actinide recovery from carbide or nitride UNF. Additionally, little work has also been performed
on TRISO UNF aside from a moderate amount on the technologies described by Arm et al.
(2022, 2023) applicable to exposing the fuel particles and kernels. This section of the report
describes the broad areas where initial research is desirable with a focus on processing TRISO
carbide UNF. Arm et al. (2022) has described the research to advance the maturity of
technologies applicable to exposing the fuel particles or kernels so those research needs are
not covered here.

The over-riding difference between processing TRISO and pelletized oxide UNF is the carbon
content of the former even after a bulk separation of the graphite moderator. Carbon
management is, therefore, the predominant feature of processing TRISO UNF whatever
chemical form of uranium is adopted (whether carbide, nitride or oxide).

5.1 Formation, Effects and Mitigation of Organic Acids

The principal difference between dissolving carbide and oxide fuels with nitric acid is the
formation of organic acids from the former. This phenomenon has been well documented since
the 1960s. Furthermore, nitric acid will react with any residual TRISO carbon coating to form
mellitic acid. Several organic acids are alluded to in the published literature but oxalic and
mellitic acids appear to be the most prevalent. Oxalic acid is known to complex plutonium and
as such will hinder its separation, if desired, by solvent extraction. Mellitic acid may interfere
with drop dispersion processes in a subsequent solvent extraction system and so degrade the
performance of such equipment. The presence of carbon from moderator graphite and coating
fragments also provides a source for organic acids. The broad research areas are:

e Characterize the organic acids formed from the carbide fuel, graphite moderator and
coating fragments during nitric acid dissolution.

e Characterize the impact of the organic acids on solvent extraction performance,
including the established PUREX process and other select advanced processes.

¢ Means to mitigate the effects of the organic acids have been explored to a limited
degree but should be further investigated after they and their process impacts have
been characterized.

e There has been recent interest in direct dissolution of UNF by the organic phase of the
extraction system employed for actinide separations (e.g., Arm (2021)). No attempt of
direct dissolution of carbide UNF was identified in the published literature but it might
avoid the formation of the organic acids and so should be explored.

Critical to these studies will be the ability to make uranium carbide or oxycarbide since these
materials do not appear commercially available for research purposes.

5.2 Capture of Carbon Dioxide Gas

As described in section 3.5.3, there would likely be a significant increase in the generation of
carbon dioxide gas over and above that encountered in reprocessing LWR UNF. Based on
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industrially established carbon dioxide capture technology, the increase in the quantity of solid
waste is likely between 10 and 100 times depending on how much of carbon coating oxidizes to
carbon dioxide gas and assuming most of carbon in the fuel oxidizes to carbon dioxide gas. A
more efficient means of capturing carbon dioxide gas would be needed in this case.

5.3 Recovery of Fuel Particulate from Fragmented Graphite

Some fraction of the fuel particles will remain with the fragmented graphite moderator and
should be recovered to facilitate disposal of the graphite in a near-surface repository. This report
recommends exploiting the difference in density between the fuel and moderator to accomplish
that separation. One such technology is fluidization. The effectiveness of the fluidization
technology should be demonstrated, and operating regimes explored. Additionally, the size
ranges achievable by adjusting the pulsed current fragmentation control variables needs to be
optimized against that desired for effective fluidization.

5.4 Electrode Life Extension

Strictly speaking, consideration of the fragmenter electrodes is beyond the scope of this study
because they do not become process wastes when expended. Nonetheless, their life
expectancy is sufficiently important to the practical implementation in a shielded radiological
facility that mention of the need to explore the means of extending their lives is warranted here.
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6.0 Conclusions

A head-end process concept to prepare TRISO UNF for actinide recovery appears feasible but
will require significant maturation. The process concept incorporates the pulsed current
fragmentation technology that separates the graphite moderator from the fuel particles. Despite
separation of the bulk of the graphite, the predominant feature of processing TRISO UNF is
carbon management to reduce volume and mitigate the formation of carbon dioxide and organic
acids:

e Dissolution of oxycarbide UNF in nitric acid gives rise to carbon dioxide and organic
acids, mainly oxalic and mellitic acid. The organic acids will interfere with the subsequent
extraction of actinides either by complexation or disrupting the drop dispersion
processes in the extraction contactor. Various approaches to mitigating the effects of the
organic acids have been postulated either as a pretreatment step, during dissolution or
post dissolution.

e Exacerbating the formation of carbon dioxide and organic acids from the carbon content
of the fuel itself is that arising from the carbon coatings of the fuel particle. Mellitic acid is
known to be a by-product of the reaction between graphite and nitric acid. Mellitic acid is
relatively stable and could prove challenging to manage.

e Employing industrially mature technology for capturing carbon dioxide could lead to a
significant increase in solid waste volume. There is significant uncertainty in the quantity
that could be formed, especially from the carbon coating, but is likely between 100 and
1000 times greater than that expected from reprocessing LWR UNF.

