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Abstract: In light of the increasing demand for energy sources in the world and the need to meet
climate goals set by countries, there is growing global interest in high temperature gas cooled re-
actors (HTGRs), especially as they are known to be inherently safe nuclear reactors. The safety of
HTGRs results, among other, from the nature of the nuclear fuel used in them in the form of coated
TRISO particles (tri-structural-isotropic) and the reduction of the total amount of radioactive waste
generated. This paper reviews numerous methods used to ensure the sustainable, feasible man-
agement and long-term storage of HTGR nuclear waste for the protection of the environment and
society. The types of waste generated in the HTGR cycle are presented as well as the methods of
their characterization, which are important for long-time storage and final disposal. Two leading
nuclear fuel cycle strategies, the once-through cycle (direct disposal or open cycle) and the
twice-through cycle (recycling or partially closed cycle), are discussed also in relation to TRISO
spent fuel. A short review of the possibilities of treatment of TRISO spent nuclear fuel from HTGR
reactors is made.

Keywords: TRISO spent fuel; reprocessing; disposal

1. Introduction

Nuclear power technology has been continuously researched and developed since
its beginnings in the 1940s. Nuclear reactors are most often used to produce electric
power, for which the demand increases every year; currently light water reactors (LWR)
(~1000 MWe) dominate electricity generation. However, in recent years there have been
more and more examples of uses of the process or waste heat generated by nuclear
power in other processes, such as desalination of sea water to produce fresh water or
district heating. The use of nuclear power plants (NPPs) operated in cogeneration results
in many environmental, economic and efficiency related benefits. However, the thermal
energy from LWR can be used only in selected branches of industry, where high tem-
peratures are not necessary. In other industries, like chemical, metallurgical, etc., that
need higher temperatures the employment of more advanced reactor technologies, like
gas-cooled high temperature reactors (HTGRs) or high temperature reactors (VHTGRs),
is reasonable. HTGRs belong to the Gen IV group of reactors that are characterized by
efficient production of energy and providing the process heat at high temperatures that
are used in many industrial processes, e.g., in the petrochemical and steel industry and
for hydrogen production [1,2].

A serious issue related to the development of nuclear energy and the construction of
new nuclear reactors is the still existing fear of nuclear power and its effects. Typical
reasons for concerns are related to safety aspects, the radioactive pollution risk, high
investment costs, and the production of high-level activity nuclear waste that creates a
threat for many millions of years. These concerns have increased after the Fukushima
Daiichi accident in 2011 [3]. Certain countries, under pressure of public opinion, have
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decided to permanently suspend all activities related to nuclear power. Some of them,
such as Switzerland, have decided not to renew licenses at the end of the nuclear power
plant lifetime [4], others, like Germany, have decided to do this more immediately [5].
However, there are countries, like China, that are planning to develop their nuclear
power plants [6] or countries, like France, that have decided to continue the operation of
nuclear power plants but also increase the share of renewable energies at the same time
[7]. It is worth noting that current technologies have significantly improved in terms of
safety, economic and environmental impact. HTGRs are reactors that are characterized
by efficient energy production and high temperature process heat supply [1,2]. Interest in
high temperature gas cooled reactors has been growing dynamically in recent years.
Around the world, the technology is accepted as an inherently safe nuclear reactor that is
able to produce electricity with high efficiency and provide a high temperature chemical
process for nuclear hydrogen generation. Deep burning of the long-lived actinides and
plutonium in HTGRs is important in reducing the toxicity and the amount of generated
waste [8,9].

In many countries, HTGRs with TRISO coated particle fuel are being deliberated for
proximate term deployment. Poland is a country that is considering launching the HTGR
technology for supporting domestic industries and achieving climate goals [10].

The basic condition for the implementation of HTGR technology is to ensure con-
stant supplies of TRISO fuel or to launch a production line in the country.

Another problem to solve is handling this unusual fuel after it is discharged from
the reactor. The operation of nuclear reactors is always associated with the formation in
their core through nuclear reactions of new radioactive compounds and materials, which
are treated as waste that should be properly managed. Because of this, waste manage-
ment is one of key matters to solve in nuclear energy. Advanced technologies that are
now being researched will most likely help to solve this problem [11].

Although direct disposal [12] seems to be the most reasonable option for TRISO
spent fuel, conducting studies on reprocessing seems important, given the economic and
environmental determinants of the future and circular economy requiring the recovery of
nuclear resources and reducing the amount of disposed waste. Safety of the operation of
high-temperature reactors with the use of the new TRISO fuel is crucial for the imple-
mentation of HTGR technology and its further dissemination. It should also be noted that
the use of TRISO fuels in many other nuclear reactors was considered, including light
water, salt-cooled, microreactors and nuclear thermal propulsion [13].

In recent times, it was confirmed that no fuel damage would occur, even during ac-
cidents, such as multiple losses of reactor shutdown functions. Each spherical fuel ele-
ment contains about 8300 UO: particles coated with graphite layers. A UO: single particle
is 0.92 mm in diameter and the fuel element is 60 mm in its outer diameter and 50 mm in
its inner diameter [14]. A UO: kernel is covered with four coatings: the porous carbon
buffer layer (BC), inner coat of dense pyrolytic carbon layer (IPyC), coat made of silicon
carbide (SiC) or zirconium carbide (ZrC) and outer dense pyrolytic carbon layer (OPyC)
(Figure 1). There are formed gaseous and metallic fission products during the operation
of the reactor. The function of coating layers is to keep them in a fuel particle. The first
coating, BC, is designed to collect gaseous fission products and carbon monoxide. The
SiC coating is characterized by high mechanical resistance. It guarantees the high level of
safety of TRISO fuel. SiC (or ZrC) ensures retention of gaseous and metallic fission
products. The role of the outer pyrocarbon layer is a mechanical protection of cover lay-
ers. The structure of TRISO fuel and the materials used make it resistant to incidents that
are dangerous when using traditional fuel and fuel rods, such as thermal expansion,
pressure of fission products and temperatures above 1600 °C. The fuel design allows the
reaching of high burnup and ensures a complete containment of all gaseous fission
products in any normal or anomalous case of reactor operation.
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Figure 1. The layers of the TRISO coated fuel particle.

The form and structure of the fuel determines the approach to handling it after
burnout and discharge from the reactor.

2. The Types of Waste Generated in HTGR Cycle

During the operation and maintenance of nuclear power plants, radioactive waste
with a broad range of characteristics is produced. This waste exists in various forms:
gaseous, aqueous and solid, including the graphite moderator blocks, as well as the spent
nuclear fuel (if disposal in deep repository is chosen). If the option of separation of fissile
elements from spent fuel is selected, we deal with the additional waste generated along
the reprocessing scheme. Each potentially radioactive product—gas, liquid or solid —is
picked up, characterized and processed in accordance with the concentration of radioac-
tive elements, chemical and physical properties. A lot of the waste from spent nuclear
fuel reprocessing can be processed into glass form for the safe disposal in interim storage
facilities or repositories. Radioactive and non-radioactive contamination in gaseous ef-
fluents should be removed before discharge to the environment.

In the case of HTGR, the release of radioactive substances to the outside is made
difficult by the safety structural barriers (e.g., the construction of the fuel, closed circuit of
the coolant, etc.). However some radioactive species still escape into the environment,
primarily in the form of gas, as well as the reactor coolant pollutants. It is relevant to
successively clean the coolant to prevent radioactivity from accumulating in the circuits.
The impurities present in the coolant can also form specific radionuclides by the interac-
tion with neutrons. When inert gas, such as helium, is used as a cooling medium, the
production of pollution is much less than in the case of using a typical water coolant. For
safety reasons, constant monitoring of the total radioactivity released into the atmos-
phere and into the coolant is required. The acceptable limits of the release of radionu-
clides are established in each individual case based on the values that are safe for humans
and the environment. This information is included in the safety report prepared for each
nuclear facility before its commissioning. Most of the radioactive substances in spent
HTGR fuel are in solid form so they can be treated as a non-release form. Several layers
that coat the UO2 fuel kernel particles retain and store the fission products and can pre-
vent leakage. These particles are characterized by strong mechanical strength and high
resistance to irradiation. The fuel particles are put into the graphite block. They can resist
high temperatures that achieve up to ~1600 °C.
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A major radioactive pollution in gaseous waste is carbon dioxide from the burners
(with radioactive isotope C-14). The waste gas can contain, also, the fission products re-
leased in the course of the irradiation and in time of post-irradiation heating tests of
TRISO fuels [15]. When uranium fuel is used, the main products come from U-235 fission
[16]. Among the isotopes found in gaseous fission products, only long-lived components
have a great significance with regard to the spent nuclear fuel storage. Among them, only
three radioactive isotopes of H-3, Kr-85 and I-129 have been identified as important fac-
tors that might be released from spent HTGR fuel at storage conditions. The half-life of
Kr-85 and H-3 are 10.7 and 12.4 years, respectively. They will need to be stored for a long
period of time, approximately 100 years, to decay enough for further discharge [17]. The
half-life of I-129 is 1.7:107 years and its storage will be required for a long time.

