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”Oh, the depth of the riches and wisdom and knowledge of God! How unsearchable
are his judgments and how inscrutable his ways!
"For who has known the mind of the Lord, or who has been his counselor?’
‘Or who has given a gift to him
that he might be repaid?’
For from him and through him and to him are all things. To him be glory forever.

Amen.”

Romans 11: 33-36 ESV
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Abstract

This work optimizes micro-prismatic high-temperature gas reactor (nHTGR) designs
to reduce the energy-normalized mass of spent nuclear fuel and high-level waste
(SNF&HLW) produced. The optimization was performed for the current graphite
moderator and an inert matrix fuel (IMF) concept employing different composite
moderators in a prismatic design architecture. The fuel matrix is magnesium oxide
(MgO) with entrained tristructural-isotropic (TRISO) fuel. Moderator material
including beryllium oxide (MgO-BeO) and beryllium (MgO-Be) at 40 vol. % loading,
and yttrium hydride (MgO-YHx=1.9) and zirconium hydride (MgO-ZrHx=1.9) at 15
vol. % loading were entrained within the MgO host matrix. The optimized designs
were evaluated and compared on several fuel cycle metrics.

For the mass of spent nuclear fuel and high level waste per unit of energy generated,
the composite moderators saw reductions of between 12.6 and 45.0% compared to
the graphite reference case. For the volume of low-level waste (LLW) per unit of
energy generated, the composite moderators produced between 31.4 and 43.5% less
LLW compared to the graphite reference. The last nuclear waste metric is the energy-
normalized mass of depleted uranium per unit of energy generated. The composite
moderators continued to perform well compared to the graphite reference case, seeing
between 12.6 and 45.0% reduction.

In addition to the nuclear waste metrics, the environmental impact of the reactor fuel
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cycles was evaluated by calculating the energy-normalized mass of natural uranium,
the mass of carbon dioxide, the land area, and the volume of water used. Overall the
composite moderators produced good reductions in the environmental impact of the
fuel cycles. The composite moderator’s designs did not result in significant increases
in the activity of the SNF&HLW after 100 to 100,000 years after reactor shutdown.
Compared to a graphite reference, composite moderators significantly reduced nuclear
waste, environmental impact, and fuel cost. The reduction compared to a graphite

reactor makes the mHTGRs an attractive option for micro-reactor designs.
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Chapter 1

Introduction

1.1 Micro-Reactors

Traditionally, nuclear power plants have been made larger over time to compete
economically based on scale; the larger the nuclear plant, the more power it can
produce and the more money it makes [16]. The drawback to larger reactors is the
increased upfront cost of large plant construction. A new option to help advanced
nuclear compete is to scale down to smaller reactors. They are known as small
modular reactors (SMRs) or, at smaller scales, micro-reactors. SMRs are reactors that
produce less than 300 megawatts of electricity (MWe), and micro-reactors are those
that produce less than 30 MWe [2]. The advantages of the SMR and micro-reactors
come from the smaller size, allowing for less upfront cost of initial construction. Micro-
reactors can also be used in industrial applications to provide low-carbon process
steam production on-site by being built on the site of existing industry.

One of the most significant potential markets for micro-reactors is deployment in
remote communities. In remote communities currently using diesel generators for

their electrical power needs, switching to a micro-reactor reduces cost, increases



reliability, and decreases environmental impact [16]. Another option is deploying
micro-reactors in growing urban centers in a ”just-in-time capacity” [16]. In this
method, a new micro-reactor is brought online just as the electricity demand in the
area outgrows the current capacity of the local grid. This addition of a new reactor
could then be repeated as the area continues to grow. Adding micro-reactors as the
area grows instead of building a large nuclear reactor early on reduces the initial
capital costs. In many developing regions, building a large nuclear plant that will not
be fully utilized for years to come is not financially viable; meanwhile, micro-reactors
allow for the spread of capital costs over many years as the reactors are slowly added
to the grid.

Another potential advantage of the micro-reactor design is the transportability of the
reactors. Figure 1.1 shows a micro-reactor design concept in a standard shipping
container. This portability allows for micro-reactors to deploy quickly to restore
power in disaster response or allow for factory manufacturing of the reactors and
then shipment to the operation site to reduce cost [57]. Manufacturing at a set facility
rather than building on site would allow for micro-reactors to have the advantage of
modular manufacturing and the associated cost reductions. Having nuclear plants
manufactured off-site and on smaller scales would avoid the lengthy timelines and

cost of mega-projects seen in large reactor construction [48].
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Figure 1.1: Model of a micro-reactor design fitted within a standard shipping
container [57]



1.2 High Temperature Gas Cooled Reactors

Micro-reactor designs include designs of several reactor types such as light water,
gas-cooled, lead-cooled, molten salt cooled, and sodium-cooled [57][42]. The helium-
cooled options known as high-temperature gas-cooled reactors (HTGRs) offer the
best option for industrial heat use [42]. Additionally, HTGRs have several passive
safety features that make them an appealing option for future nuclear projects. These
safety features include negative temperature feedback, ceramic-encapsulated fuel, and
passive heat removal [15]. Having negative temperature feedback means that when
the reactor core’s temperature increases, the reactor’s reactivity decreases. Negative
temperature reactivity feedback is important as it prevents reactors from melting since
decreasing the reactivity will decrease the temperature before the fuel melts. Ceramic
encapsulated fuel is a safety feature used to prevent the release of radioactivity into
the environment. The fission products are contained within the ceramic fuel matrix;
therefore, even if the coolant from the reactor leaks out, there are no radionuclides in
the coolant. Having a passive heat removal design prevents nuclear accidents in the
case of loss of power. With passive heat removal systems, the heat from the decay
heat of the nuclear fuel after a reactor shutdown can be removed without off-site
power.

Two primary types of high-temperature gas-cooled reactor designs are prismatic and
pebble-beds. Prismatic reactors use prismatic graphite blocks with fuel channels,
passing the fuel through the reactor once. Pebble-bed reactor cores comprise pebbles
containing the fuel that passes through the core multiple times and offer higher
discharge burnup compared to prismatic designs. One of the advantages of HT'GRs
as an advanced reactor concept is the existence of past experience in the construction

and operation of both prismatic and pebble-bed reactors. This experience allows for



lessons learned in the past to be applied to the new designs, offering an advantage
over advanced reactor concepts that have never been built before.

The first HTGR built was Dragon, a prismatic design built in the United Kingdom
[45]. The reactor was built in 1956 and operated for 12 years. At that time, Dragon
faced challenges with heat exchanges and leaks in its helium purification system.
Figure 1.2 shows the core configuration of the Dragon reactor. This experience
emphasizes the importance of heat exchanger and coolant containment system designs
and quality in future reactors. In 1966, the first pebble-bed HTGR went critical
in Germany, the “Arbeitsgemeinschaft Versuchsreaktor” (AVR) [45]. The AVR
operated for 22 years and produced 15MWe output. The AVR faced issues with
the accumulation of graphite dust in the coolant caused by wear on the pebbles
as they moved through the core. This challenge could be overcome by considering
alternative materials to graphite for the fuel matrix that could better endure the
challenges of passing through the reactor core. Peach Bottom I was a 40MWe plant
that went critical in 1966 and shut down in 1974 [45]. During its operation, Peach
Bottom 1 suffered from several fuel element failures, leading to increased radioactivity
in the coolant. The challenge of fuel containment can be addressed through ceramic-
encapsulated fuels. The Fort ST. Vrain nuclear reactor was a 330 MWe commercial
HTGR located outside Denver, Colorado, and operated commercially from 1979
through 1989 [4]. The Fort ST. Vrain core consisted of hexagonal graphite blocks
surrounded by 3 to 4 feet of graphite reflector [26]. Figure 1.3 shows the core
configuration of the Fort ST. Vrain reactor [26]. A test pebble-bed small HTGR
has been constructed in China, and the HTR-10 Figure 1.4 shows the reactor design
[60]. Two transients without SCRAM scenarios were tested with the HTR-10, which
demonstrated the passive safety of HTGRs [31]. The higher temperatures that are

achieved in HTGRs compared to traditional light water reactors allow HTGRs the



potential to provide process heat for industrial processes [42] [10], [L1]. The ability to
drive industrial processes allows HTGRs to load follow the grid by integrating with
industrial applications when electricity demand is low [47]. This ability to load follow
means that HTGRs could integrate with renewable energy sources to provide base

load power on demand.

1.3 Environmental Impact

One of the significant driving forces behind the renewed push for nuclear power is the
need to reduce the environmental impact of power generation. The drive to reduce
climate change has led to numerous countries starting or restating the creation of new
nuclear power programs [57]. Studies have found that the use of nuclear power can
significantly reduce the production of carbon dioxide in the power generation process
[57][3][1][32][41]. Nuclear power is beneficial in reducing the environmental impact
through reduced carbon dioxide emissions. Figure 1.5 shows the mass of carbon
dioxide produced in tonnes for each gigawatt of electricity generated for the various
electricity-producing options. As can be seen, nuclear energy is among the lowest
producers of carbon dioxide, along with hydroelectric, wind, and biomass options.
Another consideration in the environmental impact of electricity generation is land
use. Figure 1.6 shows the land area used per unit of energy generated for several
electricity-producing options. The data shows that nuclear has the second lowest
footprint of any power-generating option behind natural gas [58]. Between Figures
1.5 and 1.6, it is seen that nuclear power has the lowest overall environmental impact

when considering both carbon dioxide emissions and land area use. Overall, nuclear

power is recognized as a critical part of clean energy development [46].



Figure 1.2: The core of the Dragon nuclear reactor loaded with dummy fuel elements

[43]
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Figure 1.3: Core configuration of the Fort ST. Vrain nuclear reactor [26]
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Another by-product of nuclear power that must be considered is the nuclear waste
produced. Nuclear waste is radioactive and must be safely stored for long periods to
protect it from contamination [36]. As of 2017, the United States had 79000 metric
tons of spent nuclear fuel and high-level waste [59]. The concerns and cost of disposal
and protection of spent nuclear fuel and high-level waste are another hindrance to
constructing new nuclear power. While permanent solutions such as a geological
repository will be necessary, reducing the mass of waste produced per unit of energy

generated will reduce the stain of disposal [36].

1.4 Nuclear Fuel

The fuel used in HTGRs provides one of the main safety features of the design.
HTGRs use tristructural-isotropic (TRISO) fuel, a ceramic-encapsulated fuel that
retains fission products within the fuel pellet. Past HTGRs that have been built
used various forms of encapsulated fuel. The Dragon reactor in the United Kingdom
used an encapsulated fuel with a pyrolytic carbon coating over the fuel and several
experimental coatings over the reactor lifetime [43]. Peach Bottom 1 used a pyrolytic
carbon-coated fuel in the first fuel loading [25]. In subsequent loading, Peach Bottom
1 used BISO fuel [22]. BISO fuel includes a low-density buffer layer and an outer
pyrolytic carbon coating. The AVR reactor was initially also loaded with BISO
particles but was later updated to use TRISO particles [20]. The Fort ST. Vrain
reactor used an early form of encapsulated fuel with pyrolytic carbon and silicon
carbide layers [26]. The HTR-10 in China employs UO2 TRISO, as does the larger
HTR-PM [60] [37].

