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ABSTRACT

Since the construction of the first commercial nuclear power plant in 1957, the nuclear power industry has operated under the philosophy of economy of scale - the
idea that increased power plant size accounts for higher economic efficiency. However, there has been a recent shift in direction; small modular reactors (SMRs) and
micro-reactors are being considered as potentially wise investments for commercial power producers in that they can provide advantages that large-scale reactors
may not possess in terms of reactor safety and investment risk. However, this may come at the risk of a higher levelized cost of electricity (LCOE). LCOE may be
reduced by enriching the fuel passed its regulated limit of 5 wt% (w/0) 235U. The high assay low-enriched uranium (HALEU) fuel (5-20 w/o 235U) is introduced to
increase the plant capacity factor, which thereby decrease fuel supply costs and reduce the LCOE. While decreasing plant LCOE seems like a clear advantage, several
issues may result from increasing enrichments to the HALEU level in an SMR or micro-reactor design. This paper aims to shed light on these issues and address how
they may affect the overall reactor design by using HALEU fuels in these reactors.

This paper first discusses the notable effects on a reactor design with higher enrichment, then analyzes a SMR case study based on the NuScale’s 160 MWth SMR
design. The case study reveals that the SMR with higher enriched fuel was able to double both fuel burnup and cycle time with an average core enrichment of 8.34 w/
o and a maximum average assembly enrichment of 9.10 w/o0. Moreover, this higher enriched core was found to operate with a maximum global peaking factor of
1.86, well below the published limit of 2.0. Likewise, the maximum axial flux offset of —2.4% and the maximum boron concentration of 1757 ppm both remain
within their respective safety constraints. Notable fission poisons, such as 1*°Sm and '*°Xe, were also found to sharply increase in the HALEU core. Additionally, the
average fuel temperature and peak cladding temperature fell within their respective safety constraints. Core-averaged flux, fluence, cladding creep, and post-

shutdown decay heat were also investigated. Lastly, the higher enriched core was found to reduce LCOE by approximately 1.23 $/MWh.

1. Introduction
1.1. Current status of SMR and Micro-reactor designs

Small modular reactors (SMRs) and micro-reactors are commercial
nuclear reactor designs that produce less power than conventional large
reactors such as the large scale pressurized water reactors (PWRs). SMRs
range up to 300 MWe and are comprised of factory manufactured parts
and components (Kirshenberg, et al., 2017). Micro-reactors (also known
as very small reactors) operate under 15 MWe and are transportable as
an entire unit (Wna, 2020). Proposed micro-reactor utilization would be
in the powering of small remote communities or providing on-site power
for military purposes (McGinnis, 2019; Charles, 2018). Most of the
United States nuclear reactor fleet is comprised of large reactors, those
rated at 700 MWe or greater. Medium reactors operate between 300 and
700 MWe and are not considered to be cost-effective because they do not
take advantage of economy of scale, nor can they utilize the design
advantages possible for SMRs and micro-reactors (Locatelli et al., 2014).

SMRs and micro-reactors have several advantages that make them
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competitive with large-scale reactors. The most obvious advantages are
modularity and reduced capital cost (one-time costs required for plant
operation such as land, construction, and equipment). Naturally, small
power plants of any kind require smaller capital investments. The low
capital cost of a small power plants allows for shorter payback periods
and lower financial risk (Locatelli et al., 2014). This reduction in upfront
investment may encourage small nations and utilities to invest in com-
mercial nuclear power production. On the other hand, distributing the
energy production equivalent of a single larger reactor between multiple
small power plants of similar design nullifies the economy of scale
advantage of the former, resulting in a higher cost per unit energy
production. The increase in higher levelized cost of electricity (LCOE)
may make small-scale power plants seem like a worse long-term in-
vestment when compared to large power plants; however, SMRs and
micro-reactors may be beneficial for those cases where only small to
medium additions to a power grid or community are needed (Locatelli
et al.,, 2014). With a greater possibility of being sited closer to their
customers, SMRs and micro-reactors benefit from less of a demand for
power transmission infrastructure. They are able to be built on sites not
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possible for conventional large nuclear power plants (Kirshenberg, et al.,
2017), and micro-reactors offer an economic advantage for small com-
munities which rely on relatively expensive diesel generators (Prasad
et al., 2015).