As long as coating layers are not damaged, there will be no release of fission prod-
ucts from the TRISO particles. However, the possibility of the corrosion of reactor core
structure materials should be considered. The corrosion of coating can be caused by
several mechanisms that are possible during HTGR processing. It seems that the most
serious damage of the SiC coating is caused by the Pd corrosion [18,19]. Other fission
products may damage it as well. Damage caused by defects in the coating manifesting as,
for example, external discoloured spots in the SiC coating and so-called internal flaws
[20] is also possible. These defects were inserted during the SiC depositing. An alterna-
tive for the SiC coating is a ZrC coating, which is characterized by excellent stability at
high temperatures. Fission products, among them long-lived actinides, can be released in
the form of aerosol. The metallic fission products, e.g., Ag-110m, Eu-154, Cs-137, and
Sr-90, are retained in the kernel and coatings. The release of Cs-134 and Cs-137 is a main
indicator of a loss of integrity in the SiC layer, because the pyrocarbon layer does not re-
tain cesium. The fission products that are beta and gamma emitting radioisotopes should
be concentrated, dried and burnt, and then transformed to a form that will be conducive
to long-term storage (e.g., by vitrification process). The major hazard of long-lived acti-
nides is that they comprise alpha emitters. They will need the same processing as the fis-
sion products, but, at present, attention is being given to separate the actinides and sub-
ject them to special treatment. C-14 may be released to the atmosphere during the above
processes. It may require additional treatment. One option is to convert the released CO2
by burning it to stable calcium carbonate in the reaction with lime. The obtained product
can be stored then as a low-level waste [21].

It is anticipated that helium coolant derived from HTGR will be polluted with con-
taminants from various sources. As stated by Graham et al. [22], air entering during
charge and discharge of the fuel, water in vapour form, carbon oxide and dioxide as a
degassing effects of the graphite in the nuclear core and insulator materials or from
leakages, and hydrogen coming from proton diffusion over materials of heat exchangers
and coolers cooled by water, have been recognized as the sources of gaseous contamina-
tion for conventional HTGRs. When the produced contaminants come into reaction with
a large amount of hot graphite, almost total free oxygen is eliminated as CO, some H:0 is
decomposed to Hz and CO, and most of the COzis also converted to CO. The most likely
impurities in helium of an advanced HTGR are H20, Hz, CHs, CO, N2, and probably CO:
[23].

The solid metallic precipitates (Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, and Te), oxide
precipitates (Rb, Cs, Ba, Zr, Nb, Mo, and Te) and other fission products, which occur as a
solid solution in the fuel matrix (Sr, Zr, Nd and the rare earths), are also present in irra-
diated UO: [24]. The amount of fission products is related to the burnup and is depend-
ent on this variable in an almost linear way. According to this, the amount of fission
products is 10 times as high if the burnup is 10 times higher.

A specific waste stream that is generated during the operation of HTGR and its as-
sociated activities is irradiated graphite [25]. Graphite acts as a moderator and reflector of
neutrons, leading to the generation of great amounts of low radioactive but still
long-lived radioactive material. The irradiated graphite could present a major part of the
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carbonaceous waste in HTGR; whereas others, i.e., carbide and pyro-carbon, contribute a
much smaller fraction. These two kinds of carbonaceous waste should be handled sepa-
rately due to their varying radioactivity. The irradiated carbonaceous wastes coming
from the graphite matrix are problematic due to their content of long-lived radioisotopes
C-14 and Cl-36. In graphite, also, shorter-lived radionuclides, among them H-3, Co-60,
and a slight amount of fission products and actinides, occur [26]. C-14 is generated by the
neutron reaction of N-14 that is adsorbed from air and of natural C-13 present in graphite
during the irradiation in the core, whereas H-3 is formed through the neutron irradiation
of Li-3 that is present in the graphite as an impurity. The radioactivity of both of these
elements is in the range of the limit for waste classed as low-level waste (LLW). There-
fore, the waste from the graphite matrix of spent fuel elements could be classified as
LLW, if the right technology is employed to avoid further contamination with the fission
products. The relatively long half-life of C-14 (5730 years) makes it a potentially
long-term hazard for human health and the environment. Moreover, combustion of the
graphite could transform the C-14 present in it to “COz. When released into the atmos-
phere, it may potentially pose a {3 radiation exposure hazard to people. Since low-activity
graphite is generated in huge amounts, it is important to separate the high-activity fuel
from moderate-activity graphite in the context of the volume reduction of the waste from
HTGR. Then, the separated TRISO fuel could be reprocessed or be destined for disposal
in a deep geological repository.

Shropshire and Herring published a comparison of fuel used in the large PWRs and
HTGRs made at Idaho National Engineering and Environmental Laboratory (INEEL)
[15]. The selected numbers from the set of parameters showed in the paper are presented
in Table 1. The comparison confirms the advantage of the HTGR over the PWRs which,
among others, should be expressed in the formation of a smaller amount of high-level
radioactive waste (HLW). The burnup of TRISO fuel is higher, however, the higher U
enrichments are required. The amounts of discharged heavy metal and plutonium in fuel
elements are much smaller for HTGR and these reactors require less frequent refuelling.

Table 1. The comparison of selected parameters of PWR and HTGR reactors.

PWR HTGR
U enrichment (%) 3.0-4.2 14-20
(avg.) (avg.)
UsOs consumption 181 246
(MT/GWY) (avg.) (avg.)
Burn-up 33-50 GWd/MT 83-112 GWd/MT
(avg.) (MEU cycle) !
Discharged HM 2 21.4 5.4
(MT/GWY) (avg.) (avg.)
Discharged Pu-239 171 43
(kg/GWY) (avg.) (avg.)
Refueling Interval 12-18 months 12-24 months

IMEU —medium enriched uranium; 2HM —heavy metal

3. Methods of Chemical Characterization of TRISO Spent Nuclear Fuel

Safety is a fundamental issue in nuclear reactors operation. To ensure the safe opera-
tion of the HTGR, without releasing radioactive materials in all operational and possible
accident circumstances, it is helpful to know the mechanism that can damage fuel particles.

The strict quality control in fuel fabrication reduces almost entirely the risk of using
failed elements. Three groups of nuclear fuel inspection can be used during production:
fuel element inspection, coated particle inspection and fuel kernel inspection. The fuel
element inspection is performed to check the mechanical and chemical integrity of fuel.
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The coated particle inspection is mainly done for fuel performance related to the reten-
tion of fission products in the coated particles. The fuel kernel inspection is focused on
nuclear fuel design, fuel performance and the further coating process.

The release of fission products from fuel is determined by its chemical form and
operating temperature. In the case of uranium fuel, the chemical form of each fission
product and its amount are strongly related to the oxidative potential of nuclear fuel,
temperature and the composition of spent fuel. Kleykamp has studied in detail the
chemical form of fission products in irradiated oxide fuels [27]. He showed that the
change of composition in the time of irradiation arising from the fission process is a sig-
nificant factor affecting the fuel chemical state. Because of this, the chemical form de-
pends on many factors that change during exposition and the general knowledge ob-
tained for fuel with different compositions and radiation history could not be applied to
specific cases of spent fuel. A number of analytical techniques are used to characterize
nuclear material. However, limitations occur in terms of access to the appropriate labor-
atory infrastructure. All work with nuclear fuel must be carried out in hot cells, and
samples must be transported under rigorous conditions that prevent contamination of
the environment and do not present a risk to humans. The variety of analytical tech-
niques offers a wide range of possibilities to fully characterize the fuel before it is placed
in the reactor core, as well as after it is removed from the reactor.