In TRISO fuel, the fuel kernel is coated in a low-density graphite buffer layer followed

by a pyrolytic carbon layer, a silicon carbide layer (SiC), and another pyrolytic carbon
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layer [7]. The low-density buffer layer in the TRISO protects the outer layers from
pressure due to fission gas release and fuel swelling [53]. The inner pyrolytic carbon
layer protects the fuel kernel from interactions with the SiC layer and contains
the gaseous fission products. [20]. The SiC is the primary retention method of
non-gaseous fission products and provides strength to the fuel pellet. The outer
pyrolytic carbon layer offers another barrier against gaseous fission product release.
The multiple layers act together to provide a robust defense against fission product
release [24]. Figure 1.7 shows a cross-section of a UCO TRISO particle with each
layer labeled. TRISO fuel forms have been considered for prismatic and pebble-bed
HTGR designs and other reactor concepts, including light water and molten salt-
cooled reactors [7]. Figure 1.8 shows fueling a pebble-bed and prismatic fuel element
with TRISO particles. For the pebble-bed HTGR, the TRISO particles are encased
in the pebbles, and then the pebbles are loaded into the reactor core. In the case of
a prismatic HTGR, the TRISO is loaded into fuel elements that are, in turn, loaded
into the prismatic blocks that form the reactor core. The central fuel kernel in TRISO
fuel for HTGRs has been UO2; however, due to the corrosion caused by CO produced
from excess O, the use of UCO uranium fuel kernels has been proposed [40]. Light
water reactors (LWR) offer one potential design type that could benefit from TRISO
fuel’s advanced safety benefits. However, the UO2 and UCO TRISO particles do not
provide sufficient fuel loading for LWRs [23]. As a solution to the limited fuel loading,
a UN-based TRISO kernel was developed with a higher uranium density and larger
diameter than UCO TRISO [56]. Figure 1.9 shows a UN TRISO particle compared
with the UCO TRIO in Figure 1.7. The size difference is clear, with the UN TRISO
being more extensive and containing more fuel. The UN TRISO also has a higher
uranium density because the UN has one uranium per nitrogen atom, while UCO has

one uranium per 2 carbon or oxygen atoms. This higher density further increases
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the additional uranium in UN TRISO over UCO TRISO. While initially proposed
for LWR use, the higher uranium mass achievable using UN TRISO is favorable for
smaller nuclear reactors to increase fuel loading. For this reason, UN fuel is considered
in this work as the fuel for micro-HTGRs as it allows for higher burnup in a smaller

core configuration.

1.5 Composite Moderators

Conventionally, the TRISO particles in HTGRs have been contained in a graphite
matrix in both prismatic and pebble-bed designs [26] [60] [37]. The safety of the
reactors can be improved with the use of a ceramic such as silicon carbide (SiC) to
encase the TRISO particles, forming a fully ceramic encapsulated (FCM) fuel form;
this addition of another barrier to fission product release [56], [54] [38]. The use of
FCM fuel, as with the UN fuel, was a development made towards improving safety
in LWRs. As with the UN TRISO particles, the same benefits can be leveraged to
enhance HTGR design’s safety features [39]. One of the current limitations of HTGRs
is the volume change of graphite under high-temperature irradiation; the graphite
initially shrinks and then experiences turnaround and swells. The initial shrinkage
and final swelling can result in up to an 8% change in original volume [13], [50]. In
addition to volumetric changes, the thermophysical properties of graphite also change
under irradiation, particularly when irradiated at high temperatures [49], [35], [28].
This instability under irradiation can impose lifetime limits on reactor cores dictated
by the graphite damage levels. The SiC employed in FCM exhibits better radiation
stability with less than a 2% volume change at relevant operating temperatures [55],

[44], [51].
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Figure 1.7: Layers in a TRISO particle [20]

15



60 mm

TRISO particle

Spherical fuel pebbles

~12 mm

0.8-1.0 mm

Cylindrical fuel compacts

Figure 1.8: The use of TRISO fuel in both pebble-bed and prismatic reactors [20]

16



==

. -~

~UN:kernel¢:

.,

Figure 1.9: Uranium nitrite TRISO particle [56]

17



A drawback to FCM fuel is that adding SiC to the fuel matrix reduces the
moderating power and, in turn, the discharge burnup and fuel utilization, resulting
in increased environmental impact [39]. // While FCM fuel using SiC has safety
advantages, an inert matrix fuel form (IMF) concept with improved moderating
power offers increased discharge burnups in addition to enhanced safety. Ceramic-
composite IMF technologies offer one solution to balancing irradiation stability with
moderating power by training a strong moderating material within an irradiation-
stable host matrix [52]. Figure 1.10 shows the composite moderator concept and the
advantages of each material being used. The host matrix provides stability, strength,
and heat conduction, while the entrained phase provides high moderation. The use of
composite moderators in HT'GR applications has been previously studied and found to
improve reactor performance metrics compared to traditional graphite reactors [34],
[18], [21]. For the moderating phase, four materials have been studied: beryllium
(Be), beryllium oxide (BeO), yttrium hydride (YHx=1.9), and zirconium hydride
(ZrHx=1.6). While the monolithic versions of these materials offer high moderation,
none intrinsically have the temperature and irradiation stability to be fielded in an
HTGR [18]. Magnesium oxide (MgO) has previously been selected as an irradiation-
stable matrix material [17], [19] and builds on past works [18], [21] to leverage the
composite moderators and UN TRISO IMF technologies to optimize micro-HTGR

performance.
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Chapter 2

Methods

This work found optimal configurations of mHTGRs using the current state-of-the-art
graphite moderator material and four composite moderator materials. The fuel-to-
moderator ratio was adjusted to achieve the highest discharge burnup in each case.
The mass of nuclear waste, fuel cost, and environmental impact were evaluated to
evaluate the benefits of composite moderators in mHTGR designs. Each metric was
then compared between the composite moderator designs, the current state-of-the-art
graphite mHTGR design, and a light water SMR and LWR from the literature. The
evaluation methods from the DOE-NE Fuel Cycle Evaluation and Screening (E&S)
study were used to calculate the mass of nuclear waste, fuel cost, and environmental
impact per unit of electrical energy produced [33]. The evaluation methods used
energy to normalize all metrics to provide a one-to-one comparison across reactor
concepts and sizes. The methods from the E&S study have been used as a basis to
evaluate: LWRs with fuel enriched over 5% [14], SMRs [6], [12], [29], externally driven
thorium [9] or uranium [27] based systems, intermediate neutron spectrum systems
for continuous thorium recycling [5], micro-heat pip cooled reactors [30], the use of

TRISO fuel in LWRs [8]. Based on the wide use in literature across multiple reactor
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concepts and proposed fuel cycles, the E&S metrics provide a basis for evaluating
and comparing fuel cycles. This work uses the E&S metrics to evaluate the optimized
micro-HTGR designs by comparing the optimized graphite reference HTGR, current
LWR, and SMR data metrics against the four composite moderator IMF designs.
Figure 2.3 shows the fuel cycle that the studied reactors use, a once-through uranium

fuel cycle in an HTGR.

2.1 Reactor Design Development

Prismatic micro-HTGR designs were considered in this work using several moderator
concepts and inert matrix fuel (IMF) forms. The size constraints were set to be 90cm
in radius to the outer reflector and a height of 395.5cm as used in [21] and inspired
by the Project Pele constraints. The power was set to 10MWth to match the power
of the HTR-10 [26].

A reference design was developed and evaluated to compare the new composite
moderator designs. The reference design is a prismatic micro-HTGR fueled by 19.9%
enriched UCO TRISO. The radius and densities of the UCO TRISO can be seen in
Table 2.1. The TRISO used in the two-phase composite moderator designs was a
19.9% enriched UN fuel. The radius and densities of the TRISO layers are shown
in Table 2.2. The radii of the TRISO particles were the same for both designs to
keep constant geometric constraints. Compared to the UCO TRISO, according to
the reference design, the UN TRISO has a higher fuel density. The higher density
and higher atom density of uranium in UN compared to UCO combine for a higher

fuel mass in the advanced reactors TRISO particles.
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Table 2.1: UCO TRISO layer radii and densities [21]

Layer Radius [cm] | Density [g/cc]
UCO kernel 0.0425 10.9
Buffer 0.0475 1.0
PyC layer 0.0510 1.90
SiC layer 0.0545 3.20
PyC layer 0.0580 1.90
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Table 2.2: UN TRISO layer radii and densities |

Layer Radius [cm] | Density [g/cc]
UCO kernel 0.0425 14.3
Buffer 0.0475 1.0
PyC layer 0.0510 1.90
SiC layer 0.0545 3.20
PyC layer 0.0580 1.90
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The IMF fuel consists of the UN TRISO entrained within a MgO ceramic matrix.
This fuel is surrounded by composite moderators in a prismatic architecture, with
the cross-section in Figure 2.1 illustrating the relative locations of the IMF and
moderators. Four entrained moderating materials were evaluated in this study as
described in Table 2.3, and reactor designs were optimized to maximize the discharge
burnup of the nuclear fuel. The micro-HTGR designs are based on previous work
looking at advanced moderator concepts [21]. Figure 2.2 shows the reactor geometry,
a radial slice (left), an axial slice (center), and fuel assembly (right). The same
designs from the previous work were used as a starting point and optimized for
discharge burnup. The discharge burnup was optimized by changing the lattice pitch
and TRISO packing fraction to change the fuel-to-moderator ratio within the reactor
core. In this optimization process, the reactors were simulated in the Monte Carlo
neutronic code Serpent, a 3D continuous-energy Monte Carlo reactor physics burnup
calculation code using ENDF /B-VII.1 cross-sections. The reactors were then depleted
to subcritical, and the discharge burnup was calculated for when reactivity reached
zero. Simulations were run with lattice pitches of 2.0, 2.2, 2.4, and 2.5cm and for
TRISO packing fractions between 5 and 50% at increments of 5% for each lattice pitch.
This optimization was independently performed for the four IMF concepts and the
graphite reference. In total, 200 reactor designs were evaluated using Serpent. Based
on the results of the optimization study, an optimal core configuration was selected
for each IMF concept based on producing the highest discharge burnup. Evaluation
metrics were then calculated for the optimal configurations for the IMF concepts and
the reference graphite design. The evaluation metrics were then compared between
the IMF concepts and the graphite reference designs, a light water small modular

reactor (SMR) and a traditional large light water reactor (LWR).
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TRISO particles
Monolithic IMF

Two-phase moderator

Figure 2.1: IMF within a prismatic reactor platform
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Table 2.3: Two-phase composite moderator materials and volume percent [21]

Composite Moderator | Host Material | Moderator Material
MgO — Be M gO60% Be40%
MgO — BeO M gO60% BeO40%
MgO —-YH19 M gO85% Y H1.915%
MgO — ZrH1.6 M gO85% ZrH1.615%
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Figure 2.2: Radial (left) and axial (middle) crosscut of the prismatic microreactor.
Prismatic microreactor assembly (right) [21]
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Figure 2.3: Once-through fuel cycle diagram (EG02). Reproduced from the E&S
study [33]
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2.2 Waste Metric Calculations

Equation 2.1 calculates the mass of SNF&HLW. The SNF&HLW includes the heavy
metal and fission products from the initial fuel mass but does not include any
structural materials [33]. The mass of SNF&HLW depends only on the fuel discharge
burnup and the thermal-to-electrical efficiency of the reactor designs. In Equation
2.1: DB is the discharge burnup, and € is the thermal to electrical efficiency of the
reactor, assumed to be 0.5 for the HTGRs.