Additionally, some SMRs have drastically different designs than
traditional light water reactors (LWRs). These unique SMR designs
including gas-cooled and liquid metal coolant reactors are designed with
relatively high capacity factors. Some SMR designs, such as the high-
temperature reactor-pebble bed module (HTR-PM), may be refueled
continuously throughout its lifetime. This advantage is offset to some
extent by the design’s greater security and safety issues (Prasad et al.,
2015; Moormann et al.,, 2018). Despite an HTR-PM type reactor
currently under construction in China, the U.S. is unlikely to license and
deploy these high-concept SMR designs in the near future.

While SMRs and micro-reactors do not benefit from the economy of
scale, they do have unique capabilities that separate these designs from
traditional large reactors. Most prominently, the factory-produced
modular parts of SMRs and micro-reactors lower the levelized capital
and operation and maintenance (O&M) costs. It is worth mentioning,
however, that some newer large reactor designs, such as the AP1000
may also take advantage of modular construction techniques. Stan-
dardized parts allow components to be mass-produced and more cheaply
replaced. Additionally, the distributed load of many small power plants,
as opposed to one large power plant, reduces the risk of power outage in
the case of a plant unexpectedly going offline. SMRs can operate with
longer cycles and are expected to have shorter refueling times. Since
smaller reactors operate at lower thermal power, it takes much less time
to reduce post-shutdown decay heat than their large reactor counter-
parts. This increase in capacity factor reduces the burden of other power
plants to carry the load as an SMR or micro-reactor is taken offline or is
operating below full-power conditions. SMRs also benefit from
enhanced safety due to lower thermal power and passive safety systems
like natural circulation (McGinnis, 2019). SMRs and micro-reactors may
also be ideal candidates to perform secondary functions such as medical
isotope production and ocean water desalination.

Despite these advantages, SMRs and micro-reactors suffer a number
of disadvantages compared to large reactors. For one, small-scale re-
actors introduce increased concerns regarding the proliferation of nu-
clear material. Since the implementation of SMRs is expected to increase
the number of nuclear sites needed to produce the same power as a large
plant, the risk of security-related incidents is likely to increase. Addi-
tionally, the location of SMRs and micro-reactors in remote communities
and developing nations also results in added stress on the nuclear se-
curity infrastructure (Prasad et al., 2015). There are also several design
issues that reduce the effectiveness of SMRs and micro-reactors. For
example, smaller reactor cores suffer from increased fast neutron
leakage (Wade and Fujita, 1989). This is one reason why SMRs and
micro-reactors rely on higher enriched fuel to sustain criticality. Addi-
tionally, smaller active fuel heights reduce overall heat transfer within
the core, thereby reducing the reactor’s thermal efficiency. Overall,
commercial SMRs and micro-reactors are first of a kind, meaning there is
a relatively low amount of empirical data from which to evaluate design
concepts before implementation. Thus, there is a lengthy and expensive
licensing and review process, even for those designs with the least de-
viation from present LWR designs.

For many experts, the potential benefits of these reactors are judged
to outweigh the disadvantages enough to justify developing SMRs and
micro-reactors for commercial use. Some companies such as NuScale
and Oklo are currently pursuing small reactor development. NuScale is
currently under licensing review with the NRC for the construction and
operation of a power station consisting of up to twelve 160MWt light-
water SMRs (U.S. NRC., 2012). In March 2020; Oklo applied to the
NRC to develop a 4.5 MWt compact fast micro-reactor based on the EBR-
II design. Additionally, there are currently many other operational
modular or non-modular small reactor concepts proposed in The U.S.
and worldwide. Table 1 summarizes project status of a selection of SMR
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Table 1
SMR and Micro-reactor Projects (Wna, 2020).

Reactor Capacity Type Developer Nation Project Status
CAREM- 27 MWe Integral CNEA & Argentina Under
25 PWR INVAP Construction
HTR-PM 210 Twin INET, CNEC China Under
MWe HTR' & Huaneng Construction
NuScale 45 MWe Integral NuScale USA Near-Term
PWR Power Deployment
BWRX- 300 BWR® GE Hitachi USA Near-Term
300 MWe Deployment
Integral 192 MSR® Terrestrial Canada Near-Term
MSR MWe Energy Deployment
RITM- 50 MWe Integral OKBM Russia Near-Term
200M PWR Deployment
mPower 195 Integral BWXT USA Shelved
MWe PWR
PBMR 165 HTR HTMR Ltd South Shelved
MWe Africa
Xe-100 75 MWe HTR X-energy USA Early Stages
Leadir- 36 MWe Lead- Northern Canada Early Stages
PS100 cooled Nuclear
Aurora 1.5MWe  Heat Oklo USA Early Stages
pipe
FNR’
Sealer 3-10 Lead LeadCold Sweden Early Stages
MWe FNR