The characterization of samples derived from nuclear materials can be performed
using both non-destructive and destructive methods [28] (Table 2).

Table 2. Analytical techniques used for nuclear material characterization and information obtained.

Entry Technique Obtained information

determination of radionuclide composition, e.g.,
1 gamma spectroscopy Np, Am, U, Cs-137, Cs-134, daughter and other
fission products

inductively coupled plasma mass

2 spectrometry (ICP-MS) quantitative trace elemental analysis

3 alpha/beta spectrometry the determination of iso.tol.aic content U, Pu, Am
and Np, daughter and fission products

4 titration determination of U and Pu concentration

5 coulometry determination of Pu concentration

6 atomic absorption spectrometry measuring of mercury concentration

7 interstitial gas analysis impurities as C, H, N,O, S and halogens

8 X-ray fluorescence ! elemental and chemical analysis of particles and
surface

9 optical microscopy (OM) morphology and size of particles

determination of particle morphology, particle
and phase distribution, porosity, surface rough-
ness

chemical elements (qualitative analysis) and

scanning electron microscopy

10 gpmy

electron microprobe analysis

11 (EMA) determination of element concentrations (quan-
titative analysis)
chemical analysis (qualitative analysis) and de-
12 X-rays termination of element concentrations (quantita-

tive analysis)
structural and phase studies, atomic structure
and residual strain

13 X-ray Diffraction (XRD)

15 high resolution analysis of distribution of radioactive particles in
autoradiography a powder sample, determination of average size
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and morphology
the analysis of powder surface area and particle
size distribution

16 particle distribution analysis

particle size analysis with

17 Micro-Orifice uniform depositionparﬁde size establishing and fractionation of

. particles
impactors

. measurements of the elemental composition,
18 X-ray photoelectric spectroscopy .. .
oxidation state of the compounds

Fourier transform infrared spec- identification of organic material associated

19 troscopy (FTIR) with/or coating the materials.
20 fuel burn-and-leach test ;q/lsliz;hty assurance of HTGR fuel —uranium anal-
21 pyrohydrolysis fluoride and chloride analysis

1(XRF)/WDXRF/EDXRF/Handheld XRF).

Gamma spectrometry can be used as a non-destructive method of spent fuel exam-
ination. It is applied for the determination of the isotopic composition of Np, Am, U and
Pu; daughter and fission products, among them Cs-137. Radioactive nuclei in the process
of their decay emit gamma rays. Different nuclei emit radiation of different energies. This
technique allows us to calculate or verify parameters, such as fuel burnup rate and cool-
ing time. The spent fuel is a high density radioactive source with a large number of dif-
ferent radioactive nuclei emitting gamma rays in a wide range of energy. For this reason
the detectors that are used for detection should meet several requirements. The most
commonly used detectors are germanium detectors (semiconductor detectors). They are
characterized by high resolution. Their disadvantage is that they work at a low temper-
ature, which is usually achieved by cooling with liquid nitrogen. Detectors with CdZnTe
(cadmium-zinc-telluride crystals) or CdTe (cadmium-tellurium) detectors have high de-
tection efficiency. Sodium iodide scintillation detectors have the worst resolution of all
above detectors.

Gamma spectroscopy was used to estimate the burnup of TRISO fuel in the AGR-1
(Advanced Gas Reactor-1) examination [29]. The level of burnup was estimated using
two methods measuring Cs-137 activity and measuring the isotopic ratio of Cs-134 to
Cs-137. The obtained results were compared with the results from the computational
simulation. The highest obtained value of burnup reached 20.1% fissions per initial heavy
metal atom (FIMA) for the method basing on the direct Cs-137 measuring and 20.0%
FIMA for the method using the measuring of the ratio of cesium isotopes. The result ob-
tained from simulation was 19.56% FIMA. The samples were also analysed using de-
structive methods. One of them was inductively coupled plasma mass spectrometry
(ICP-MS). The results were compared with those obtained by gamma ray spectroscopy.
The values of burn up obtained by mass spectroscopy ranged from 19.3% FIMA to 10.7%
FIMA. The results of burnup obtained by mass spectrometry for the measured samples
agreed well with the results of burnup determined by gamma spectrometry and calcu-
lated burnup from simulation. The study confirmed the exactness of the nondestructive
analysis for burnup assessment from gamma spectroscopy for TRISO spent fuel from
AGR-1 experiments. Other techniques used for the characterization of nuclear materials
could be also applied for TRISO fuel analysis. Trace elements determinations in nuclear
material were completed using inductively coupled plasma atomic emission spectros-
copy (ICP-AES) [28]. Actinides were removed from the sample solutions obtained by the
dissolution of examined material prior to ICP-AES analysis. In this study, ICP-MS anal-
ysis was performed with dissolved samples without previous actinide separation. The
gas mass spectroscopy was applied to fix burn up and reprocessing indicators.

Alpha/beta spectrometry could also be used for the examination of nuclear material
[28]. The isotopic content of U, Pu, Am and Np, daughter and fission products, was de-
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termined. Titration was used for precise determination of U and Pu composition. The
coulometry allowed for determining Pu with high accuracy. The atomic absorption
spectrometry was used for measuring the concentration of mercury. The significant pa-
rameters for nuclear fuels and the enrichment process are impurities, such as C, H, N, O,
S and halogens. They can be measured by interstitial gas analysis. The total content of
carbon in a particular sample was fixed by combustion to form carbon dioxide and the
amount was estimated using an infrared detector. Fluoride and chloride were released by
pyrohydrolysis, brought in an aqueous solution and examined by anion-exchange
chromatography. X-ray fluorescence (XRF)/WDXRF/EDXRF/handheld XRF) could be
used for the determination of elemental and chemical analysis of particles and surface.

The techniques described above allow us to characterize the chemical properties of
nuclear materials. However the physical characteristics are also necessary for obtaining
complete information. Optical microscopy (OM) provides a full cross-sectional view and
an overview of the general microstructure. This method supplies information on particle
morphology and size. Scanning electron microscopy (SEM) gives detailed microstructure
information (from cm to tens of nm). In general, this method allows for providing infor-
mation on particle morphology, particle and phase distribution, porosity, and surface
roughness. The chemical composition of solid samples as an elemental map can be made
by electron microprobe analysis (EMA). An analysed material is bombarded with a beam
of electrons. The interaction of the electron beam with the nuclear material results in for-
mation of X-rays which are analysed by the microbe. Chemical elements (qualitative anal-
ysis) present in the sample are identified based on energies and wavelengths of these
X-rays. The comparison of the measured X-ray intensities with reference materials can be
used to determine element concentrations (quantitative analysis) [30]. X-ray diffraction
(XRD) was used for structural and phase studies, atomic structure and residual strain [28].

Other detection methods that could be used for the characterization of physical
properties of nuclear materials are high resolution autoradiography (distribution of ra-
dioactive particles in a powder sample, determination of average size and morphology),
particle distribution analysis (the analysis of powder surface and particle size distribu-
tion), particle size analysis with micro-orifice uniform deposition impactors (particle in
samples are size-fractionated for gravimetric and/or chemical analysis), X-ray photoe-
lectric spectroscopy (the measurement of elemental composition, including oxidation
state of the compounds that present within a material), and Fourier transform infrared
spectroscopy (identify organic material associated with or coating the materials).

One of the basic characterization techniques for quality assurance is HTGR fuel
burn-and-leach testing. During examination of the sample, the graphite is burnt in a com-
bustion chamber at ~800 °C in the atmosphere of air to the SiC layer. The burning process is
performed until the weight remains constant. The residual ash is treated with the solution
of nitric acid at ~100 °C and the dissolved uranium is analysed. The SiC layer is resistant to
corrosion, and for this reason the uranium found in the solution comes from particles with
defective SiC layer and from the natural U-content of matrix material [31].