1

Msnreniw[MTHM/GWe — y| = DBr 1 (2.1)

365.25 €

Several intermediate values are needed to calculate the metrics to evaluate the
reactor, the mass of fuel moving through the fuel cycle (My), the number of separative
work units (SWU) needed for enrichment, the equation to calculate SWU needs the
result of the value function (V(wt%)) for the fuel, natural and depleted uranium
enrichment percentages. Equation 2.2 is used to calculate the energy normalized
mass flow based on the thermal power of the reactor (Pipermar), the electrical power
of the reactor (P.jecire), and the discharge burnup of the fuel (DB). The SWU is
calculated using Equation 2.1 based on the energy normalized mass of fuel, depleted,
and natural uranium: (M, Mpy, and M, ), and results of the value function for their

respective enrichment’s. The value function is shown in Equation ?? and depends

only on the weight percent enrichment of U-235 for the evaluated design.

Mf = Pthermal/(Pelectirc * DB) (22)
SWU[k?SWU/GWG — y] = Mfo(Fen) + MDUVf(Den) — MNATVf(Nen) (23)

V(wth) = (1 — 2% wt%) = In((1 — wt%h)/(wth)) (2.4)
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The volume of low-level waste (LLW) was calculated for each reactor using
Equation 2.5. The C,,, and Cy, values are multiplier constants for volume LLW
produced during the enrichment and fabrication, and C,.. is an additive constant of
LLW produced during reactor operations. All three metrics are from the evaluation
and screening study and are 0.44 [m3/kSWU], 0.945 [m3/tHM], and 261 [m3/GWe-y|
for the enrichment, fabrication, and reactor operations stages, respectively [33]. The
reactor operation stage produces most of the LLW, including the waste produced
during the reactor decommissioning process. This large constant contribution from
general operation independent of reactor concepts will result in reduced improvement
in this metric due to better fuel utilization having a more limited effect on the overall
volume of LLW produced per unit of energy generated. For the graphite reference
micro-HTGR, the volume of the moderator graphite material in the fuel assemblies
was also considered LLW. The moderator material in the two-phase IMF' designs was

not considered LLW based on being more stable under neutron irradiation.

LLW[m?/GWe — y] = Cepyp ¥ SWU + Clap % My + Cree (2.5)

The mass of depleted uranium is calculated as a separate metric from the SNF&HLW,
as its radioactivity does not dictate the same isolation level [33]. The metric is still
considered nuclear waste, requiring a disposal path, though it will be unique from the
SNF&HLW path. Since no reprocessing is considered in the studied fuel cycles, the
mass of depleted uranium is the difference between the natural uranium used and the

fuel mass, as shown in Equation 2.6.

Mpy[MTDU/GWe —y] = Myar — Msnreniw (2.6)
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2.3 Environmental Impact Calculations

The mass of natural uranium used by the reactor designs over the fuel cycles was
evaluated. The mass of natural uranium is considered elemental uranium and provides
a measure of natural resources utilized for each reactor concept [33]. Equation 2.7
shows the equation used to calculate the mass of natural uranium used based on the
fuel mass flow and the enrichment of the fuel, tails, and natural uranium: Ey,¢ = 19.9,

FEivis = 0.25, and E,qpra = 0.711 weight percent U-235 respectively.

Efuel - Etails

Enatural - Etails

The mass of carbon dioxide, the land area, and the water volume are calculated
using multipliers for each stage of the fuel cycle, shown in Tables 2.4, 2.5, and
2.6 and taken from the evaluation and screening study [33]. The fuel cycle can
be broken into four major stages: the front-end fuel cycle, fuel fabrication, reactor
operation, and disposal and transportation. The front end of the fuel cycle includes
the mining and milling process, uranium conversion, enrichment, and deconversion.
The fuel fabrication is not broken down into sub-processes. The reactor stage includes
reactor construction, operation, and waste conditioning processes. The disposal
and transportation process includes shallow land burial, geologic repository, interim
storage, and waste packages and drip shields processes. Multipliers for each of the
environmental impact metrics are included for each applicable stage and sub-process
in Tables 2.4, 2.5, and 2.6, not all processes contribute to all metrics. To calculate
the total energy normalized value of the metrics, the multipliers at each stage are
multiplied with the re-normalization factor relevant to the process as listed in Tables
2.4, 2.5, and 2.6, the re-normalization parameters were calculated using Equation 2.1,

Equation 2.2, Equation 2.3, Equation 2.7, and Equation 2.6. The reactor construction
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and operations values are independent of fuel cycle choice. They are not multiplied
by any re-normalization constant but are given in energy-normalized units and added

to the total values.

The mass of carbon dioxide includes carbon dioxide produced from producing the
energy used in the fuel cycle and that produced by the manufacturing of materials
consumed over the fuel cycle [33]. Examples of carbon dioxide production across the
fuel cycle include electricity and heat for operating the non-power plant facilities:
fuel fabrication, waste storage facilities, emissions for mining and transportation
equipment, and from the concrete used in the construction of the various facilities
involved, including the nuclear power plant. Table 2.4 shows the multiplier constants
for carbon dioxide. The fuel cycle’s mining, milling, and conversion phases have
significant carbon dioxide multiplier constants. As both these multipliers are
normalized using the mass of natural uranium, the increased enrichment in the HTGR
designs leading to increased natural uranium utilization will also increase the carbon
dioxide produced over the fuel cycle. The reactor construction also has a large additive
constant to the carbon dioxide mass that the IMF reactor designs will not impact.
The large quantities of carbon dioxide produced during the fuel fabrication process
and in the disposal of SNF&HLW, such as waste conditions, geologic repository,
interim storage, waste packages, and drip shields, provide potential benefits from the
IMF reactor concepts. The fuel fabrication is re-normalized using the fuel mass flow,
and the SNF&HLW disposal multipliers are all re-normalized utilizing the mass of
SNF&HLW. Both the total fuel mass and mass of SNF&HLW are expected to be
reduced in the IMF reactor designs. Leading to significant reductions in the mass of

carbon dioxide produced.
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Table 2.4: Multiplier constants for carbon dioxide use calculations [33]

Process Multiplier Units
Mining/Milling 8.3FE04 kg/MTNU
Conversion 2.2E04 kg/MTNU
Enrichment 2.8E01 kg/SWU
Deconversion —3.2E03 | kg/MTDU
Fabrication 2.85FE05 | kg/MTIHM

Reactor Operation L16E0T | kg/GWe —y

Transports 1.82E00 | kg/MTIHM

Repository Excavation | 2.49E04 | kg/MRIHM

Repository Operations | 6.32E04 | kg/MTIHM

Waste Fabrication 2.71E04 | kg/MTIHM

Waste Package 291FE04 | kg/MTIHM

Waste Drip Shield 1.30E03 | kg/MTIHM

Concrete Manufacture | 3.11E04 | kg/MTIHM
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The land area metric considers the land area utilized across the fuel cycle,
including mining, fuel production facilities, reactor sites, exclusion zones, and waste
disposal sites [33]. From Table 2.5, the mining and milling, fuel fabrication, reactor
operation, and geological repository significantly impact the land area used. The
mining and milling process uses a large land area in the mining process, which is
lumped with milling since this process generally occurs at the mining site [33]. The
fuel fabrication multiplier is based on the land area, lifetime, and annual throughput
of the Westinghouse Columbia UOX fuel fabrication plant [33]. The reactor operation
term is the largest of the terms for land area, and while it is an additive rather than
mutative constant, it will have a notable impact on the land area used. The significant
value of land area used in reactor operations is driven by the assumption that the
exclusion area is non-recoverable and counted as the area used [33]. Finally, the
geological repository impact comes from the need to store the spent fuel in permanent
isolation and again accounts for the radiological exclusion zone around the actual
repository [33]. When applying these values to the IMF micro-HTGRs in this work,
the higher enrichment will increase land area at the mining and milling stage by
requiring more natural uranium. This increase will be more than counteracted by
the decreased land area at the fuel fabrication and geological repository stages due
to high burnups. This reduction leads to less fuel needing to be fabricated and
less SNF&HLW production. Table 2.6 shows the multiplier constants for the water
volume used at each fuel cycle stage. All multiplier values come from the evaluation
and screening study [33]. The multipliers in Table 2.6 show that the reactor operation
constant is orders of magnitude greater than any of the other constants. Since the
rector operation is an additive constant and is not multiplied by anything over the
fuel cycle, the potential impact on water usage is limited to its effect on the other

constants.
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Table 2.5: Multiplier constants for land use calculations [33]

Process Multiplier Units
Mining 28E —04 km?/MTNU
Conversion 33E—-06 | km?/MTNU
Enrichment 9.0E — 09 km?/SWU
Deconversion 9.3E —05 | km?/MTDU
Fabrication 1.02E — 04 | km?/MTIHM

Reactor Operation | 7.27TE — 02 | km?/GWe —y

Waste conditioning | 4.41F — 05 | km?/MTIHM

Land Burial 9.74E — 06 | km?*/MTDU
Repository 1.5% E—03 | km?/MTIHM
Interim 3.0« E—05 | km?*/MTIHM
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Since the rector operation is an additive constant and is not multiplied by anything
over the fuel cycle, the potential impact on water usage is limited to its effect on the
other constants. Due to the large discrepancy in magnitude, the volume of water used
per unit of energy generated is almost entirely constant across all reactor designs.
The significance of the reactor operation phase comes from water being used as the
ultimate heat sink. In the power generating loop of a nuclear reactor plant, water is
boiled, run through a steam turbine to produce electricity, and then condensed back
to a liquid state. This condensing step is achieved using a water source to reject the

heat not extracted by the turbine.