! High temperature reactor
2 Boiling water reactor

3 Molten salt reactor

* Fast-neutron reactor

and micro-reactor projects with wide variations in power level, reactor
type, and nationality (Wna, 2020). It is evident there exists a sizable
amount of interest in SMR and micro-reactor power production for
commercial distribution.

1.2. HALEU fuels

One method for improving the economic efficiency of SMRs and
micro-reactors is to extend the cycle length by increasing fuel burnup. In
order to do this, reactors must utilize fuels above the current NRC limit
of 5 w/o enrichment. These fuels, known as high assay low-enriched
uranium (HALEU) fuels, are of high interest to utilities for their ability
to reduce overall plant costs, which is why research institutions and
industry are working with the NRC to change standards to include
HALEU level enrichments. Because they contain more fissile material,
HALEU implementation can increase the capacity factor and reduce the
fuel costs of a reactor by increasing the energy production of a core
between refueling. Although a fuel assembly would be more expensive
to produce, the resulting increase in fuel burnup would most probably
result in net fuel costs being cheaper. Increasing burnup extends cycle
lifetime and improves the reactor’s capacity factor. This in turn results in
less radioactive waste per unit energy produced from nuclear reactors by
reducing the overall fuel supply. Additionally, HALEU fuels are crucial
for the economic viability of multiple gen IV reactor designs. These fuels
are also being considered for use in advanced medical isotope reactors
and for nuclear thermal propulsion in rockets (Nagley, 2020).

Despite the benefits of HALEU fuels, there are many concerns that
must be addressed before they can be used for commercial power pro-
duction. There is significantly less empirical data for HALEU fuel than
there is for low enriched uranium (LEU) fuel. This may affect reactor
design because the effects of HALEU level enrichments on material
corrosion, core neutronics, and radiation shielding are more difficult to
predict than for LEU fuels. Implementing HALEU fuels may also prove
challenging due to a current lack of HALEU supply-chain infrastructure.
No fuel enrichment facilities have the capability to mass produce HALEU
fuels. Although a demonstration of HALEU production using existing
enrichment techniques is currently being pursued by the DOE
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(Department of Energy), there is no short-term method for producing
HALEU fuels other than using down-blending techniques to deplete
existing high enriched uranium stores (U.s. doe., 2020; Moe, 2019). This
would require new laws and regulations allowing the use of HALEU fuels
for commercial power production (Moe, 2019). Furthermore, new laws,
regulations, and testing are needed for HALEU packaging and trans-
portation (U.s. doe., 2020). In fact, many experts consider increasing
enrichments to HALEU levels to be a considerable nonproliferation risk;
feedstock at 20 w/o enrichment requires roughly one-third of the mass
to produce weapons grade uranium than feedstock at 5 w/o (Prasad
et al., 2015).

Although HALEU fuel is typically considered for use in thermal re-
actors, they may also be used in fast-breeder reactors (Prasad et al.,
2015). Thus, the most standard forms of HALEU fuel would be metallic
(pure uranium) and ceramic (UO,). TRISO fuel, in the form of coated
fuel spheres comprised of enriched U3Og, is a highly considered alter-
native form (Collin, 2016). Other forms of HALEU include salts (UF,),
uranium nitrides, and uranium silicides (Wilson et al., 2018).

1.3. Objective of this study

Although many light water based SMRs can operate with fuel en-
richments under 5 w/0, HALEU fuels are expected to make these con-
cepts more economically competitive. Allowing SMRs and micro-
reactors to utilize HALEU fuels will reduce the overall LCOE. Due to
the relatively low capital risk when compared to a large reactor, small
reactor designs will be an attractive opportunity to test HALEU fuels for
commercial power production. Furthermore, micro-reactors intended
for operation in remote towns, such as Oklo’s design, could benefit from
longer operation times due to the high cost of fuel transport. For these
reasons, implementing HALEU fuels in light water based SMR and
micro-reactor designs may be the next step in advancing SMR technol-
ogy. However, there are numerous implications on reactor design and
operation that are affected by increasing a reactor’s enrichment. These
implications apply to the whole spectrum of reactor design including
neutronics, thermal-hydraulics safety, materials, and economics
considerations.