Making the separation of the fuel particles from the graphite moderator as complete as possible
is important for waste management purposes. This separation is conceived as being a two-step
process: a gross separation in the fragmenter and a fine separation performed on the graphite
by fluidization. The fragmentation and two-step separation processes need to be optimized
particularly for the particle size achieved in the fragmenter.

The head-end of a TRISO UNF reprocessing plant will necessarily be larger than that for
reprocessing pelletized oxide UNF for the same capacity because of the additional process
steps required for mitigating the carbon challenges. Nonetheless, the fragmenters are
significantly smaller than currently deployed for other applications, which should facilitate their
adaptation for remote maintenance in a shielded facility.



PNNL-35678

7.0 References

Ananthasivan, K., S. Anthonysamy, V. Chandramouli, |. Kaliappan and P. R. Vasudeva Rao.
1996. Reprocessing of carbide fuels: Conversion of carbide to nitride as a head end step.
Journal of Nuclear Materials 228, 18-23.

Arm, S. T. 2021. Flowsheet Evaluation of Dissolving Used Nuclear Fuel in PUREX Solvent.
PNNL-31863. Pacific Northwest National Laboratory, Richland, Washington.

Arm, S. T., G. B. Hall, G. J. Lumetta, B. E. Wells. 2022. Plan for Developing TRISO Fuel
Processing Technologies. PNNL-32969. Pacific Northwest National Laboratory, Richland,
Washington.

Arm, S. T., S. Davidson, G. B. Hall, M. J. ledema, A. P. Jivelekas, G. J. Lumetta, R. M. Pratt, M.
S. Taubman. 2023. Feasibility of Pulsed Current Technology for Removing Bulk Carbon from
TRISO-based Fuels. PNNL-34412. Pacific Northwest National Laboratory, Richland,
Washington.

Bodine, J.E., J. Guon, R. J. Sullivan, F. W. Gandolfo. 1962. Reprocessing Studies on Irradiated
Uranium Carbide Reactor Fuel. NAA-SR-7511. North America Aviation, Inc., Canoga Park, CA.

Bokelund, H., M. Caceci and W. Muller. 1983. A Photochemical Head-End Step in Carbide Fuel
Reprocessing. Radiochimica Acta 33, 115-119.

Bright, E. L. S. Rennie, A. Siberry, K. Samani, K. Clarke, D. T. Goddard, R. Springwell. 2019.
Comparing the corrosion of uranium nitride and uranium dioxide surfaces with H,O-. Journal of
Nuclear Materials 518: 202-207.

Chapman, T. A. 2023. Submittal of X Energy, LLC (X-energy) Xe-100 White Paper Slide Deck,
"Spent Fuel Management White Paper.
https://adamswebsearch2.nrc.goviwebSearch2/main.jsp?AccessionNumber=ML23011A324

Chemical Plant Design Office and Technical Branch. 1966. HTR Reprocessing Study. UKAEA,
Risley, Warrington, Lanchashire, United Kingdom. DP Report 398.

Davis, W. 1977. Carbon-14 Production in Nuclear Reactors. ORNL/NUREG/TM-12, Oak Ridge
National Laboratory, Oak Ridge, TN.

Del Cul, G. D., B. B. Spencer, C. W. Forsberg, E. D. Collins, W. S. Rickman. 2002. TRISO
Coated Fuel Processing to Support High-Temperature Gas-Cooled Reactors. ORNL/TM-
2002/156. Oak Ridge National Laboratory, Oak Ridge, TN.

DelCul, G.D., B.B. Spencer, R.D. Hunt, R.T. Jubin, E.D. Collins. 2010. Advanced Head-end for
the Treatment of Used LWR Fuel. Actinide and Fission Product Partitioning and Transmutation
Eleventh Information Exchange Meeting, San Francisco, California, USA, Nuclear Energy
Agency, Organization for Economic Co-operation, and Development.

Demkowicz, P. A., B. Liu and J. D. Hunn. 2019. Coated Particle Fuel: Historical Perspectives
and Current Progress. Journal of Nuclear Materials 515: 434-450.


https://adamswebsearch2.nrc.gov/webSearch2/main.jsp?AccessionNumber=ML23011A324

PNNL-35678

Ekberg, C., T. Retegan, E. De Visser Tynova, M. Sarsfield and J. Wallenius. 2020. Fuel
fabrication and reprocessing issues: the ASGARD project. EPJ Nuclear Sciences &
Technologies, 6.

El Jamal, S., M. Johnsson, and M. Jonsson. 2021. On the Stability of Uranium Carbide in
Aqueous Solution-Effects of HCO(3) (-) and H(2)O(2). ACS Omega 6(37): 24289-24295.