2.4 Fuel Cost Calculations

The last metric evaluated for the various reactor designs was the front-end fuel cycle
cost. The fuel cycle cost considers the cost of fuel procurement from the mining to the
complete fabricated fuel. This value is calculated by applying a multiplier constant at
each stage of the process to the mass of material that undergoes the process. These
processes include the mining and milling of natural uranium, the conversion of natural
uranium, the enrichment of the uranium, the disposal of the depleted uranium, and
the cost of fabricating the fuel. The multiplier constants are shown in Table 2.7.
From Table 2.7, the fuel fabrication cost dominates the cost metric due to being two
orders of magnitude greater than all other multiplier constants. The high fabrication
cost is due to uranium nitride TRISO fuel being a newer fuel form and not benefiting
from an established supply chain. Table 2.8 shows the multiplier constants used for
the LWR cost calculations done for an LWR and SMR to compare to the HTGR

reactors.
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Table 2.6: Multiplier constants for water use calculations [33]

Process Multiplier Units

Mining/Milling 85FE —01 | ML/MTNU

Conversion 6.5FE—02 | ML/MTNU

Enrichment 29FE —05 ML/SWU

Deconversion 53E—-04 | ML/MTDU

Fabrication 141E—-01 | ML/MTIHM

Reactor Operation | 2.37E04 | ML/GWe —y

Waste conditioning | 4.83E — 01 | ML/MTIHM

Land Burial 23FE —04 ML/MTDU

Repository 1.43E — 01 | km?/MTIHM
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Table 2.7: Costs associated with TRISO fuel fabrications [38§]

Category Cost Multiplier Parameter
Mining/milling 110,000 120 Moarurat( Giyeyear)
Conversion 12,000 AgTS]?U) Mnatural(mMZ—%)
Enrichment 100 32 SWU(WSeL_ZeM)
Depleted Uranium Disposal 4,000 A%:qu M DU(%)

Fuel fabrication

10,000,000 22—

)

Mflow(%)
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Table 2.8: Costs associated with LWR fuel fabrications [33]

Category Cost Multiplier Parameter
Mining/milling 135,000 57005 | Muatural(Giifeyear)
Conversion 12,000 ZéJTS]?U M, atural (%)
Deconversion 6,000 250~ MDU(%)
Enrichment 97 Z38 SWU (%)
Depleted Uranium Disposal | 587,000 % M DU(%)
Fuel fabrication 350,000 17777757 | Mptow(Gipervear)
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2.5 Activity Calculations

Equation 2.8 is used to calculate the activity of the SNF&HLW for a given time after
reactor operations. The activity of the SNF&HLW, A(t), is calculated using Serpent
at 100 and 100,000 years after reactor shutdown. The initial fissile mass, M ¢;ssize, and
total fuel mass My, are then used to energy normalize the activity. The activity is
evaluated at 100 and 100,000 years to compare the fuel’s disposal hazard after the
initial cooling period, 100 years, and the long-term potential exposure if the waste

was released at 100,000 years [33].

Activity(t) * Mg /M tission (2.8)

40



Chapter 3

Results

3.1 Design optimization

Material optimization sweeps were performed to find the best possible geometric
configuration for the micro-reactor for each moderator. Due to all of the metrics
of interest being dependent on the discharge burnup of the nuclear reactor fuel,
the optimization was done based on maximizing the discharge burnup. The outer
dimensions of the reactor were held constant, and the fuel blocks” TRISO packing
fraction and lattice pitch varied. Changing the TRISO packing fraction increases or
decreases the total fuel volume in the reactor and, therefore, the fuel-to-moderator
ratio within the reactor. Changing the lattice pitch varies how spread out the fuel
elements are within the reactor, changing the distance between them and the ratio of
the moderator to reflector within the reactor. The TRISO packing fraction was varied
from 5 to 50 percent, and the lattice pitch from 2.0 to 2.5cm for all five moderator
material designs.

Figure 3.1 shows a contour plot of the optimization sweep performed for the reference

graphite moderated prismatic mHTGR. The X-axis shows the changing lattice pitch
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from 2.0 to 2.5cm. The lattice pitch references the spacing between the fuel and
coolant channels in the prismatic blocks within the reactor. The fuel elements will be
placed further apart in the reactor for a larger lattice pitch. The number of lattices,
their size, and the number of fuel and coolant channels in each block remain constant.
Therefore, changes in lattice pitch do not change the mass of fuel within the reactor.
Since the number of fuel blocks is not changed, a smaller lattice pitch leads to a smaller
core and, therefore, a larger reflector since the outer reactor diameter is constant.
The Y-axis shows the variation in the TRISO packing fraction within the fuel elements
in the reactor. The packing fraction is the percentage of the fuel compact volume
comprised of TRISO fuel particles. In this way, a larger TRISO packing fraction
means more fuel is in the reactor system. Since the additional fuel is added by
packing more fuel into the existing fuel elements. Changing the fuel volume changes
the fuel-to-moderator ratio within the reactor.

The contour plot’s color shows the fuel’s discharge burnup within the reactors in
GWd per ton. The scale runs from dark blue at 0 to bright red at greater than
90GWd/ton. The black lines on the contour plot are lines of constant discharge
burnup. The purpose of this plot is to locate the optimal configuration for the
graphite mHTGR. The primary goal is to reduce the mass of spent nuclear fuel
and high-level waste, the volume of low-level nuclear waste produced, and the mass
of depleted uranium produced per unit of energy generated. The secondary goal is to
reduce the cost of the initial fuel loaded into the reactor per unit of energy that will
be generated. Thirdly, the goal is to limit the environmental impact of the reactor
operation. The environmental impact of the reactor operation is evaluated based on
the mass of carbon dioxide released, the volume of water consumed, and the mass of
natural uranium utilized per unit of energy generated. The last metrics study is the

activity of nuclear waste 100 and 100,000 years after reactor shutdown per unit of
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energy generated. Here, the objective is to avoid significant increases in nuclear waste
activity compared to traditional reactor technologies on a per-unit energy basis. All
of these metrics are driven by the discharge burnup of the nuclear fuel and are reduced
with increasing discharge burnup. Therefore, according to all the desired metrics, the
optimal design will be the design with the highest burnup.

Looking at Figure 3.1, it can be seen that as a general trend, the discharge burnup
increases with increasing lattice pitch. An exception to this trend occurs at a ten
percent TRISO packing fraction. When the TRISO packing fraction is at or near
ten percent, the discharge burnup increases with increasing lattice pitch up to a
lattice pitch of 2.4cm, and beyond a lattice pitch of 2.4cm, the discharge burnup
begins to decrease with increasing lattice pitch. The increasing discharge burnup
with increasing lattice pitch indicates that with more space between the fuel elements,
neutrons are more likely to be born in one fuel element and reach thermal energies
after traveling to another fuel element, causing an additional fission in the new fuel
element. The trade-off with increased distance between fuel elements is that this
increases the reactor core size and places the outer fuel elements closer to the edge of
the reactor. Having fuel closer to the reactor edge increases the chances that neutrons
will leak out of the reactor rather than being slowed to thermal energies in the reactor
and causing additional fissions.

Looking at the trend between the TRISO packing fraction and discharge burnup in the
graphite system optimized in Figure 3.1, it is seen that increasing the TRISO packing
fraction generally causes a decrease in the discharge burnup. This trend of decreased
discharge burnup with increasing TRISO packing fraction is seen only in TRISO
packing fractions above 10 percent. The discharge burnup increases with increasing

TRISO packing fraction up to the inflection point at 10 percent TRISO packing.
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This inflection point represents the optimal fuel-to-moderator ratio. The fuel-to-
moderator ratio represents the reactor system’s fuel volume versus the moderator
material’s volume. With too much fuel, the system is considered under-moderated.
In under-moderated systems, moderator material is insufficient to slow the neutrons
born from fission events to thermal energies before leaking. The high leakage system
leads to lower discharge burnup since fewer neutrons are in the system to maintain the
chain fission reaction. With fewer neutrons, the system will become sub-critical with
more fuel not being burned, reducing the discharge burnup. Above the ten percent
TRISO packing fraction, the discharge burnup decreases with increasing fuel due to
the under-moderated system. For the values below the ten percent TRISO packing
fraction, the system becomes over-moderated. In this case, the neutrons are slowed
down too quickly and are parasitically absorbed by the moderator material before
they have a chance to cause additional fission reactions. In the under-moderated
systems, increasing the lattice pitch increases discharge burnup by moving more of
the fuel toward the edge of the reactor, where the neutrons are more likely to be at
thermal energies after traveling from the center of the reactor.

Overall, Figure 3.1 shows the optimization sweeps performed to find the optimal
configuration of a graphite mHTGR based on finding the highest possible discharge
burnup. From Figure 3.1, the optimal configuration for a graphite mHTGR is a ten
percent TRISO packing fraction in the fuel elements with a 2.4cm lattice pitch in the
prismatic fuel blocks. This optimized graphite design will be used as the benchmark

with which the composite moderator designs are compared.
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Figure 3.1: Contour plot of discharge burnup as a function of lattice pitch and
TRISO packing fraction for the reference graphite design
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Figure 3.2 shows a contour plot of the optimization sweep performed for the
M gOBeO moderated prismatic mHTGR. From Figure 3.2, it can be seen that the
effect of the lattice pitch on the discharge burnup is different depending on whether
the TRISO packing faction is above or below 10 percent. When the TRISO packing
fraction is above ten percent, the lattice pitch increases the discharge burnup for a
constant TRISO packing fraction. This increase in burnup with increased lattice
pitch indicates that a larger reactor core with a smaller reflector region is more
optimal at higher TRISO packing fractions. The benefit of a larger core size points
to a benefit in the fuel elements being placed further apart, allowing more space for
neutrons to reach thermal energies when being born in one fuel element and then
traveling to another. In the region below the ten percent TRISO packing fraction,
the lattice pitch reduces discharge burnup. At a low TRISO packing fraction, around
8 percent, a local maximum discharge burnup is seen at a lattice pitch of 2.2cm. This
maximum represents the point that best balances the separation of fuel elements to
allow neutrons to reach thermal energies as they travel between fuel elements and the
benefits of a larger reflector region in reducing neutron leakage by scattering neutrons
back into the reactor core.

Looking at the TRISO packing fraction shown along the Y-axis, it can be seen
that for a set lattice pitch, the discharge burnup increases with increasing TRISO
packing fraction to a local maximum at 10 percent TRISO packing and then decreases
with further increasing TRISO packing fraction. Varying the TRISO packing
fraction varies the fuel-to-moderator ratio by increasing the fuel volume for the same
moderator volume. For the prismatic design, the MgO matrix that contains the
TRISO particles is not considered a moderator. Therefore, the increase in TRISO
packing fraction does not reduce the moderator material by its addition. This effect

on the fuel-to-moderator ratio leads to the conclusion that the designs with less than
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a 10 percent TRISO packing are over-moderated. The systems with over a 10 percent
TRISO packing fraction are under-moderated.