The chemical and radiochemical characterization of TRISO spent fuel is necessary to
develop methods for further action and to consider the possible recycling of fissile mate-
rials and graphite. The analysis of nuclear materials demands using both particle-based
and bulk material characterization techniques. The extensive analysis of the nuclear ma-
terial at the molecular level is important. Major effects of material treating can be estab-
lished on the base of a particle surface and particle microstructure, and its size and shape
distribution [32,33]. The analysis of bulk samples is also essential. These kinds of samples
are taken out of the nuclear fuel cycle (i.e., mining, enrichment, fuel fabrication, reactor
operations, and processing) and they are diverse types of materials. Techniques used for
bulk characterization afford higher accuracy, precision, and sensitivity in the determina-
tion of isotopic and elemental composition. For the complete analysis of samples both
non-destructive and destructive methods are used.
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4. TRISO Spent Fuel Management

The essential strategy for the HTGR is to significantly reduce the production of spent
fuel and graphite waste by the proper design of reactors, in order to decrease the impact
of waste that will inevitably be produced within the nuclear fuel cycle. The design of the
core and fuel is continuously improved to obtain the most advantageous combination of
running parameters in the construction of HTGR. The aim is that the nuclear plant will
accomplish high-level targets, namely to be safe, economic, proliferation resistant, to
produce power with high efficiency, and to minimise significantly waste generation [34].

During HTGR operation, as in other nuclear reactors, under the influence of neu-
trons, reactions provide the formation of radioactive nuclides. In respect to uranium fuel,
they mainly come from the fission of U-235; moreover, new formed radionuclides can be
products of activation and corrosion of core construction materials. The release of these
substances to the outside naturally hinders the system of structural barriers, but a certain
part of radioactive species escapes into the environment, mainly in gaseous form, as well
as to the reactor coolant. Low-level wastes (LLW) that are generated at all stages of the
fuel cycle can be acceptable for storage in the near surface facilities. These kind of repos-
itories are currently in operation in many countries. The volume of waste is minimized
by treatment or conditioning processes, such as incineration, compaction and physical
transforming. It is possible to reduce the waste volume by up to one third of the initial
volume [35]. Intermediate-level waste (ILW) may contain long lived radionuclides. Be-
cause of this, they require more serious isolation, and should be placed at a greater
depth than the near surface facilities offer. High-level waste (HLW) requires deep geo-
logical disposal. However, the first step is interim storage. The role of this is to safely
store and monitor the decay of activity of spent fuel until sufficient heat is removed to
transfer spent fuel to the final disposal. There are various types of interim storage facili-
ties and their location may differ. The interim storage may be situated at the NPP site or
away from the reactor (AFR), or at a centralized location [36]. The monitoring in central-
ized storages is easier, because all containers are placed at the same location, but the
transportation of spent fuel is a big disadvantage of this solution.

In terms of technology, two types of interim storage can be distinguished: wet or
dry. The wet interim storage is usually the cooling pools next to the reactor. This type of
solution is not often used at AFR locations. Both in AFR and in centralized storages, the
most popular and expanding technology is the dry method. The specific techniques of the
management of spent fuel from the reactor may differ by the implemented nuclear fuel
cycle strategy. Two leading nuclear fuel cycle strategies—the once-through cycle (direct
disposal or open cycle) and the twice-through cycle (recycling or partially closed cy-
cle)—are showed in Figure 2.

In the once-through cycle strategy, the fuel is used once and then is treated as a
high-level waste (HLW) that has to be safely stored for millions of years until the level of
its radiotoxicity obtains a natural uranium level or another optional safe reference level.
In this strategy, the spent nuclear fuel is not treated by any chemical processes. There are
only two steps considered: interim storage and final disposal. After the unloading spent
nuclear fuel from reactor, it is stored in reactor pools for 5-10 years, then it is transported
to the interim storage facility where is kept over 50-100 years: After this, it must be
moved to deep geological disposal [37]. The alternative option is putting the spent nu-
clear fuel through a sequence of chemical processes called reprocessing. In the first stage
it is necessary to cool the spent nuclear fuel in a temporary storage facility and then
transport it to the reprocessing plant. There, unused uranium and plutonium are recov-
ered and then recycled as MOX nuclear fuel used in a dedicated nuclear reactor [37]. The
spent nuclear fuel contains also minor actinides (MA) and fission products (FP) that after
separation are solidified in a glass matrix by vitrification and are then stored as HLW,
intended for disposal in a deep geological repository. The advantages of the
twice-through cycle is the recovering of more energy from recycled material used as nu-
clear fuel and the significant reduction in the volume of high-level waste to about
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one-fifth [38]. The other advantage is that the level of radioactivity of the waste drops to
just one-tenth of the initial value [36]. It is important to reduce the volume of spent nu-
clear fuel stored because the accumulation of large amounts is a significant problem in
the context of final disposal. The greatest part of spent nuclear fuel is put into the pool
and stored there waiting for further solution or for a planned geological repository. Only
small part (about 30%) of all of the spent nuclear fuel is processed at the present time [39].
In the twice-through cycle, the spent nuclear fuel is considered to be a source of uranium
and plutonium.

However, the final disposal of HLW or spent nuclear fuel (treated as HLW in the
once-trough fuel cycle) is the last stage of fuel cycle, regardless of the adopted option. It is
generally accepted that a deep geological repository (DGRs) is the only solution for the
management of HLW for countries that do not have the spent nuclear fuel reprocessing
technology. Currently, there is no operating DGR in the world, but a few are planned to
be commissioned soon [40].

.. —
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Figure 2. The options in radioactive waste management.

It should be noted that the final stage of the back-end of the nuclear fuel cycle is the
same in both schemes. At present, the most-considered option is deep geological dispos-
al. The facility is planned to be placed underground in stable host rock that is can operate
as a natural barrier for the isolation of radionuclides from the biosphere. Several coun-
tries have been studying deep geological repositories and, among them, Finland, Swe-
den, France and the United States are the most advanced. This option will allow for con-
fining long-lived/high-level radioactive waste through putting it in stable rock deep un-
der the ground and isolating it from humans and the environment above ground [41].
The safeness of the disposal of radioactive waste in a geological repository is based on the
natural barriers given by the repository host rock and its surrounds, and by the Engi-
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neered Barrier Systems (EBS). The different types of host rocks are being studied around
the world. Some countries, among them, Canada, Finland, Spain, and Sweden, are con-
sidering hard rock formations, e.g., granite. The Netherlands, France, and Belgium are
thinking about argillaceous formations (clay). In the Yucca Mountain, USA, there are
studies regarding volcanic formations (tuff) [36]. Moreover, two configurations of deep
geological disposal are possible. The first one is the system of galleries, where waste is set
alongside the axis. The second one is the structure of boreholes. These are drilled hori-
zontal or vertical boreholes in the gallery. The waste is put in them. The aim of the EBS is
to keep and/or retard the release of radionuclides from the waste into the repository en-
vironment. The EBS presents the simulated, engineered materials, comprised of various
sub-systems or components—in particular, the waste container, buffer material, back-
filling, seals, and plugs [42]. The waste form is the first barrier. It includes the radioactive
waste in the solid material called the matrix. The role of the waste matrix is to afford a
firm waste form that is durable to leaching and to ensure a slow or even no release of
radionuclides over a long period of time. The container is designed to make easier waste
treatment, placement and recovery, and to ensure successful isolation for up to 1000
years or more, depending upon the character of the waste. The buffer/backfilling is to
stabilize the thermohydro-mechanical-chemical conditions. Its second role is to afford
low permeabilities and/or diffusivities, and/or prolonged delay. The role of seals, plugs,
etc., is to avoid releases via shafts and underground tunnels and to avoid release to the
repository [43]. The differences in storage methods considered for HWL and ILW/LLW
can be shown in the example of the Grimsel Test Site (GTS), located in the Swiss Alps.
The high-level waste here is held in large steel disposal containers. These containers are
placed on bentonite pedestals within the disposal tunnel that is then backfilled with
bentonite [44]. Whereas, LLW is placed within steel drums, and these steel drums are set
into concrete disposal casks that are filled with mortar. Currently, most waste is stored in
such a way that it is readily retrievable from storages.

One of the advantages of fourth generation reactors is the reduction of waste for-
mation and emissions of greenhouse gases, while maintaining efficient energy produc-
tion at the same time. Nonetheless, the safe treatment and storage of the spent TRISO fuel
is one of the most important issues for developing HTGR reactors. It is necessary to treat
these wastes properly, to transform them into forms that are acceptable for safe storage
and disposal. The acceptable solutions to handle this kind of waste are not yet estab-
lished, although it seems that this will be easier compared to the fuel from water reactors
as a result of tightness of the TRISO covering layers and the confinement to avoid the
release of radionuclides. In the 1980s, the following options for fuel storage from pris-
matic reactors were considered in the United States:

- whole blocks storage
- storage with prior removal of graphite
- reprocessing of the spent nuclear fuel to isolate of the fission products [45,46].