Motivated by this observation, this study intends to examine each of
these implications in more detail and embark on a case study of a small
modular LWR type reactor as a concrete demonstration of these impli-
cations. The NuScale’s 160 MWt SMR concept (U.S. NRC., 2012) was
chosen as the example reactor in the case study. The NuScale SMR was
selected in the case study for the following reasons: (1) It is far along in
the NRC licensing process and can realistically start producing com-
mercial power within 10 years (A demonstration reactor is projected to
be completed by 2024) (Wna, 2020). (2) It is based off standard PWR
designs, of which, the economics and engineering design parameters
have been thoroughly studied. Moreover, the results of this study can
easily be related to other LWR designs. (3) It uses uranium oxide fuel,
which has well-known mechanical and neutronic properties and fabri-
cation costs, while other novel fuel forms such as TRISO fuels contain
more uncertainty. It should be noted that although the case study was
conducted on the effects of increasing fuel enrichment on NuScale’s SMR
design, the overall effects of HALEU fuels on SMRs and micro-reactors
can be generally understood.

The rest of the paper is organized as follows: Section 2 provides a
generic yet in-depth discussion on the HALEU fuel implications in the
aspect of neutronics, thermal-hydraulics safety, materials, and eco-
nomics considerations towards the reactor design. Section 3 presents the
results of a case study employing a small modular LWR type reactor with
HALEU fuels. The emphasis of the case study was paid to the perfor-
mance differences of the reactor with non-HALEU fuels. The reactor
design methodology and optimization procedure are also introduced in
this section. The last section (Section 4) offers some concluding remarks
of this study.
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2. HALEU fuel implications

As mentioned earlier, increasing the enrichment of uranium fuel can
change the operation of a nuclear reactor in many ways. Any of these
changes may either directly or indirectly act as a limiting factor for the
operability of a reactor. This section outlines the most significant effects
of HALEU fuel implementation in SMRs and purposely categorizes these
effects into five different aspects: neutronics, thermal-hydraulics, safety,
materials, and economics. The aim of the discussion is to provide a
theoretical guidance to interpret the results of the case study discussed
in Section 3, and for those effects not examined in the case study, to
provide a general overview of expected results to be tested in the future.

2.1. Neutronics considerations

2.1.1. Global peaking factor

The most prominent physical effect that comes as a response to
higher enriched fuel is higher power peaking factors, the ratio of the
maximum to average core power density. The maximum achievable
power density is dependent on certain critical conditions within the core
such as the peak centerline fuel temperature, peak cladding tempera-
ture, and fuel rod internal pressure (Lewis, 2008). For the case of a
typical PWR, the cladding temperature is the limiting factor for the
maximum global peaking factor (GPF), the maximum power-peaking
factor at a single point of time in the reactor core. The maximum
allowable GPF is unique for each core design (Wu, 2016; Wu et al., 2017)
but is set to ensure that cladding temperature does not exceed 2200 °F
(U.s. nrc., 2012). By increasing fuel enrichment, there will be a greater
difference in enrichment at any given cycle time between fresh, once-
burned, and twice-burned fuel assemblies, resulting in a greater vari-
ance in power distribution and fuel temperatures. This effect can be
controlled by changing the positioning of control rods and the concen-
tration of burnable poisons. Most neutronics and thermodynamics re-
percussions of increasing enrichment come as a response of this effect.
Perhaps most evident, is the corresponding increase in peak fuel tem-
perature, which leads to lower local coolant density and a reduction in
neutron backscatter, or the portion of neutrons that are reflected to-
wards the fuel rods. Likewise, an increase in fuel temperature causes
Doppler broadening of the resonance capture cross sections in uranium,
which effectively reduces neutron resonance escape probability. These
effects are known as moderator and fuel temperature reactivity
feedback.