As the TRISO packing fraction increases, the fuel-to-moderator ratio is increased.
Increasing the fuel-to-moderator ratio increases thermal utilization and decreased
residence escape probability, as well as fast and thermal non-leakage factors. The
increased thermal utilization factor is driven by the increase in fuel volume, making it
more likely for a thermal neutron in the reactor to be absorbed in the fuel rather than
another material. The increase in the residence escape probability comes from the
reduction in moderator volume relative to the fuel. The neutrons, therefore, take more
time and travel further as they slow to thermal energies and have more opportunities
to be absorbed during the slowing down process. The reduced moderator also drives
the fast and thermal non-leakage probabilities compared to fuel; with less moderator
material, the neutrons are more likely to leak out of the system before interacting.
Based on these values, a higher fuel-to-moderator ratio is favorable for the thermal
utilization factor. In contrast, a low fuel-to-moderator ratio favors higher residence
escape probability and non-leakage factors. Therefore, the TRISO packing fraction
variation seeks the optimum where the opposing benefits are best balanced.

From Figure 3.2, the optimization sweeps that were performed to find the optimal
configuration of a M gO BeO moderated mHTGR based on finding the highest possible
discharge burnup are shown. From Figure 3.2, the optimal configuration for a
M gOBeO moderated mHTGR is found to be a ten percent TRISO packing fraction
in the fuel elements with a 2.4cm lattice pitch in the prismatic fuel blocks. This
optimized M gOBeO moderated design will be used to calculate all the evaluated

metrics.
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Figure 3.2: Contour plot of discharge burnup as a function of lattice pitch and
TRISO packing fraction for the MgO-BeO concept
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Figure 3.3 shows a contour plot of the optimization sweep performed for the
M gOBe moderated prismatic mHTGR. From Figure 3.3, it can be seen that the
effect of the lattice pitch on the discharge burnup is different depending on whether the
TRISO packing faction is above or below fifteen percent. When the TRISO packing
fraction is above fifteen percent, the lattice pitch increases the discharge burnup for a
constant TRISO packing fraction. This increase in burnup with increased lattice pitch
indicates that a larger reactor core with a smaller reflector region is more optimal at
higher TRISO packing fractions. The benefit of a larger core size points to a benefit
in the fuel elements being placed further apart, allowing more space for neutrons to
reach thermal energies when being born in one fuel element and then traveling to
another. In the region below fifteen percent of the TRISO packing fraction, the same
general trend of increased discharge burnup with increased lattice pitch is observed.
This trend of increased discharge burnup with increased lattice pitch does not hold
for TRISO packing fractions from around seven to thirteen percent and a lattice pitch
over about 2.45cm. This indicated that ,the larger core with a larger lattice pitch
leads to increased leakage, which is greater than increased thermal utilization in this
region.
Looking at the TRISO packing fraction shown along the Y-axis, it can be seen
that for a set lattice pitch, the discharge burnup increases with increasing TRISO
packing fraction to a local maximum at 10 percent TRISO packing and then decreases
with further increasing TRISO packing fraction. Varying the TRISO packing
fraction varies the fuel-to-moderator ratio by increasing the fuel volume for the same
moderator volume. For the prismatic design, the MgO matrix that contains the
TRISO particles is not considered a moderator. Therefore, the increase in TRISO
packing fraction does not reduce the moderator material by its addition. This effect

on the fuel-to-moderator ratio leads to the conclusion that the designs with less than
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a 10 percent TRISO packing are over-moderated. The systems with over a 10 percent
TRISO packing fraction are under-moderated.

As the TRISO packing fraction increases, the fuel-to-moderator ratio is increased.
Increasing the fuel-to-moderator ratio increases thermal utilization and decreased
residence escape probability, as well as fast and thermal non-leakage factors. The
increased thermal utilization factor is driven by the increase in fuel volume, making it
more likely for a thermal neutron in the reactor to be absorbed in the fuel rather than
another material. The increase in the residence escape probability comes from the
reduction in moderator volume relative to the fuel. The neutrons, therefore, take more
time and travel further as they slow to thermal energies and have more opportunities
to be absorbed during the slowing down process. The reduced moderator also drives
the fast and thermal non-leakage probabilities compared to fuel; with less moderator
material, the neutrons are more likely to leak out of the system before interacting.
Based on these values, a higher fuel-to-moderator ratio is favorable for the thermal
utilization factor. In contrast, a low fuel-to-moderator ratio favors higher residence
escape probability and non-leakage factors. Therefore, the TRISO packing fraction
variation seeks the optimum where the opposing benefits are best balanced.

From Figure 3.3, the optimization sweeps that were performed to find the optimal
configuration of a M gO Be moderated mHTGR based on finding the highest possible
discharge burnup are shown. From Figure 3.3, the optimal configuration for a M gO Be
moderated mHTGR is found to be a ten percent TRISO packing fraction in the fuel
elements with a 2.2cm lattice pitch in the prismatic fuel blocks. This optimized

M gO Be moderated design will calculate all the evaluated metrics.
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Figure 3.3: Contour plot of discharge burnup as a function of lattice pitch and
TRISO packing fraction for the MgO-Be design



Figure 3.4 shows a contour plot of the optimization sweep performed for the
MgOY H,—19 moderated prismatic mHTGR. From Figure 3.4 it can be seen that
increasing the lattice pitch leads to an increase in the discharge burnup for a constant
TRISO packing fraction. The larger lattice pitches create larger core regions with
reactors of constant size, reducing the reflector thickness. The increase in discharge
burnup with increased lattice pitch indicated that with the fuel elements further
separated, the neutrons burned in one fuel element are more likely to reach thermal
energies and be absorbed by the time they reach another. This trend of increasing
discharge burnup with increasing lattice pitch is only broken for TRISO packing
fractions above thirty-five percent and only for lattice pitches beyond 2.4cm.

For the TRISO packing fraction, it can be seen that an increase in the TRISO
packing fraction leads to an increase in the discharge burnup of the reactor design.
As the TRISO packing fraction increases, the fuel-to-moderator ratio is increased.
Increasing the fuel-to-moderator ratio increases thermal utilization and decreased
residence escape probability, as well as fast and thermal non-leakage factors. The
increased thermal utilization factor is driven by the increase in fuel volume, making it
more likely for a thermal neutron in the reactor to be absorbed in the fuel rather than
another material. The increase in the residence escape probability comes from the
reduction in moderator volume relative to the fuel. The neutrons, therefore, take more
time and travel further as they slow to thermal energies and have more opportunities
to be absorbed during the slowing down process. The reduced moderator also drives
the fast and thermal non-leakage probabilities compared to fuel; with less moderator
material, the neutrons are more likely to leak out of the system before interacting.
Based on these values, a higher fuel-to-moderator ratio is favorable for the thermal
utilization factor. In contrast, a low fuel-to-moderator ratio favors higher residence

escape probability and non-leakage factors. Therefore, the TRISO packing fraction
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variation seeks the optimum where the opposing benefits are best balanced. The
TRISO packing fraction and the discharge burnup increase together, meaning that the
thermal utilization factor is the limiting factor for further increases in reactivity and,
therefore, discharge burnup. The thermal utilization factor has a greater effect than
the combined effect of the non-leakage factors and the residence escape probability
for two main reasons. Firstly, a large amount of hydrogen within the yttrium hydride
is an excellent moderator. It slows down the fast neutrons born from fission before
reducing the time and distance they have to be absorbed or leak. The second reason
is that the yttrium within yttrium hydride has a high absorption cross section for
thermal neutrons and, therefore, parasitically absorbs thermal neutrons, reducing
the thermal utilization factor. Adding more fuel through increased TRISO packing
fraction counters the reduction in the thermal utilization factor caused by the yttrium.
From Figure 3.4, the optimization sweeps that were performed to find the optimal
configuration of a Prisy H,—;9 moderated mHTGR based on finding the highest
possible discharge burnup are shown. From Figure 3.4, the optimal configuration
for a PrisyH,—19 moderated mHTGR is found to be forty-five percent TRISO
packing fraction in the fuel elements with a 2.4cm lattice pitch in the prismatic fuel
blocks. This optimized Prisy H,—19 moderated design will be used to calculate all
the evaluated metrics.

Figure 3.5 shows a contour plot of the optimization sweep performed for the
MgOZrH,—¢ moderated prismatic mHTGR. Looking at the lattice pitch changes
along the X-axis in Figure 3.5 for a set TRISO packing fraction, the trend can be
seen that below a packing fraction of twenty percent, the discharge burnup increases
with increasing lattice pitch. The larger lattice pitches create larger core regions with

reactors of constant size, reducing the reflector thickness.
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The increase in discharge burnup with increased lattice pitch indicated that with
the fuel elements further separated, the neutrons burned in one fuel element are more
likely to reach thermal energies and be absorbed by the time they reach another. This
trend of increasing discharge burnup for increasing lattice pitch breaks down past a
TRISO packing of twenty percent. For TRISO packing fractions higher than twenty
percent, the highest discharge burnup is seen for packing fractions in the middle of
the range studied. This shift from the highest lattice pitches is due to higher leakage
and increased fuel-to-moderator ratio at the higher TRISO packing fractions. The
large lattice pitch worsens the increased leakage by moving fuel elements closer to the
edge of the reflector.

Looking at the Y-axis in Figure 3.5, it is seen that the discharge burnup increases with
increasing TRISO packing fraction up to a TRISO packing fraction of forty percent.
As the TRISO packing fraction increases, the fuel-to-moderator ratio is increased.
Increasing the fuel-to-moderator ratio creates an increased thermal utilization factor,
decreased residence escape probability, and fast and thermal non-leakage factors. The
increased thermal utilization factor is driven by the increase in fuel volume, making it
more likely for a thermal neutron in the reactor to be absorbed in the fuel rather than
another material. The increase in the residence escape probability comes from the
reduction in moderator volume relative to the fuel. The neutrons, therefore, take more
time and travel further as they slow to thermal energies and have more opportunities
to be absorbed during the slowing down process. The reduced moderator also drives
the fast and thermal non-leakage probabilities compared to fuel; with less moderator
material, the neutrons are more likely to leak out of the system before interacting.
Based on these values, a higher fuel-to-moderator ratio is favorable for the thermal
utilization factor. In contrast, a low fuel-to-moderator ratio favors higher residence

escape probability and non-leakage factors. Therefore, the TRISO packing fraction
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variation seeks the optimum where the opposing benefits are best balanced. This
balance is found at a thirty percent TRISO packing fraction.

From Figure 3.5, the optimization sweeps that were performed to find the optimal
configuration of a PriszrH,—;¢ moderated mHTGR based on finding the highest
possible discharge burnup are shown. From Figure 3.5, the optimal configuration for
a PriszrH,—,¢ moderated mHTGR is found to be thirty percent TRISO packing
fraction in the fuel elements with a 2.2cm lattice pitch in the prismatic fuel blocks.
This optimized PriszrH,—,¢ moderated design will be used to calculate all the
evaluated metrics.