The direct storage of the nuclear fuel particles enclosed in the graphite medium of
the fuel pebbles is related to a huge volume of waste requiring a big storage space. For-
schungszentrum Jiilich [47,48] was considering storing the fuel blocks in the ASSE salt
mine in Germany.

A significant reduction in the volume of stored fuel could be achieved by separating
the fuel from huge amounts of low-level radioactive graphite. The detached compacts or
TRISO particles can be directed to the storage or can be reprocessed for U and Pu recov-
ery. Guittonneau et al. [49] proposed a method which allows the total degradation of
graphite blocks and the separation of TRISO particles while maintaining their cohesion.
The method was based on the intercalation of sulfuric acid into graphite layers to sepa-
rate the grains. It was found that good partition of TRISO grains from the graphite matrix
of compacts is preceded via acid treatment. It is necessary to note that this treatment al-
lows for preventing damage to the spent TRISO fuel particles.
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HTGR fuel is characterized by features that are important, not only during normal
reactor operation and emergency situations, but also are useful in the conditions of
temporary storage and final disposal of the spent nuclear fuel. Among them:

- the effective usage of uranium and plutonium generated in situ in low enriched fuel
by high burn;

- isotopic composition of the spent nuclear fuel is not propitious to proliferate;

- the TRISO coatings which give a potential long resistant barrier to the transport of
fission product and reduce the necessity for extra barriers;

- the low fuel power density, the using passive air cooling strategies cause that it is
ready from the initial time to intermediate storage;

- the possibility to use disposal methods elaborated for medium active waste to spent
HTGR fuel;

- consistent graphite matrix that reduces all spent nuclear fuel management efforts;

- resistant to corrosion in repository conditions (e.g., in salt decks), both matrix
graphite and fuel particle coatings, allowing the use of a simple packaging concept
for storage.

The existence of a series of barriers that prevent transport of radionuclides into the
environment is a significant benefit in applying TRISO fuel in terms of its long-term
safety. However, the stability of these layers and resistance to corrosive properties of the
repository environment are important. Simulation tests and modelling studies allow the
assessment of the long-term way of behaving of the fuel in this corrosive environment.
They also enable evaluation of the rate of release of radionuclides into the environment in
the conditions of damage to subsequent protective repository barriers.

The modelling and analysing of decomposition rates of the spent fuel from HTGR
have been done by Peterson and Dunzik-Gougar [50] in relation to planned permanent
geological disposal. Their aim was to find the parameters that would have the most im-
pact on broad behaviour of the fuel. The following fuel particle parameters were ana-
lysed: kernel composition, outer pyrolytic carbon layer thickness, thickness of SiC layer,
buffer layer and thickness of inner coat layer, SiC layer strength, temperature effect on
the variability of the breakdown rate of TRISO fuel and the rapidity of SiC and outer
dense pyrolytic carbon layers corrosion. The modelling was performed without taking
into consideration engineering barriers of geological disposal. The SiC layer can be
compared to a pressure container which maintains gases formed through nuclear fission.
Based on the above assumption, TRISO fuel was designed as a pressure vessel that lets
down when the stress in the layer of the SiC surpasses the layer strength. The study
showed that in the repository environment the estimated time needed for particle failure
is strongly dependent on the rate of corrosion, temperature change over time, and the
thicknesses of the outer pyrolytic carbon and SiC layers. However, parameters, like the
kernel dimensions, carbon buffer layer, inner coat of dense pyrolytic carbon layer, the
strength of silicon carbide layer and the pressure inside TRISO particle, did not im-
portantly influence on the time needed for particle failure. The comprehension of matters
of the corrosion rates of the outer pyrolytic carbon and SiC layers and improving the
quality control of the outer pyrolytic carbon and SiC layers thickness are very important.
This could help remarkably in terms of reducing uncertainty in the assessed failure time
of the spent TRISO fuel in a repository environment.

The vitrification of TRISO particles before placing them into a future geological re-
pository [51,52] is also considered. Glass is another barrier that protects fuel particles
against corrosion caused by groundwater and radionuclides spreading in the environment.

Preliminary studies showed that it is possible to immobilize TRISO-fuel particles in
a borosilicate glass matrix. This type of matrix is being used for LLW and HLW vitrifica-
tion, e.g., in France [51]. Two methods of vitrification are taken into account: vitrification
by melting and vitrification by sintering. The confinement of TRISO-fuel in sintered glass
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seems to be preferable compared to the melted glass method. The following advantages
of sintered glass were identified:

- the process proceeds at low temperature in the air atmosphere. In these conditions
the TRISO-particles better retain their physical properties. No fractures in particles
were observed;

- it is characterized by features allowing coating the TRISO-particle without macro-
scopic bubbles;

- the thermal processing of TRISO particles prior to vitrification is not necessary;

- good chemical strength of obtained sintered glass-TRISO-particles composite.

The alternative method, vitrification by melting, demands high treatment tempera-
tures (approximately 1150 °C) and has to proceed in an atmosphere of inert gas. This is
important because oxidation of the TRISO-coatings may cause the releasing of volatile
radionuclides, among them C-14, 1-129, Cs-134, Cs-135, and Cs-137. It should be antici-
pated that caesium radionuclides may be well immobilized in the glass, however it seems
far more complicated for C-14 and 1I-129. Most countries prefer the borosilicate glass for
vitrification of HLW. However, for example, in Russia there are also attempts to use an
aluminium-phosphate matrix [53].

Large quantities of irradiated graphite production are a serious problem in HTGR
reactors. There are about 250,000 t of irradiated carbon worldwide. The basic strategy for
reactor graphite is to disassemble reactor cores after a period of immobility (typically 85
years) and transfer graphite to a storage or disposal site [26,54]. The waste packages for
HLW require some specific characteristics that allow for storing them safely for a long
time. A Generic Waste Package Specification published in 2012 [55] represents a
high-profile document in a hierarchy of packaging specifications related to geological
disposal in general and the packaging of waste in particular. In the geological disposal
concept, the information about safety and environmental assessments and about waste
package specification, as it was presented in Figure 3, should be also included.

Disposal System
Specifications

Rz

Design Concepts

Iy

Safety and

Environmental Assessments

Rz

Waste Package
Specification

Figure 3. Geological disposal concept elements.

The choice of irradiated graphite processing methods should be established on ex-
amination of economic, environmental friendly and sustainable ways. Three main aims
should be considered in terms of irradiated graphite treatment processes:

- the radionuclides removing from graphite and change radioactive classification of
graphite (which means to convert ILW into LLW). Moreover, the removal of
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long-lived radionuclides could make the graphite acceptable for placement in the
near-surface repository;

- conversion of the irradiated graphite to an inactive matrix;

- the significantly reduction of the volume of waste.

The main processing methods of irradiated graphite include Wigner energy elimi-
nation, thermal processing, chemical processing, immobilization and gasification [56].
Then, there are the following possible options for handling irradiated graphite: gasifica-
tion with release of gaseous products to the environment, and storage in a near-surface or
at-surface facility or a deep geological repository.

5. TRISO Spent Fuel Reprocessing Options

There are three primary possibilities for the management of the spent TRISO nuclear
fuel considered: (1) reprocessing, (2) disposal in a geological repository or (3) long-term
on-site storage. The best solution would be to transport the spent TRISO nuclear fuel
offsite shortly after unloading from the nuclear HTGR reactor to the reprocessing facility
or to a geological repository for the final disposal. Nonetheless, the availability of these
solutions varies by country or region. If transport offsite is not an accessible possibility,
the spent TRISO nuclear fuel will therefore need to be kept on-site up to a time when
such a possibility will be available [57].

For recycling HTGR spent nuclear fuel several strategies can be considered, such as:
without recycling, mixed methods of recycling, one time through recycling, or complete
recycling [17].