2.1.2. Reactivity coefficients

Moderator and fuel temperature reactivity feedback coefficients, a;,
and ay, which determine the effectiveness of reactivity feedback in a
reactor core, are determined mainly by core design and fuel enrichment.
More negative reactivity feedback coefficients represent quicker and
more stable responses to changes in reactivity (Wna, 2020). Positive
reactivity feedback coefficients represent unstable responses to changes
in reactivity. One of the dangers involved in increasing the fuel
enrichment in a commercial nuclear reactor core is that both moderator
and fuel temperature reactivity feedback coefficients increase in value,
that is they become less negative (Hirai, 1990). The fuel temperature
coefficient becomes less effective at higher enrichments because of an
increase in the fission rate while at the same time, the radiative capture
rate decreases (Hirai, 1990). Likewise, the moderator feedback coeffi-
cient becomes less negative because of increased boron and lithium
hydroxide solution in water which collectively contribute to a higher net
neutron absorption rate (Hirai, 1990). Due to these effects, as enrich-
ment increases there is an overall reduction in the negative reactivity
feedback effect from changes in temperature within the core.

2.1.3. Burnable poison concentration
As mentioned above, higher enriched fuel is expected to require a
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higher level of burnable poison to maintain constant power levels. This
problem cannot solely be solved by increasing the levels of boric acid in
the coolant as this may change the density response of the moderator
and reduce the moderator feedback to unsafe levels (Hirai, 1990). In
extreme cases, an over-borated moderator can lead to an over-
moderated state where there is an overall decrease in the absorption
of neutrons with higher power, resulting in an increased fission rate. To
combeat this issue, lumped burnable poison (LBP) in the form of Gd;Os3 is
used in place of additional boric acid to hold down the excess core
reactivity and maintain criticality. The LBP is typically inserted into the
core inside of selected fuel rods. Higher LBP content is needed in a PWR
core in order to attain longer fuel cycles and maintain optimal power
distribution. Increasing the relative density of the LBP in the fueling turn
is likely to increase in the possibility of cracks forming within the fuel in
the fabrication process due to a noticeable difference in thermal
expansion coefficients between Gd;O3 and UOq (Hirai, 1990). Addi-
tionally, higher LBP content results in a more positive fuel temperature
coefficient, although this effect is less significant than the effect on the
moderator temperature feedback coefficient from high boron content
(Burns et al., 2020). Moreover, increased LBP concentration may result
in an overall decrease in the thermal conductivity of fuel due to Gd,O3
having a lower thermal conductivity than UOy (Burns et al., 2020).
BWRs do not suffer from this problem as they control reactivity by
actively changing control rod position, core pressure, and coolant mass
flow rate.

2.1.4. Flux and fission product concentration

With adjustments from reactivity control systems as mentioned
above, the core-averaged neutron flux should not change considerably
with increased enrichment; however, the resulting perturbation to
power distribution leads to higher local flux peaks around fresh fuel
batches. This suggests higher rates of material irradiation exposure and
zirconium alloy corrosion from higher local temperatures. Additionally,
higher fluxes result in increased equilibrium concentrations of fission
products like %°Xe, which has a significantly high thermal neutron
absorption cross-section (Lewis, 2008). Alternatively, the concentra-
tions of stable fission product poisons, like 14°Sm, are less affected by
changes in flux, although there is still expected to be some change
(Lewis, 2008).

In addition to changes in flux distribution, the utilization of HALEU
fuel may also result in an overall reduction in thermal neutron flux.
Thermal flux decreases at higher enrichments for all stages of a reactor
fuel cycle (Burns et al., 2020). Higher enriched uranium fuel has a
higher fission neutron yield at higher neutron energies. At the end-of-life
(EOL) of a fuel cycle, the flux differences between enrichments become
less significant due to the buildup of fission product poisons, which in-
creases overall neutron absorption.