Table 3.1 shows the optimum configurations for each moderator material regarding
the TRISO packing fraction and lattice pitch. The graphite and the beryllium cases
have the same optimum configuration with 10 percent TRISO packing and a lattice
pitch of 2.4cm. The beryllium oxide is optimized for the same packing fraction but
with a smaller lattice pitch of only 2.2cm compared to the beryllium and graphite
cases. The reduced lattice pitch puts the fuel closer together, providing more reflector
around the fueled region and reducing leakage to account for the reduced moderation
of the beryllium oxide compared to the beryllium case due to the addition of oxygen.
The yttrium hydride cases have an optimal lattice pitch of 2.4cm, as was seen in
the beryllium and graphite, but with a greatly increased packing fraction of 45
percent. The higher packing fraction is optimal in the yttrium cases because the
hydrogen in the yttrium hydride is a better moderator than the graphite or beryllium.
Additionally, a higher fuel volume is needed to overcome the parasitic absorption of
the yttrium, reducing the thermal utilization factor. For the zirconium hydride, the

optimal packing fraction is 30 percent, while the optimal lattice pitch is 2.2cm.

o6



0.50

90

0.45

80

0.40
- 70 &
)
c rw
S 0.35 ]
I L 60 S
£ o
5 0.30 o
i - 50 €
> 5
8 0.25 @
o Q
o L 40 g
= 0.20 <
& a
o)

0.15

0.10 . 60 (GWd/toN) o cyjton)
Wwd/ton) p—
0.05

2.0 2.1 2.2 2.3 2.4 2.5
Lattice Pitch (cm)
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Table 3.1: Optimal prismatic core configuration for discharge burnup.

Moderator Material

TRISO packing fraction %

Fuel pin lattice pitch (cm)

Graphite 10 2.4
MgOBeO 10 2.4
MgOBe 10 2.2
MgOY Hy—19 45 2.4
MgOZrH,—14 30 2.2
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The reduced TRISO packing fraction compared to the yttrium is due to the
zirconium being less likely to parasitically absorb thermal neutrons, requiring less
fuel. The zirconium hayride has better moderation over the graphite and beryllium

cases and can support a higher TRISO packing fraction.

3.2 Waste Metric

The first set of metrics evaluated to determine the benefits of using composite
moderators in mHTGRs is the nuclear waste metrics. For the nuclear waste metrics,
the mass of spent nuclear fuel and high-level waste (SNF&HLW), the mass of depleted
uranium (DU), and the volume of low-level waste (LLW) were all evaluated on a per
unit energy generated basis.

Figure 3.6 shows the results for the SNF&HLW calculations. Here, the SNF&HLW
is calculated for each reactor design on a per unit of energy generated annually basis.
The normalization based on the energy generated allows for a one-to-one comparison
with other reactor concepts on different scales. In this case, the composite moderator
mHTGR results are compared with a graphite mHTGR at the same size, considered
the current state of the art, and labeled as the reference case. The percentage
reduction in energy normalized mass of SNF&HLW for each moderator concept
compared to the reference graphite design is displayed in Figure 3.6 above the bar of
each composite moderator result. Additionally, the composite moderator results are
compared to a light water small modular reactor from the literature shown in gray
and labeled SMR [12]. The results from a large light water reactor from the literature
are also shown in the plot in black and labeled as LWR [12].

Looking at Figure 3.6, it is clear that mHTGRs produce less mass of SNF&HLW per

29



unit of energy generated compared to large LWRs and light water SMRs. A large
reduction can already be seen when comparing only the graphite reference to the LWR
and SMR. Additional reductions are observed in the composite moderator mHTGRs.
Compared to the graphite reference, the beryllium oxide reactor produces 12.6 percent
less mass of SNF&HLW per unit of energy generated. The beryllium case shows a
302 percent reduction in mass of SNF&HLW per unit of energy generated, and the
yttrium hydride slightly greater reduction of 31.8 percent mass of SNF&HLW per unit
of energy generated. The best performer is the zirconium hydride, showing a 45.0
percent reduction in mass of SNF&HLW per unit of energy generated compared to
the graphite reference reactor. With the graphite reference already performing better
when compared with traditional light water reactor technologies, all the composite
moderators show good improvement.

The decrease in mass of SNF&HLW per unit of energy generated in the graphite
HTGR compared to the light water designs is due to the mHTGR using fuel with
a higher enrichment of uranium 235. Traditional light water reactors such as the
LWR and SMW are considered here to use fuel with less than 5 percent uranium
235. In contrast, all mHTGR designs use fuel enriched to 19.5 percent uranium 235.
The higher enrichment in the mHTGRs allows for greater discharge burnup. The
reactor can maintain criticality after more fuel has been burned due to the increased
uranium 235 atoms available to cause fissions. This higher fuel enrichment allows the
mHTGRs to achieve higher burnups despite having greater neutron leakage than large
light water reactors due to their smaller size. The additional neutron leakage seen
in smaller reactor systems is the primary cause of the SMR producing more mass of
SNF&HLW per unit of energy generated compared to the LWR. The SMR and LWR
are light water reactors using less than 5 percent enriched uranium 235 fuel. However,

the smaller dimensions of SMR lead to increased neutron leakage. The increase in

60



neutron leakage means fewer neutrons are available to cause fissions; therefore, more
fuel is required to maintain criticality. With more fuel required, the reactor becomes
sub-critical earlier in its lifetime as fuel is burned and the number of uranium 235
atoms decreases.

The composite moderator mHTGRs achieve a lower mass of SNF&HLW per unit
of energy generated than the graphite reference case by reaching a higher discharge
burnup. The composite moderators have higher moderating power when compared
to graphite, allowing for reduced leakage from the system and, therefore, an increase
in discharge burnup. In the cases of the hydride moderators, the high moderating
power of the composite moderators allows for more fuel in the reactor and, therefore,
a higher discharge burnup with the increase in uranium 235 atoms within the system.
In addition to the increase in TRISO packing in the hydride cases, all the composite
moderators use uranium nitrite (UN) TRISO particles. In contrast, the graphite
reference uses uranium oxy-carbide (UCO) TRISO. The UN and UCO TRISO’s were
set to be the same size. However, the UN has a higher uranium atom fraction than
UCO; therefore, one UN TRISO has more uranium atoms than a UCO TRISO.
The increased fuel in the composite moderator helps take advantage of the higher
moderator power of the composite moderators and achieve higher discharge burnup.
The increased discharge burnup produced by the composite moderator designs leads
to a reduction in the mass of SNF&HLW per unit of energy generated when compared
to LWR, light water SMR, and a graphite reference mHTGR. This reduction makes

the composite moderators an attractive design for micro-reactors.
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The next metric for the nuclear waste to be evaluated is the energy-normalized
volume of low-level waste seen in Figure 3.7. The first 2 bars, the black, LWR, and
gray, SMR, show the same large light water reactor and small module light water
reactor from literature previously shown [12]. The graphite bar labeled reference
shows the optimized graphite moderated mHTGR. The energy-normalized volume
of low-level waste in the graphite reference is higher than in the LWR and SMR
cases. The higher values in the graphite reference case are due to the prismatic
graphite blocks in the reactor’s core being considered low-level waste and, therefore,
being included in the calculations. One of the main motivations for using magnesium
oxide as the host matrix in composite moderator cases is its irradiation stability.
For this reason, the moderator blocks from the composite moderator designs are
not considered in the volume of low-level waste calculations for irradiation stability.
Looking at the composite moderator values of the volume of low-level waste per unit
of energy generated, all four concepts show reductions compared to the graphite
reference case. The beryllium oxide case shows a 31.4 percent reduction in the
volume of low-level waste per unit of energy generated. The beryllium case shows
a higher 37.9 percent reduction in the volume of low-level waste per unit of energy
generated driven by the higher discharge burnup achieved with the better-moderating
power of the beryllium with the oxygen removed. The yttrium case again shows a
slight improvement over the beryllium case as the higher moderation of the hydrogen
produces a higher discharge burnup, overcoming the parasitic absorption of the
yttrium. This increase produces a 38.5 percent reduction in the volume of low-level
waste per unit of energy generated compared to the graphite reference case. Again,
the zirconium hydride performs the best with the highest discharge burnup, producing
a 43.5 percent reduction in the volume of low-level waste per unit of energy generated

compared to the graphite reference case.
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Comparing the composite moderator cases to the LWR and SMR cases, it is seen
that all four composite moderators are close to the values of the SMR and LWR,
with all but the beryllium oxide value falling between that of the LWR and SMR.
This result of the mHTGRs being in the same order as the LWR and SMR is good,
as it would be expected for smaller reactor systems to underperform larger reactor
systems due to higher leakage, leading to lower discharge burnups. The composite
mHTGRs overcome this challenge in two main ways: the higher moderating power
of the composite moderators leads to higher discharge burnups. Second, the higher
outlet temperatures of the coolant in HTGRs allow for better thermal efficiency in
converting thermal power to electrical power than in light-water reactor systems.
Additionally, the use of the irradiation stable magnesium oxide in the composite
moderators shows a significant advantage over the current state-of-the-art mHTGR
using graphite due to higher discharge burnup and especially due to not having to
account for the matrix moderator block as low-level waste due to the higher irradiation
stability compared to graphite.

Figure 3.8 shows each reactor concept’s energy-normalized mass of depleted uranium.
The black bar, LWR, is for a large light water reactor from literature, and the gray
bar, SMR, is for a small module light water reactor also from literature [12]. The
SMR produces more energy-normalized depleted uranium compared to the LWR due
to the LWR achieving higher discharge burnups. The higher discharge burnups seen
in the LWR are driven by the larger geometry of the LWR, leading to fewer neutrons

leaking and, therefore, less fuel mass required to maintain criticality.
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Figure 3.7: Energy normalized volume of low level waste for large-scale LWR, SMR,
graphite micro-prismatic reference and prismatic IMF fuel concepts
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Since less fuel mass is needed to maintain criticality, the reactor can burn for
longer; as the fuel is depleted, the mass of available uranium 235 is decreased, and
the LWR needs less uranium 235 to maintain criticality and, therefore, remains
critical with more fuel being burned up. The graphite bar labeled as reference is
the optimized graphite mHTGR. The graphite mHTGR shows significantly increased
production of depleted uranium per unit of energy generated annually. The higher
fuel enrichment in the mHTGRs drives this increase in energy normalized depleted
uranium The enrichment process considers the enrichment level of natural uranium,
depleted uranium, the nuclear fuel, and the mass of each being used. The enrichment
of both natural and depleted uranium is a constant. Therefore, the only change
in enrichment is the fuel being produced. A higher fuel enrichment requires more
uranium 235; therefore, more neutral uranium must be processed. Processing more
natural uranium to achieve a higher enrichment means increased output of depleted
uranium. In this way, the higher enrichment of the mHTGR increases the energy-
normalized mass of depleted uranium. The increased enrichment in the mHTGRs
is critical to achieving the higher discharge burnups that drive the reduced spent
nuclear fuel and high-level waste. The potential hazard and cost of disposal of spent
nuclear fuel and high-level waste make the trade-off of increased depleted uranium
for reduced spent nuclear fuel and high-level waste a positive choice.