Ershov, B.G. 2017. Electrochemical mechanism of uranium mononitride dissolution in aqueous
solutions of nitric acid. Radiochimica Acta 105(7): 523-529.

Farrell, J. B. and P. A. Haas. 1967 Oxidation of Nuclear-Grade Graphite by Nitric Acid and
Oxygen. Industrial and Engineering Chemistry Process Design and Development, 6(3).

Ferris, L.M. 1964. Mellitic Acid from Oxidation of Graphite with 90% Nitric Acid. Journal of
Chemical and Engineering Data 9(3): 387-388.

Ferris, L.M. and M.J. Bradley. 1965. Reactions of the uranium carbides with nitric acid. Journal
of the American Chemical Society 87(8): 1710-1714.

Flanary, J. R., J. H. Goode, M. J. Bradley, J. W. Ullman, L. M. Ferris and G. C. Wall. 1964. Hot-
cell Studies of Aqueous Dissolution Processes for Irradiated Carbide Reactor Fuels. ORNL-
3660. Oak Ridge National Laboratory, Oak Ridge, Tennessee.

Forsman, W. C., F. L. Vogel, D. E. Carl and J. Hoffman. 1978. Chemistry of Graphite
Intercalation by Nitric Acid. Carbon, 16: 269-271.

Fukaya, Y., M. Goto and H. Ohashi. 2023. Feasibility Study on Reprocessing of HTGR Spent
Fuel by Existing PUREX Plant and Technology. Annals of Nuclear Energy 181.

Futterer, M. 2006. Head-end Process for the Reprocessing of Reactor Core Material. WO
2006/087360 Al. World Intellectual Property Organization.

Futterer, M., F. von der Weid and P. Kilchmann. 2008. A High Voltage Head-End Process for
Waste Minimization and Reprocessing of Coated Particle Fuel for HTR. Deliverable T-2.4.4.
SelFrag AG, Biberenzelgli 18, CH-3210 Kerzers, Switzerland.

Goode, J. H., R. G. Stacy and V. C. A. Vaughen. 1980. Comparison Studies of Head-End
Reprocessing Using Three LWR Fuels. ORNL/TM-7103. Oak Ridge National Laboratory, Oak
Ridge, Tennessee.

Haas, P. A. and L. M. Ferris. 1966. Dissolution of Graphite-Base Reactor Fuels By Pressurized
Aqueous Process. Industrial and Engineering Chemistry Process Design and Development,
5(3): 234-238.

Hayashi, H., F. Kobayashi, T. Ogawa and K. Minato. 2014. Dissolution of uranium nitrides in
LiCI-KCI eutectic melt. Journal of Nuclear Science and Technology 39(sup3): 624-627.

Hickam, S., J. Breier, Y. Cripe, E. Cole, P. C. Burns. 2019. Effects of H(2)O(2) Concentration on
Formation of Uranyl Peroxide Species Probed by Dissolution of Uranium Nitride and Uranium
Dioxide. Inorganic Chemistry 58(9): 5858-5864.



PNNL-35678

Horsley, G. W., L. A. Podo, F. C. Wood. 1965. Studies on the Reprocessing and Refabrication
of HTGR Fuels in the OECD Dragon Project. DP Report 338. AEE Winfrith, Dorchester, Dorset,
United Kingdom.

Johnson, D. R. and J. A. Stone. 1980. Light Water Reactor Fuel Reprocessing: Dissolution
Studies of Voloxidized and Nonvoloxidized Fuel. DP-1520. Savannah River Laboratory, Aitken,
South Carolina.

Jolkkonen, M., P. Malkki, K. Johnson, and J. Wallenius. 2017. Uranium nitride fuels in
superheated steam. Journal of Nuclear Science and Technology 54(5): 513-519.

Jones, S., C. Boxall, C. Maher and R. Taylor. 2023. A review of the reprocessability of uranium
nitride based fuels. Progress in Nuclear Energy 165.

Kudinov, A. S., N. D. Goletskii, B. Ya. Zi’'berman, Yu. S. Fedorov, Yu. Yu. Petrov, L. V. Sytnik,
A. A. Murzin and D. N. Kukharev. 2015a. Salt-Free-Reprocessing of Spent Carbide Fuel for the
Example of AM-Reactor Fuel. Atomic Energy 117(6), 394-408.

Kudinov, A.S., B.Y. Zi'berman, and N.D. Goletskii. 2015b. Status of and Prospects for Using
Carbide Fuel. Atomic Energy 117(6): 388-393.

Kulyukhin, S. A., Y. M. Nevolin, V. G. Petrov and S. N. Kalmykov. 2020. Volume Oxidation of
Uranium Mononitride and Uranium Monocarbide in the Dry NOy-gaseous Atmosphere.
Radiochimica Acta 108(7), 535-542.