2.1.5. Fuel cycle

The implementation of HALEU fuel has several important impacts on
the entire fuel cycle. At the front-end of fuel cycle, a significant increase
in the natural uranium feedstock is necessary to produce a fresh batch of
HALEU fuel. This increase in natural uranium feedstock is offset some-
what by a decrease in the required fuel supply due to a reduction in
refueling frequency. This results in an overall increase in disposed
depleted uranium (DU) with increased enrichment (Burns et al., 2020).
The low-level radioactive waste (LLW), defined as items contaminated
with radioactive material, is also expected to increase due to the added
separative work necessary to enrich product fuel (Burns et al., 2020; U.S.
NRC., 2017). During the operation of a HALEU fuel core, there is ex-
pected to be an overall decrease in high-level radioactive waste (HLW)
in the form of spent nuclear fuel (SNF) due to the prolonged fuel lifetime.
Consequently, this HLW decrease in SNF allows for a net decrease in
land use and carbon emission per unit of energy produced (Burns et al.,
2020). However, due to the increased work needed in the front-end fuel
cycle, water usage increases slightly with enrichment (Burns et al.,
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2020). At the back-end of the fuel cycle, the higher burnup of HALEU
fuel results in changes in SNF characteristics such as changes in decay
heat and radioactivity over time (Burns et al., 2020). In the very short
and very long time frames, the decay heat of higher enriched spent fuel
was calculated to be lower than that of less enriched fuel mainly due to a
reduction in fissile material in higher burnup fuel. In the intermediate
time frame (~4-100 years), the decay heat of higher enriched spent fuel
was found to be slightly greater than that of lower enriched fuel due to
more fission product buildup. The net activity of spent fuel after 100
years of decay time is expected to slightly decrease with increasing
enrichment due to a reduction in actinide concentration which is mostly
balanced-out by an increase in radioactive fission-products (Burns et al.,
2020).

It is worth mentioning that the decrease in actinides can be beneficial
from a nonproliferation standpoint because the 2*°Pu and 2*'Pu contents
are reduced in higher burnup SNF (U.S. NRC., 2017). By reducing the
concentration of 2°8U in fresh fuel, the concentration of 2*°Pu is ex-
pected to be reduced in spent fuel. Additionally, the higher burnup in a
HALEU reactor would result in a higher utilization of fissile 2°Pu and
241py contents (Beller and Krakowski, 1999). Therefore, the SNF of a
PWR is proposed to be more proliferation resistant by increasing fuel
burnup.

2.2. Thermal-Hydraulics considerations

Changes in some parameters like the rate of control rod adjustments
and burnable poison concentration allow for a reactor to maintain a
consistent power level with higher enriched fuel. Consequently, the
average volumetric power density and coolant temperature essentially
remains the same. This suggests that implementing HALEU fuel in SMRs
would have no significant impact on the plant thermal-hydraulics per-
formance, but it may require additional LBP fuel rods to compensate for
increased enrichments and result in different axial profiles. The most
significant effects would likely come as a result of increased boron
concentration. As a side-effect, increasing boron concentration in a core
will increase the radioactivity in the primary heat transfer loop. This is
because higher boron concentrations raise the rate of (n, 10g) reactions,
which produce radioactive tritium isotopes in the coolant (Burns et al.,
2020). Moreover, higher boron concentrations increase the occurrence
of crystalized boron deposits within the primary loop and accelerate
crud depositing that may result in an axial offset anomaly (AOA) (Li
et al., 2019).

2.3. Safety considerations

Many of the above thermal-hydraulics related design implications
involved with increasing the enrichment of nuclear fuels to HALEU
levels may compromise a reactor design by exceeding NRC regulations
and general safety limits. Although SMRs and micro-reactors have
embraced many passive safety design features, higher enriched fuel,
higher fuel burnup, longer cycle time, and higher boron concentration
still would increase the likelihood of accidents during reactor operation.
Boron content may affect reactor safety by increasing the overall like-
lihood of reactivity excursion events from dislodged boron crud being
carried through the core (D’Auria, 2017). During such an event, nega-
tive reactivity is introduced causing a local drop in moderator temper-
ature. On the other hand, positive reactivity from reflux condensation
events might become more severe in higher enriched cores. These events
occur when a small break causes the buildup of boron-diluted water in
the steam generator tubes which can re-enter into a heavily borated core
during operation (Li et al., 2019). As a result, the local boron concen-
tration in the region near the coolant inlet of the core will reduce by a
significant margin. This reduction in boron concentration leads to an
increase in local reactivity, which may be a serious safety risk. While
reflux condensation occurs at the same frequency regardless of enrich-
ment, the higher boron concentration in a higher enriched core results in
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an increased sensitivity to these events.