Looking at the energy normalized mass of depleted uranium for the composite
moderator mHTGRs shown in Figure 3.8, all four show reductions compared to
the graphite reference mHTGR. The beryllium oxide case shows a 12.6 percent
reduction in the energy-normalized mass of depleted uranium compared to the
graphite reference, driven by a higher discharge burnup due to the higher moderating
power of the beryllium over the graphite. The beryllium composite moderator

shows a greater reduction of 30.2 percent compared to the graphite reference. This
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increase compared to beryllium oxide is due to an even higher discharge burnup.
The beryllium moderator achieves a higher discharge over the beryllium oxide due
to the removal of the oxygen molecule bonded to the beryllium, as the beryllium
is a better moderator than oxygen. The yttrium hydride moderator shows a 31.8
percent reduction compared to the graphite reference. This reduction is only slightly
better compared to the beryllium oxide. The difference is again caused by increased
discharge burnup in the yttrium case over the beryllium oxide. Still, it is much
less significant than the change from the beryllium oxide to the beryllium case.
The hydrogen molecules in the yttrium hydride have higher moderating power than
the beryllium in the beryllium moderator, and with 1.9 hydrogen per yttrium, the
hydrogen is also more abundant. Therefore,, the initial expectation would be for
the yttrium hydride to showshow a significant increase in discharge burnup and,
therefore,a significant decrease in the energy-normalized mass of depleted uranium.
However, the decrease in the energy-normalized mass of depleted uranium between
the beryllium and the yttrium cases is less than 2 percent. The yttrium in the yttrium
composite moderator causes this limited reduction. Yttrium has a large absorption
cross-section. Because of this large absorption cross-section, while the hydrogen atoms
in the yttrium composite do slow more neutrons to thermal energies better than
the beryllium in the beryllium case, more neutrons are absorbed outside the fuel
and do not cause additional fissions. For this reason, the yttrium moderator sees
only a slight benefit compared to the beryllium case for the energy-normalized mass
of depleted uranium. Looking at the energy-normalized mass of depleted uranium
for the zirconium-based composite moderator, a 45.0 percent reduction is observed
compared to the graphite reference. This is a significant reduction compared to the
31.8 percent improvement in the yttrium composite moderator. While the zirconium

composite moderator has fewer hydrogen atoms per molecule at 1.6 compared to
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the yttrium composite moderator’s 1.9, the zirconium does not have a high neutron
absorption cross-section. The neutrons lost to parasitic absorption in the yttrium are
greater than the reduced moderating power of fewer hydrogen atoms in the zirconium.
Therefore, the zirconium composite moderator reactor has a higher discharge burnup,
driving a lower energy-normalized mass of depleted uranium. The zirconium-based
composite moderator has the lowest energy-normalized mass of depleted uranium of
the mHTGR designs.

Comparing the energy-normalized mass of spent nuclear fuel and high-level waste in
Figure 3.6 and the energy-normalized mass of depleted uranium seen in Figure 3.8,
it is seen that the percent reduction in each composite moderator compared to the
graphite reference is the same. This same percent reduction is due to both values
being dependent only on the discharge burnup of the reactor fuel. Thus, the percent
reduction in both the energy-normalized mass of spent nuclear fuel and high-level
waste and the energy-normalized mass of depleted uranium are equivalent to the
increase in discharge burnup achieved in the composite moderators. The difference
between the energy-normalized mass of spent nuclear fuel and high-level waste and the
energy-normalized mass of depleted uranium in the LWR, SMR, and the mHTGRs is
not dependent only on discharge burnup. The discharge burnup-only trend does not
extend to the LWR and SMR due to the LWR and SMR having different discharge
burnups and thermal and electrical efficiencies. The fuel enrichment and thermal to
electrical efficiencies in all five mHTGRs are constant.

Due to the higher enrichment driving increased depleted uranium production per unit
of energy generated, all the mHTGRs show increased mass of depleted uranium per
unit of energy generated compared to the LWR and SMR. However, the zirconium
composite moderator with a 45.0 percent reduction compared to the graphite reference

is close to the value seen in the SMR. Overall, the composite moderators produce
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more depleted uranium per unit of energy, generating a large reduction in the energy-
normalized mass of spent nuclear fuel and high-level waste seen when comparing
the composite moderators to the LWR and SMR, Figure 3.6, mean that overall the
composite moderators offer significant reductions in nuclear waste disposal cost and
hazards with the zirconium case performing the best.

Combining the results of the three waste metric calculations, the mass of spent nuclear
fuel and high-level waste, the mass of depleted uranium, and the volume of low-level
waste all per unit of energy generated and seen in Figures 3.6, 3.8, and 3.7 the
composite moderator perform as intended and reduce the nuclear waste impact. The
most important of the three metrics is the energy-normalized mass of spent nuclear
fuel and high-level waste seen in Figure 3.6; here, all the mHTGRs show excellent
reductions compared to the LWR and SMR, and the composite moderators show
further reductions compared to the state of the art graphite reference. The next
most impact metric is the volume of low-level waste per unit of energy generated,
shown in Figure 3.7. In this case, the composite moderators show results close
to those of the LWR and SMR. This result is good considering the smaller size
and higher enrichment of the mHTGRs. Additionally, the composite moderators
significantly improve compared to the graphite state-of-the-art design. Finally, the
mass of depleted uranium per unit of energy generated was calculated for each reactor
design and shown in Figure 3.8. This metric is the least impact of the nuclear waste
metrics as the potential radiation hazed from depleted uranium is minimal. In this
case, the composite moderators showed reductions compared to the state-of-the-art
graphite but increased energy-normalized mass of depleted uranium compared to the
LWR and SMR. However, in the far greater cost and hazard of the spent nuclear fuel
and high-level waste, an increase in depleted uranium for the trade-off of reduced

spent nuclear fuel and high-level waste is well worth it.
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Figure 3.8: Energy normalized mass of depleted uranium for large-scale LWR, SMR,
graphite micro-prismatic reference and prismatic IMF fuel concepts
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Overall, the composite moderators show excellent improvement in nuclear waste
production compared to a state-of-the-art graphite mHTGR and good improvement

compared to current light water technologies.

3.3 Environmental Impact

The next set of metrics to be evaluated was the reactor operation’s impact on the
environment. To quantify this impact, several values were calculated: the mass of
natural uranium used, the mass of carbon dioxide produced, the land used, and the
volume of water used per unit of energy generated. The first metric calculated was
the mass of natural uranium per unit of energy generated, shown in Figure 3.9. In
Figure 7?7, the advanced moderator mHTGR designs are compared to a state-of-the-
art graphite design, a light water SMR, and an LWR reactor design. The graphite
reference mHTGR uses more natural uranium per unit of energy generated compared
to both the LWR and SMR and the higher fuel enrichment in the mHTGR designs
causes this increase. More uranium 235 is needed in the fuel to achieve a higher
enrichment since the amount of uranium 235 in natural and depleted uranium is
constant. The only way to get a higher enrichment is to use more natural uranium
and dispose of more depleted uranium. The higher enrichment is necessary to achieve
higher discharge burnups, particularly in the smaller cores of micro-reactors due
to higher leakage compared to large LWRs. Looking at the composite moderator
materials compared to the graphite reference, we see reductions in the mass of natural
uranium per unit of energy generated. The beryllium oxide case sees a 12.6 percent
reduction; the beryllium shows a 30.2 percent reduction, the yttrium hydride a 31.8

percent reduction, and the zirconium hydride a 45.0 percent reduction to the mass
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of natural uranium used per unit of energy generated. The reductions seen using the
composite moderators are driven by the increased burnup in the composite moderator
designs compared to the graphite reference case. The fuel is burned to a higher level
with higher discharge burnup, so more power is generated with the same fuel mass
and, therefore, the same natural uranium mass. Overall, the composite moderator
designs are lower compared to the graphite reference but are higher than an LWR
design and similar to an SMR design. The decreases in nuclear waste and the smaller
package make the composite moderator mHTGR an appealing option.

The next metric evaluated was the mass of carbon dioxide produced across the fuel
cycle per unit of energy generated. Carbon dioxide is not released during the reactor
operation but is produced in other fuel cycle stages. Looking at Figure 3.10, the
comparison of the mass of carbon dioxide produced per unit of energy generated
for the composite moderators the reference graphite case and an SMR and LWR
design. A similar trend in the case of natural uranium is seen where the graphite
reference produces more carbon dioxide compared to the LWR and SMR, and the
composite moderators show good reductions compared to the graphite reference. The
beryllium oxide produces a 10.9 percent reduction, the beryllium sees a 26.2 percent
reduction, the yttrium hydride shows a 27.6 percent reduction, and the zirconium
hydride produces a 39.0 percent reduction. The increase in the carbon dioxide for
the mHTGR is primarily driven by the high carbon dioxide production during the
mining and milling process. Therefore, the increased use of natural uranium in the
mHTGR designs drives increased carbon dioxide production. The mHTGRs produce
carbon dioxide mass per unit of energy generated above that of a large LWR but is

closer to the LWR value than was seen for the mass of natural uranium being used.
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Figure 3.9: Energy normalized mass of natural uranium required for large-scale
LWR, SMR, graphite micro-prismatic reference and prismatic IMF fuel concepts
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Figure 3.10: Energy normalized mass of carbon dioxide produced for large-scale
LWR, SMR, graphite micro-prismatic reference and prismatic IMF fuel concepts

74



This result is due to the nuclear waste disposal process being another source
of carbon dioxide production; therefore, the reduction in nuclear waste seen in the
mHTGRs helps reduce the carbon dioxide mass being released. Another metric
evaluated was the total land area used per unit of energy generated across the
fuel cycles. Figure 3.11 shows the land area in square km per unit of energy
generated for the graphite reference of the four composite moderators and the LWR
and SMR reactors. As with the carbon dioxide and the mass of natural uranium,
the graphite reference uses more land compared to the LWR and SMR, and the
composite moderators show good reductions compared to the graphite reference. The
composite moderators produced reductions of 9.83 percent for the beryllium oxide,
23.5 percent for the beryllium case, 24.8 percent for the yttrium hydride case, and
35.1 percent for the zirconium hydride case. As with the carbon dioxide case, the
significant contributions to the land area come first from mining and milling and,
secondly, from nuclear waste disposal. Therefore, the higher enrichment leads to
an increased mass of natural uranium, increasing the land area required for mining.
Conversely, the decrease in nuclear waste in the composite moderators leads to less
nuclear waste, requiring a smaller land area to dispose of the waste. Overall, the
composite moderators use more land area per unit of energy generated compared to
an LWR but less compared to a state-of-the-art graphite mHTGR.