Law, J, N. Soelberg, T. Todd, G. Fredrickson, S. Frank, C. Pereira, M. Williamson, W. Ebert, J.
Willit, R. Jubin, J. Vienna, G. Lumetta, J. Crum, T. Rudisill, J. Bresee, C. Phillips, B. Willis, S.
Bader. 2014. Separation and Waste Form Campaign Full Recycle Case Study. FCRD-SWF-
2013-000380, U.S. Department of Energy Material Recovery and Waste Form Development
Campaign.

Lotts, A. L., W. D. Bond, C. W. Forsberg, R. W. Glass, F. E. Harrington, G. E. Michaels, K. J.
Notz and R. G. Wymer. 1992. Options for Treating High-Temperature Gas-Cooled Reactor Fuel
for Repository Disposal. ORNL/TM-12077. Oak Ridge National Laboratory, Oak Ridge, TN.

Phillips, C. 1993. Development and Design of the Thermal Oxide Reprocessing Plant at
Sellafield. Transactions of the Institute of Chemical Engineers 71, Part A.

National Academies. 2023. Laying the Foundation for New and Advanced Nuclear Reactors in
the United States. National Academies Press, Washington, DC.

Rasul, M. G., V. Rudolph, F. Y. Wang. 2000. Particles Separation Using Fluidization
Techniques. International Journal of Mineral Processing 60, 163—-179.

Satoh, T., T. lwai, and Y. Arai 2009. Electrolysis of Burnup-Simulated Uranium Nitride Fuels in
LiCI-KCI Eutectic Melts. Journal of Nuclear Science and Technology 46(6): 557-563.

Skerjanc, W. F. and G. J. Youinou. 2023. High Uranium Loading TRISO Particle for
Microreactor Applications. Nuclear Engineering and Design 414, 112628.



PNNL-35678

Smolik, G. R., B. J. Merrill, S. J. Piet and D. F. Holland. 1990. Evaluation of Graphite/Steam for
ITER. EGG-FSP-9154. EG&G Idaho, Inc., Idaho Falls, Idaho.

Tzelepi, A., M. P. Metcalfe, R. W. Mills, J. H. Dinsdale-Potter, G. Copeland. 2020.
Understanding the Formation and Behavior of C-14 in Irradiated Magnox Graphite. Carbon 165,
100-111.

Ustinov, O.A., A. Yu Shadrin, Yu A. Voskresenskaya, S. A. Kulyukhin,and A. A. Bessonov.
2015. Release of Nitrogen Oxides into the Gas Phase Accompanying the Dissolution of
Uranium Nitride in Nitric Acid. Atomic Energy 117(6): 409-414.

Zaikov, Y.P., V. Yu Shishkin, A. M. Potapov, A. E. Dedyukhin, V. A. Kovrov, A. S. Kholkina, V.
A. Volkovich and I. B. Polovov. 2020. Research and Development of the pyrochemical
processing for the mized nitride uranium-plutonium fuel. Journal of Physics: Conference Series
1475.



Pacific Northwest
National Laboratory

902 Battelle Boulevard
P.O. Box 999

Richland, WA 99354
1-888-375-PNNL (7665)

www.pnnl.gov


http://www.pnnl.gov/

	Summary
	Acknowledgments
	Acronyms and Abbreviations
	Figures
	1.0 Introduction
	1.1 Background
	1.2 Scope

	2.0 Description of TRISO Fuel and Challenges to Actinide Recovery
	3.0 TRISO Oxycarbide UNF Actinide Recovery Head-End Flowsheet Concept
	3.1 Overview of the Head-End Process Concept
	3.2 Fragmentation
	3.3 Graphite Decontamination
	3.4 Fuel Pretreatment
	3.5 Fuel Dissolution and Off-Gas Treatment
	3.5.1 Uranium Carbide UNF Dissolution Literature Review
	3.5.1.1 Dissolution in Nitric acid
	3.5.1.2 Other Approaches

	3.5.2 Graphite Oxidation by Nitric Acid Literature Review
	3.5.3 Fuel Dissolution and Off-Gas Treatment Flowsheet

	3.6 TRISO Coating Separation
	3.7 Dissolved Fuel Treatment
	3.8 Process Wastes and Opportunities for Recycle
	3.9 Plant Scale and Throughput

	4.0 TRISO Nitride UNF Actinide Recovery Head-End Considerations
	4.1 Dissolution of Uranium Nitride Fuel in Nitric Acid
	4.2 Dissolution of Uranium Nitride in Lithium/Potassium Chloride Salts
	4.3 Other Approaches

	5.0 Areas of Potential Research
	5.1 Formation, Effects and Mitigation of Organic Acids
	5.2 Capture of Carbon Dioxide Gas
	5.3 Recovery of Fuel Particulate from Fragmented Graphite
	5.4 Electrode Life Extension

	6.0 Conclusions
	7.0 References