Among the first steps in the reprocessing of spent nuclear fuel of the HTGR is the
separation of high-activity fuel from the graphite. This is an important and challenging
step because of the significantly hard coat of the TRISO fuel particle [57]. A few countries
have tried to develop useful methods for the breaking of TRISO particles and repro-
cessing in order to recover uranium or thorium, e.g., the ORNL (Oak Ridge National
Laboratory) in the USA, FZ] (Forschungszentrum Jiilich) GmbH in Germany, CEA
(Commissariat a I’Energie Atomique) in France and JAEA (Japan Atomic Energy Agency)
in Japan. At the ORNL in the 1960s and 1970s, and at FZ] in the 1980s, at the laboratory
scale and, after that, at the pilot plant scale, the processing of the HTGR spent fuel was
studied. The first step of the research was the recovery of oxide kernels containing ura-
nium and thorium by removing the carbon and silicon carbide coats. Then, uranium and
thorium were recycled from fission products using the THOREX method. In the first step,
the oxides were dissolved in the mixture of nitric acid and hydrofluoric acid and then
thorium and uranium were recovered by the solvent extraction process using TBP in the
organic phase [58,59]. At the ORNL laboratories, the different kinds of jaws and hammer
crushers, ball mills, pneumatic and cyclone separators, etc., were examined for
block-type compacts and pebble TRISO spent fuel. The complete fragmentation of the
TRISO particle layers was not possible, even using a modern method of a high-speed
impaction grinding. At FZJ (Germany) laboratories, in the 1980s, a demonstration test
was done and around 11,000 fresh pebbles of TRISO particles were treated by grinding
and combustion [59]. At the ORNL and FZ] laboratories, the joint methods for the pro-
cessing of the spent TRISO fuel, such as grinding, and combustion, followed by THOREX
process, were performed, with obtained recovery yields of U and Th ~95%. Bearing in
mind the radiotoxicity of the waste in its final form, and the limitation of the off-gas re-
leased activity, there is a need for greater recovery yields. At the CEO laboratories in
Marcoule, the additional improvements for the reprocessing of the spent TRISO fuel
were applied. The mechanical extraction of the HTGR compacts from the spent TRISO
fuel blocks seems to be a favourable method, as well as eliminating graphite from the
compacts by means of pulsed currents and by oxidizing thermal methods to free the
particles, and to reach the fissile compound [60]. For the fabrication process of the kernels
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the method of gelation seems to be appropriate, especially for the efficient recycling of
actinides [60,61].

A brand new approach for the reprocessing of spent TRISO fuel was proposed by
Liyang Zhu et al. [62,63]. The extraction efficiency of the UO. powder obtained after
grinding the UO: pellets from HTGR spent fuel using TBP-nitric acid mixture in super-
critical CO:z is almost 92%, and the UsOs extraction yield is 98%. UsOs fine powder was
obtained after UO: pellets were broken spontaneously into UsOs at a temperature of 600
°C in an Oz stream and with the TBP-nitric acid system in supercritical CO2 [62]. The
spent TRISO fuel particles were recovered from graphite components by electrochemical
intercalation, obtaining a mix of UsOs powder and SiC shells. Uranium oxide (UsOs)
powder was transformed into solid uranyl nitrate by conversion using liquid N20s4, and
then uranyl nitrate was recycled by supercritical CO2 containing TBP as complexing
agent, with the residue of silicon carbide shells. The efficiency of the selective extraction
of uranium was ~98% (at 50 °C and 25 MPa), while there was no extraction of silicon
carbide by TBP [63].

Another study of disintegration the graphite matrix has been carried out, using the
electrochemical method with a salt of ammonium nitrate as a suitable electrolyte. The
obtained results prove that the developed electrochemical method with salt like the
electrolyte is a good route to disintegrate the graphite medium from the HTGR spent fuel
components [64]. The complete removal of different layers from coated TRISO particles is
difficult and the combined methods of dry and wet oxidation at 800-1000 °C can be ap-
plied for reprocessing and the selective recovery of uranium from UO: microspheres
prepared by the internal gelation procedure [65].

6. Conclusions

High-temperature gas cooled reactors (HTGRs) are advanced technology that is
under intensive research at present. The main feature of HTGRs is the efficient energy
production and high temperature process heat supply. Moreover, they are considered as
an inherently safe nuclear reactors capable of operating in various industries requiring
replacing traditional boilers burning fossil fuels. They can be a potential solution for the
serious questions concerning the further development of nuclear power technology,
namely, radioactive waste management.

In this paper analysis of the final part of the HTGR fuel cycle was conducted. A
special emphasis was placed on the management of TRISO fuel. The most reasonable
option for spent TRISO fuel management seems to be direct disposal. However, it is
important to note that reprocessing will allow for recycling and reusing fusible materials
and reducing the amount of disposed high-level waste. It could be important in the con-
text of the inevitable growing uranium demand, the depletion of world resources and
perspectives of the global uranium market.

The specific waste stream generated in huge amounts during HTGR operation is
graphite, a material that is very different from other radioactive waste. Until now, no
uniform, reliable approach to spent graphite has been developed. The wider use of
HTGRs will require intensified research to find a method to deal with not only the so far
clustered graphite from Magnox, RBMK and AGR reactors, but also from future HTGRs.
Due to the large amounts of irradiated reactor graphite, recycling appears to be a rea-
sonable approach to consider, prior to decontamination and volume reduction.

Author Contributions: All authors: collection of literary sources; K.K., LH.-K. -writing-orginal
draft preparation; KK, LH.-K.,G.Z.-K. -writing —review and editing; K.K.-preparation the Figures.

All authors have read and agreed to the published version of the manuscript.

Funding: This research was financed by the National Centre for Research and Development
(NCBIiR) in Poland in the frame for the studies in the strategic Polish program of scientific research
and development work “Social and economic development of Poland in the conditions of global-



Energies 2022, 15, 1099 16 of 18

izing markets GOSPOSTRATEG” part of “Preparation of legal, organizational and technical in-
struments for the HTGR implementation”, contract number Gospostrateg 1/385872/22/NCBR/2019
of 30 January 2019.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable
Data Availability Statement: Original papers may be accesses by the INIS data bank.

Conflicts of Interest: The authors state that there is no conflict of interest in presented work.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Verfondern, K.; Von Lensa, W. Past and Present Research in Europe on the Production of Nuclear Hydrogen with HTGR. Prog.
Nucl. Energy 2005, 47, 472-483. https://doi.org/10.1016/j.pnucene.2005.05.048.

Onuki, K; Inagaki, Y.; Hino, R.; Tachibana, Y. Research and Development on Nuclear Hydrogen Production Using HTGR at
JAERI. Prog. Nucl. Energy 2005, 47, 496-503. https://doi.org/10.1016/j.pnucene.2005.05.050.

Five Years after the Fukushima Daiichi Accident: Nuclear Safety Improvements and Lessons Learnt; Nuclear Energy Agency Organi-
sation For Economic Co-Operation And Development, OECD/NEA: Paris, France, 2016.

IAEA Country Nuclear Profile. Available online: https://cnpp.iaea.org/pages/index.htm (accessed on 19 November 2021).
Fuersch, M.; Lindenberger, D.; Malischek, R.; Nagl, S.; Panke, T.; Trueby, J. German Nuclear Policy Reconsidered: Implications
for the Electricity Market. Econ. Energy Environ. Policy 2012, 1, 39-58. https://doi.org/10.5547/2160-5890.1.3.4.

Ming, Z.; Yingxin, L.; Shaojie, O.; Hui, S.; Chunxue, L. Nuclear Energy in the Post-Fukushima Era: Research on the develop-
ments of the Chinese and worldwide nuclear power industries. Renew. Sustain. Energy Rev. 2016, 58, 147-156.
https://doi.org/10.1016/j.rser.2015.12.165.

Malischek, R.; Trueby, J. The Future of Nuclear Power in France: An Analysis of the Costs of Phasing-out. Energy 2016, 116,
908-921. https://doi.org/10.1016/j.energy.2016.10.008.

Junfeng, J.L.; Ma, T.; Wang, J. Strategy Study on Treatment and Disposal of the Radioactive Graphite Waste of HTR. In Pro-
ceedings of the 7th International Topical Meeting on High Temperature Reactor Technology, Weihai, China, 27-31 October
2014. Available online: https://inis.iaea.org/collection/NCLCollectionStore/_Public/48/076/48076815.pdf?r=1 (accessed on 19
November 2021).