The last metric considered in the environmental impact calculations is the volume of
water used per unit of energy generated in the reactor. Figure 3.12 shows the volume
of water used per unit of energy generated for the LWR, SMR, graphite reference and
the four composite moderator designs. As can be seen, there is less than a 2 percent
difference across all seven reactor concepts. This lack of change in the volume of
water used is due to the water calculation equation being dominated by the reactor

operation term.
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Figure 3.11: Energy normalized land area use for large-scale LWR, SMR, graphite
micro-prismatic reference and prismatic IMF fuel concepts
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Figure 3.12: Energy normalized volume of water used for large-scale LWR, SMR,
graphite micro-prismatic reference, and prismatic IMF fuel concepts
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The reactor operation term at a set volume per unit energy used is constant
and dominates the equation due to being the final heat sink of the reactor. For all
the reactor concepts, the heat generated by fission heats the coolant; the coolant
then goes through a steam generator to create steam; the steam drives a turbine
to generate electricity and is then condensed back to water using an outside water
source. This water source used to condense the water back to steam is the same
volume per unit of energy, accounting for almost all the water used in the fuel cycle.
Therefore, the total volume of water used does not significantly change across reactor
concepts.// Overall, looking at the mass of natural uranium, the mass of carbon
dioxide produced, the land area used, and the volume of water gives a good picture
of the total environmental impact of the reactor concepts. The water volume was
essentially constant across the reactor concepts. For the other metrics, the composite
moderators consistently performed better than the state-of-the-art graphite reference
but above that of the LWR case. As discussed previously, this outcome shows a trade-
off between decreasing the spent nuclear fuel and the environmental impact. The high
cost, danger, and potential hazard of nuclear waste make the slight environmental

impact of significantly reducing the mass of nuclear waste an appealing trade-off.

3.4 Fuel Cost

Another metric calculated to evaluate the composite moderator design performance
was the front-end fuel cycle cost. Figure 3.13 shows the front-end fuel cycle cost for
the LWR, SMR, graphite reference, and composite moderator designs. Here the SMR
is seen to have a far higher fuel cost compared to the LWR due to the high cost of
advanced fuel forms. Similarly, the reference graphite case has a higher fuel cost due

to the high cost of TRISO fuel fabrication. Table 2.7 shows the cost of TRISO fuel,
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and Table 2.8 shows the cost of LWR fuel. These tables shown that the high cost of
UN TRISO fuel is primarily due to the high fuel fabrication cost compared to that of
LWRs. However, the high cost of TRISO fuel fabrication is mainly due to the novelty
of the fuel type. As TRISO fuel becomes more common, the supply chain for TRISO
fuel will be established, and the cost of TRISO fuel fabrication reduced. The cost of
the composite moderators compared to the graphite reference case shows reductions
for all moderators. The beryllium oxide case shows a 12.6% reduction; the beryllium
case shows a 30.2% reduction, the yttrium hydride shows a 31.8% reduction, and the
zirconium hydride shows an 45.0% decrease in the fuel cost per unit energy generated
compared to the graphite reference case. Overall, the composite moderators show
reduced front-end fuel cycle cost compared to the SMR reactor and the mHTGR
graphite reference design but higher costs compared to traditional LWR reactors.
This higher cost is due to the better-established supply chain for light-water reactor
fuel than advanced reactor fuel concepts. Therefore, in the case of advanced reactors,

the composite moderator reactors show sound fuel cost reduction.

3.5 Nuclear Waste Activity

Finally, the activity of the SNF&HLW at 100 and 10,000 years is a measure of the
challenges to nuclear waste disposal. Figure 3.14 shows the activity of the LWR, the
SMR, the graphite reference case, and the four composite moderator reactors. The
graphite reference case and the composite moderators have activities below that of
the LWR and SMR. The beryllium oxide reactor has 9.03 percent higher activity
compared to the graphite reference case. The beryllium case sees a 1.68 percent

increase in activity compared to the graphite reference case.
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Figure 3.13: Energy normalized front end fuel cost for large-scale LWR, SMR,
graphite micro-prismatic reference and prismatic IMF fuel concepts
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The yttrium hydride case sees a 25.2 percent reduction in activity compared to
the graphite reference case. The zirconium hydride has a 29.0% decrease in activity
compared to the graphite reference case.

Figure 3.15 shows the activity after 100,000 years for the SNF&HLW for the LWR,
SMR, graphite reference, and composite moderator designs. In this case, the graphite
reference and the composite moderators are below the SMR value and close to or
below that of the LWR. The beryllium oxide, beryllium, and yttrium hydride cases
see increased reactivity compared to the graphite reference by 17.0, 5.25, and 4.03
percent, respectively. The zirconium hydride produces 19.5 percent less activity than
the graphite reference case. Overall, the activity results at 100 and 100,000 years
show that the SNF&HLW produced in the composite moderator mHTGR does not

lead to increased challenges or costs compared to traditional light water reactor waste.
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Figure 3.14: Energy normalized activity of SNF&HLW after 100 years for large-scale
LWR, SMR, graphite micro-prismatic reference, and prismatic IMF fuel concepts
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Chapter 4

Conclusions

This work explored two-phase composite moderators combined with IMF forms
to improve critical metrics over the fuel cycle of a micro-HTGR. The IMF fuel
employed MgO as a matrix material with four composite moderators considered
within a prismatic architecture: MgO — BeO, MgO — Be, MgO — YH,—19, and
MgO — ZrH,_, 4. The current state of the art for HTGRs is a graphite moderated
reactor. As such, a graphite design was created within the same size constraints to
serve as a reference case for the micro-reactor cases, producing the same thermal and
electrical power as the IMF designs. With the basic geometry for the reactor set,
unique optimal configurations for each moderator material were found by running
optimization sweeps over the TRISO packing fraction and lattice pitch. In this way,
the optimal fuel-to-moderator ratio to increase discharge burnup was identified. The
designs were evaluated primarily for the mass of SNF&HLW produced per unit energy
generated, which is directly driven by the discharge burnup achieved in the fuel and,
therefore, used as the target of the optimization sweeps.

After the optimal configurations were identified, key metrics were evaluated and

compared between each mHTGR moderator design, a reference graphite mHTGR,
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and a reference LWR and SMR design from the literature. The advanced moderator
mHTGRs all produced significantly reduced SNF&HLW per unit of energy generated
when compared to the LWR and SMR. This reduction is beyond that of a graphite
mHTGR, producing 12.6%, 30.2%, 31.8%, and 45.0% less for the beryllium oxide,
beryllium, yttrium hydride, and zirconium hydride, respectively compared to the
graphite design. This reduction trend continued for the volume of low-level
waste, with the beryllium oxide, beryllium, yttrium hydride, and zirconium hydride
producing 31.4%, 37.9%, 38.5%, and 43.5% reductions respectively compared to the
graphite reference case. Similarly, for the mass of depleted uranium per unit of
energy generated, the composite moderators saw reductions of 12.6%, 30.2%, 31.8%,
and 45.0% for the beryllium oxide, beryllium, yttrium hydride, and zirconium hydride
respectively compared to the graphite reference.

The environmental impact of the composite moderators was then evaluated by
calculating the mass of natural uranium, the mass of carbon dioxide, land area
used, and water volume used per unit of energy generated. The composite
moderators continued to produce improvements over the graphite reference case
for the environmental metrics. For the mass of natural uranium per unit of
energy generated, the composite moderators produced a 12.6%, 30.2%, 31.8%, and
45.0% reduction for beryllium oxide, beryllium, yttrium hydride, and zirconium
hydride respectively compared to the graphite reference. For the energy normalized
mass of carbon dioxide, the beryllium oxide, beryllium, yttrium hydride, and
zirconium hydride moderators produced reductions of 10.9%, 26.1%, 27.6%, and
39.0% reductions respectively compared to the graphite moderator. Looking at the
land area per unit energy generated, the composite moderators show reductions of
9.83%, 23.5%, 24.8%, and 35.1% for beryllium oxide, beryllium, yttrium hydride, and

zirconium hydride respectively compared to the graphite reference case. Regarding
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the volume of water used per unit of energy generated, the composite moderators had
a minor impact, reducing the value by less than 2 percent in all cases compared to
the graphite reference.

The front-end fuel cycle cost and the activity level of the SNF&HLW at 100 and
100,000 years were also evaluated. In the case of the fuel cost, the composite
moderators reduced the cost by 12.6% for the beryllium oxide case, 30.2% for the
beryllium case, 31.8% for the yttrium hydride case, and 45.0% for the zirconium
hydride case all being compared to the graphite reference. For the activity at 100
years per unit of energy generated, the beryllium oxide produced a 9.03% increase
in activity, the beryllium a 1.68% increase in activity, the yttrium hydride a 25.2%
reduction in activity, and the zirconium hydride a 29.0% reduction in activity all
being compared to the graphite reference case. While some cases did see increases
rather than reductions, the activity of the SNF&HLW after 100 years is within the
same range as the reference and does not present increased disposal cost or risk. A
similar case was seen at 100,000 years, where some of the composite moderator designs
saw an increase in activity and others saw a decrease. Still, across all designs, the
activity after 100,000 years did not increase the risk or cost of disposal. Specifically,
the composite moderator’s increases of 17.0%, 5.25%, and 4.03% for the beryllium
oxide, beryllium, and yttrium hydride, respectively and a 19.5% reduction for the
zirconium hydride case compared to the graphite reference.

The composite moderator mHTGR designs were also compared to an LWR and
SMR for each of the calculated metrics. For the nuclear waste metrics mass of
SNF&HLW and the volume of low-level waste, the composite moderators show good
reduction compared to the LWR and SMR. For the mass of depleted uranium and the
environmental impact metrics, the composite moderators show increases compared to

the LWR and SMR due to the higher enrichment in the meter. Overall, the slight
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increase in other metrics for the composite moderator mHTGRs is a drawback that
is more than accounted for by the significant reduction in nuclear waste. The front-
end fuel cycle cost was higher in the mHTGRs compared to the LWR and the SMR;
however, this is primarily due to the high fabrication cost of TRISO, which would
be expected to be reduced as supply chains are built up with TRISO fuel being
used in reactors. For the activity of the SNF&HLW after 100 and 100,000 years,
the composite moderators and LWr and SMR have comparable results. Overall, the
utilization of composite moderator IMF HTGRs leads to significant reductions in the
mass of SNF&HLW and the volume of LLW produced per unit of energy generated
with comparable environmental impact, fuel cost, and spent fuel activity to traditional

LWR technologies.
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