Verfondern, K.; Nabielak, H.; Kendall, ].M. Coated Particle Fuel for High Temperature Gas Cooled Reactors. Nucl. Eng. Technol.
2007, 39, 603-616.

Wrochna, G. Possibilities for Deployment of High-Temperature Nuclear Reactors in Poland, Report of the Committee for Analysis and
Preparation of Conditions for Deployment of High-Temperature Nuclear Reactors; Ministry of Energy: Warsaw, Poland, 2017.

Waste from Innovative Types of Reactors and Fuel Cycles: A Preliminary Study; IAEA Nuclear Energy Series No. NW-T-1.7; Inter-
national Atomic Energy Agency: Vienne, Austria, 2019.

IAEA Safety Glossary. In Terminology Used in Nuclear Safety and Radiation Protection, 2018 ed.; International Atomic Energy
Agency: Vienna, Austria, 2018.

Brown, N.R. A review of In-Pile Fuel Safety Tests of TRISO Fuel Forms and Future Testing Opportunities in non-HTGR Ap-
plications. J. Nucl. Mater. 2020, 534, 152139. https://doi.org/10.1016/j.jnucmat.2020.152139.

Tang, C.H.; Tang, Y.P.; Zhu, J.; Zou, Y.; Li, J.; Ni, X. Design and Manufacture of the Fuel Element for the 10 Mw High Tem-
perature Gas-Cooled Reactor. Nucl. Eng. Des. 2002, 218, 91-102. https://doi.org/10.1016/029-5493(02)00201-7.

Demkowicz, P.A.; Hunn, ].D.; Petti, D.A.; Morris, RN. Key Results from Irradiation and Post-Irradiation Examination of
AGR-1 UCO TRISO Fuel. Nucl. Eng. Des. 2018, 329, 102-109. https://doi.org/10.1016/j.nucengdes.2017.09.005.

Rest, J.; Cooper, M.W.D.; Spino, J.; Turnbull, J.A.; Van Uffelen, P.; Walker, C.T. Fission Gas Release from UO2 Nuclear Fuel: A
Review. J. Nucl. Mater. 2019, 513, 310-345. https://doi.org/10.1016/j.jnucmat.2018.08.019.

Shropshire, D.E.; Herring, J.S. Fuel-Cycle and Nuclear Material Disposition Issues Associated with High-Temperature Gas
Reactors. In Proceedings of the Americas Nuclear Energy Symposium (ANES 2004), Miami Beach, FL, USA, 3—6 October 2004.
Available online: https://www.osti.gov/servlets/purl/839371 (accessed on 21 January 2022).

Minato, K.; Ogawa, T.; Kashimura, S.; Fukuda, K.; Shimizu, M.; Tayama, Y. ; Takahashi, I. Fission Product Palladium-Silicon
Carbide Interaction in HTGR Fuel Particles. ]. Nucl. Mater. 1990, 172, 184-196. https://doi.org/10.1016/0022-3115(90)90437-R.
Demkowicz, P.A.; Liu, B.; Hunn, J.D. Coated Particle Fuel: Historical Perspectives and Current Progress. J. Nucl. Mater. 2019,
515, 434-450. https://doi.org/10.1016/j.jnucmat.2018.09.044.

Minato, K.; Kikuchi, H.; Fukuda, K.; Suzuki, N.; Tomimolo, H.; Kitamura, N.; Kaneko, M. Internal Flaws in the Silicon Carbide
Coating of Fuel Particles for High Temperature Gas-Cooled Reactors. Nucl. Technol. 1994, 106, 342-349.
https://doi.org/10.13182/NT94-A34964.

Notz, K.J. An Overview of HTGR Fuel Cycle; ORNL-TM-4747; Oak Ridge National Laboratory: Oak Ridge, TN, USA, 1976.
Available online: https://inis.iaea.org/collection/NCLCollectionStore/ _Public/07/244/7244046.pdf (accessed on 19 November
2021).



Energies 2022, 15, 1099 17 of 18

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Graham, L.W.; Everett, M.R; Lupton, D.; Ridealgh, F.; Sturge, D.W.; Wagner-Loeffler, M. Gas-Cooled Reactors with Emphasis
on Advanced Systems. In Environmental Conditions in HTRs and the Selection and Development of Primary Circuit Materials; In-
ternational Atomic Energy Agency: Vienna, Austria, 1976; pp. 319-351; ISBN 92-0-050076-5.

Cabet, C.; Rouillard, F. Corrosion of High Temperature Metallic Materials in VHTR. ]. Nucl. Mater. 2009, 392, 235-242.
https://doi.org/10.1016/j.jnucmat.2009.03.029 and references therein.

Groot, P.; Cordfiinke, E.H.P.; Konings, RJ.M. The Chemical Stability of TRISO-Coated HTGR Fuel; Part I. Status report,
ECM-1--94-055; Netherlands Energy Research Foundation ECN: Petten, The Netherlands, 1994.

Fuks, L.; Herdzik-Koniecko, I.; Kiegiel, K.; Zakrzewska-Kottuniewicz, G. Management of Radioactive Waste Containing
Graphite: Overview of Methods. Energies 2020, 13, 4638. https://doi.org/10.3390/en13184638.

Processing of Irradiated Graphite to Meet Acceptance Criteria for Waste Disposal; IAEA-TECDOC-1790; International Atomic Energy
Agency: Vienna, Austria, 2016.

Kleykamp, H. The Chemical State of the Fission Products in Oxide Fuels. ]. Nucl. Mater. 1985, 131, 221-246.
https://doi.org/10.1016/0022-3115(85)90460-X.

Tandon, L.; Hastings, E.; Banar, ].; Barnes, J.; Beddingfield, D.; Decker, D.; Dyke, J.; Farr, D.; FitzPatrick, J.; Gallimore, D.; et al.
Nuclear, Chemical, and Physical Characterization of Nuclear Materials. ]. Radioanal. Nucl. Chem. 2008, 276, 467-473.
https://doi.org/10.1007/5s10967-008-0528-7.

Harp, ].M.; Demkowicz, P.A.; Winston, P.L.; Sterbentz, ].W. An Analysis of Nuclear Fuel Burnup in the AGR-1 TRISO Fuel
Experiment Using Gamma Spectrometry, Mass Spectrometry, and Computational Simulation Techniques. Nucl. Eng. Des. 2014,
278, 395-405, doi.org/10.1016/j.nucengdes.2014.07.041.

Electron Microprobe Analyses. Available online: https://www.ruhr-uni-bochum.de/epma/methode/index.html.en (accessed on
19 November 2021).

Advances in High Temperature Gas Cooled Reactor Fuel Technology; IAEA-TECDOC-CD-1674; International Atomic Energy
Agency: Vienna, Austria, 2012.

Salbu, B. Source-Related Characteristics of Radioactive Particles: A Review. Radiat. Prot. Dosim. 2000, 92, 49-54.
https://doi.org/10.1093/oxfordjournals.rpd.a033283.

Salbu, B. Actinides Associated with Particles. In Plutonium in the Environment; Kudo, A., Ed.; Elsevier Science Ltd.: Oxford, UK,
2001. https://doi.org/10.1016/51569-4860(01)80011-5.

Greneche, D.; Szymczak, W.]. The AREVA HTR Fuel Cycle: An Analysis of Technical Issues and Potential Industrial Solutions.
Nucl. Eng. Des. 2006, 236, 635-642. https://doi.org/10.1016/j.nucengdes.2005.10.022.

Trends Towards Sustainability in the Nuclear Fuel Cycle; NEA Report No. 6980; OECD: Paris, France, 2011; ISBN 978-92-64-16810-7.
Rodriguez-Penalonga, L.; Moratilla Soria, B.Y. A Review of the Nuclear Fuel Cycle Strategies and the Spent Nuclear Fuel
Management Technologies. Energies 2017, 10, 1235. https://doi.org/10.3390/en10081235.

The Economics of the Back End of the Nuclear Fuel Cycle; NEA Report No. 7061; OECD: Paris, France, 2013.
https://doi.org/10.1787/9789264208520-en.

Processing of Used Nuclear Fuel, World Nuclear Association. Available online:
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/fuel-recycling/processing-of-used-nuclear-fuel.aspx
(accessed on 19 November 2021).

Poinssot, C.; Rostaing, C.; Boullis, B. Recycling the Actinides, the Cornerstone of any Sustainable Nuclear Fuel Cycles. Procedia
Chem. 2012, 7, 349-357. https://doi.org/10.1016/j.proche.2012.10.055.

Management of Spent Fuel from Nuclear Power Reactors, Learning from the Past, Enabling the Future. Proceedings of the An International
Conference Held, Vienna, Austria, 24-28 June 2019; International Atomic Energy Agency: Vienna, Austria, 2020. Available online:
https://www iaea.org/publications/14680/management-of-spent-fuel-from-nuclear-power-reactors (accessed on 19 November
2021).

Radioactive Waste Management. Available online:
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-wastes/radioactive-waste-management.aspx
(accessed on 19 November 2021).

Engineered Barrier System (EBS) in the Safety Case, Proceedings of the The Role of Modelling, Workshop, La Coruiia, Spain 24-26 August
2005; NEA Report No. 6118; OECD: Paris, France, 2007. https://doi.org/10.1787/9789264008502-en.

Engineered Barrier Systems and the Safety of Deep Geological Repositories; State-of-the-art Report; OECD: Paris, France, 2003; ISBN
92-64-18498-8.

The Grimsel Test Site in Switzerland. Available online: https://www.grimsel.com (accessed on 19 November 2021).

Lotts, A.L.; Bond, W.D.; Forsberg, C.W.; Glass, RW.; Harrington, F.E.; Michaels, G.E.; Notz, K.J.; Wymer, R.G. Options for
Treating High-Temperature Gas-Cooled Reactor Fuel for Repository Disposal; Technical Report No ORNI./TM-12027; Oak Ridge,
Tennessee, USA, 1992. https://doi.org/10.2172/5350512.

Lotts, A.L.; Coobs, J.H. HTGR Fuel and Fuel Cycle Technology; QRNL/TM-5501; UC-77 (Gas-Cooled Reactor Technology): Oak
Ridge, Tennessee, USA, 1976.

Merz, E.; Briicher, H.; Halaszovich, S. Losung der Entsorgungsfrage beim Hochtemperaturreaktor. In Fortschritte in der Ener-
gietechnik (Progress in Energy Technology). Monographien des Forschungszentrums Jiilich Bd.8; Kugeler, K., Neis, H., Ballensiefen, G.,
Eds.; Forschungszentrum Jiilich: Jiilich, Germany, 1993; pp. 336-348; ISNB 978-3893361205.



Energies 2022, 15, 1099 18 of 18

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Rebmann, A.; Duwe, R. Das Belastungsverhalten von HTR-Brennelementen im Salinéiren Endlager (The Mechanical Loading Behavior of
HTR Fuel Elements in a Salt Deposit); Internal Report KFA-IRW-IB-3/88; Research Center Jiilich: Jiilich, Germany, 1988.
Guittonneau, F.; Abdelouas, A.; Grambow, B. HTR Fuel Waste Management: TRISO Separation and Acid-Graphite Intercala-
tion Compounds Preparation. ]. Nucl. Mater. 2010, 407, 71-77. https://doi.org/10.1016/j.jnucmat.2010.09.026.

Peterson, J.L.; Dunzik-Gougar, M.L. Modeling Spent TRISO Fuel for Geological Disposal: Corrosion and Failure Under Oxi-
dizing Conditions in the Presence of Water. Prog. Nucl. Energy 2011, 53, 278-284. https://doi.org/10.1016/j.pnucene.2010.12.003.
Abdelouas, A.; Noirault, S.; Grambow, B. Immobilization of Inert TRISO-Coated Fuel in Glass for Geological Disposal. ]. Nucl.
Mater. 2006, 358, 1-9. https://doi.org/10.1016/j.jnucmat.2006.04.015.

Deptuta, A.; Mitkowska, M.; Lada, W.; Olczak, T.; Wawszczak, D.; Smolinski, T.; Brykala, M.; Chmielewski, A.G.; Zaza, F.;
Goretta, K.C. Vitrification of Nuclear Wastes by Complex Sol-Gel Process. In Advanced Materials Research; Iranpour, R., Zhao, J.,
Wang, A, Yang, F., Li, X,, Eds.; Trans Tech Publications Ltd.: Stafa-Zurich, Switzerland 2012; Volume 518-523, pp. 3216-3220.
https://doi.org/10.4028/www .scientific.net/ AMR.518-523.3216.

Malkovsky, V.I; Yudintsev, S.V.; Ojovan, M.L; Petrov, V.A. The Influence of Radiation on Confinement Properties of Nuclear
Waste Glasses. Sci. Technol. Nucl. Instal. 2020, Article ID 8875723. https://doi.org/10.1155/2020/8875723.

Wickham, A.; Steinmetz, H.-].; O’Sullivan, P.; Ojovan, M.I. Updating Irradiated Graphite Disposal: Project ‘GRAPA” and the
International Decommissioning Network. J. Environ. Radioact. 2017, 171, 34—40. https://doi.org/10.1016/j.jenvrad.2017.01.022.
Geological Disposal: Generic Waste Package Specification; NDA Report no NDA/RWMD/067; Nuclear Decommissioning Authority:
Oxford, UK, 2012. Available online: https://nanopdf.com/download/generic-waste-package-specification pdf (accessed on 28
January 2022)

Li, J.; Dunzik-Gouga, M.L.; Wang, J. Recent Advances in the Treatment of Irradiated Graphite: A Review. Ann. Nucl. Energy
2017, 110, 140-147. https://doi.org/10.1016/j.anucene.2017.06.040.

High Temperature Gas Cooled Reactor Fuels and Materials; IAEA-TECDOC-1645; International Atomic Energy Agency: Vienna,
Austria, 2010.

Del Cul, G.D.; Spencer, B.B.; Forsberg, C.W. Collins, E.D.; Rickman, W.S. TRISO-Coated Fuel Processing to Support
High-Temperature Gas-Cooled Reactors; ORNL/TM-2002/156; Oak Ridge National Laboratory: Oak Ridge, TN, USA, 2002.
Young, D.T. Fluidized Combustion of Beds of Large, Dense Particles in Reprocessing HTGR Fuel. In Proceedings of the Con-
ference: 12. Intersociety Energy Conversion Engineering Conference, Washington, DC, USA, 28 August 1977, CONF-770804-3.
Masson, M.; Grandjean, S.; Lacquement, J.; Bourg, S.; Delauzun, J.M.; Lacombe, ]. Block-Type HTGR Spent Fuel Processing:
CEA Investigation Program and Initial Results. Nucl. Eng. Des. 2006, 236, 516-525.
https://doi.org/10.1016/j.nucengdes.2005.11.021.

Brooks, L.H.; Davis, C.R.; Peterman, D.D.; Spaeth, M.E. Spent Fuel Shipping, Reprocessing, and Recycle Fabrication in the
HTGR Fuel Cycle. In Proceedings of Conference: Joint Power Generation Conference, Mew Orleans, LA, USA, 16 September
1973; CONF-730918-2.

Duan, W.; Zhu, L.; Zhu, Y. Treatment of UO2 Pellets Used for Preparing Fuel Elements of HTR-10 Followed by Supercritical
Fluid Extraction. Prog. Nucl. Energy 2011, 53, 664—667. https://doi.org/10.1016/j.pnucene.2011.04.011.

Zhu, L.; Duan, W.; Xu, J.; Zhu, Y. Uranium Extraction from TRISO-Coated Fuel Particles Using Supercritical CO2 Containing
Tri-n-Butyl Phosphate. |. Hazard. Mater. 2012, 241-242, 456-462. https://doi.org/10.1016/j.jhazmat.2012.09.072.

Tian, L.; Wen, M.; Li, L.; Chen, ]. Disintegration of Graphite Matrix from the Simulative High Temperature Gas-Cooled Reactor
Fuel Element by Electrochemical Method. Electrochim. Acta 2009, 54, 7313-7317. https://doi.org/10.1016/j.electacta.2009.07.056.
Pai, R.V.; Mollick, P.K.; Kumar, A.; Banerjee, ].; Radhakrishna, J.; Chakravartty, ].K. Recovery and Recycling of Uranium from
Rejected Coated Particles for Compact High Temperature Reactors. ]. Nucl. Mater. 2016, 473, 229-236.
https://doi.org/10.1016/}.jnucmat.2016.02.030.