Additionally, by extending fuel cycle life with further enriched fuel,
certain safety concerns must be addressed during the core design. One
major concern is the GPF limit. To maintain a peak cladding temperature
of under 2200 F, assembly positioning and LBP concentration in fuel
must be optimized to allow for a small power differential across the core.
Higher enriched fuel and an increase in crud deposition naturally can
lead to greater axial power offset. Since plants have limits on the level of
axial offset between the upper and lower regions of the core, this effect
may result in premature shutdown (Odette and Zinkle, 2019). Another
major safety concern is the soluble boron limit of a reactor. High boron
levels would contribute to crud deposition, limit the response of
moderator feedback, increase the radioactive quality of coolant in the
primary loop (a concern in the case of a small break accident) (U.S.
NRC., 2018), and may result in a reactivity-initiated accident in the case
of heterogeneities in boron concentration or the dislodging of solid
borated matter. While some of these effects constitute the limiting pa-
rameters of design regarding boron concentration, it is a common
practice for PWR type reactors to keep initial boron concentration below
2000 ppm (D’ Auria, 2017). Keep in mind that the true limiting factor for
the boron concentration is to maintain a moderator temperature coef-
ficient at or below zero, and the boron concentration should be limited
accordingly.

The materials within a reactor must also withstand the expected
increase in corrosion and radiation that causes embrittlement and
degradation. Particularly, the increased radiation exposure, crud depo-
sition, and radioactive content in coolant may compromise the integrity
of the reactor components, especially by increasing the likelihood of
cladding failure. Changes in cladding creep, fuel pin swelling, fission gas
release, and crack formation must be considered. Oxide layer formation,
fission gas release, and the formation of high burnup structures (HBS) (A
surface structure unique to uranium oxide fuel at high burnup) are all
expected to affect the heat transfer characteristics of fuel rods.

Regarding the concerns on the transport of nuclear materials, HALEU
fuel requires considerably less work compared to the weapons grade
uranium, which presents a great risk during transport. The numerous
supply lines needed for SMRs and microreactors compared to large re-
actors adds more concern, especially with microreactors serving remote
communities as the long supply lines introduce added risk. Additional
transportation safety concerns such as higher radioactivity and greater
concerns on criticality risk increase transportation standards for HALEU
fuel and UFg (Eidelpes, 2019). On the other hand, the increased burnup
of HALEU fuel allows for more proliferation resistant spent fuel. More-
over, the longer cycle time from HALEU utilization allows for less
radioactive waste with lower actinide concentration.

For the reasons mentioned above, an SMR or micro-reactor plant
design must be reevaluated to ensure that the utilization of HALEU fuel
does not result in a violation of their respective thermal-hydraulic safety
constraints. The safety constraints and technical specifications vary
between reactor designs with some operating limits varying between
individual reactors, and since there are no SMRs or micro-reactors
currently operating in the United States, the NRC has not published
any official technical specification documents on these subjects (U.S.
NRC., 2019). Key safety constraints of a typical PWR design are sum-
marized in Table 2. The values shown in Table 2 are either directly
mentioned by the NRC as a technical specification or are included in the
core operating limits report (COLR) of a reactor of that design (U.S.
NRC., 2012; U.S. NRC., 2020; U.S. NRC., 2020; R.E. Ginna Nuclear
Power Plant., 2018; U.S. NRC., 2007; U.S. NRC., 2010; U.S. NRC., 2011).
While these safety constraints do not directly apply to SMRs or micro-
reactors, they may work as a “sanity check” to ensure that PWR type
reactors can operate safely using HALEU fuel.

2.4. Material considerations

Increased neutron fluence is the first concern for material
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Table 2
Safety Constraints of Current or New PWR Designs.

Limit Max/Min Reactor Type

Fuel Centerline Temp. < 5080-0.0058*BF ' 5080-0.0065*BF '
RCS Pressure <= 2735 psig 2750 psig

RCS Flow >= 284,000 gpm 139.7E6 Ib/hr
RCS Avg. Coolant Temp. <= 580°F * 604.6F

Coolant Spec. Act. <= 100 mCi/gm 100 mCi/gm
Cladding Temp. <= 2200F 2200F

MTC <= 0 pem/F ?

GPF <= 267 2.5°

Axial Flux Difference <=>= 6, —12% * 17.51, -16.26 % *
Boron Conc. <= 2000 ppm ° 2504 ppm °

1 ‘B’ represents core averaged burnup in MWD/MTU

2 COLR for R. E. Ginna Nuclear Power Plant (R.E. Ginna Nuclear Power Plant.,
2018)

3 COLR for Arkansas Nuclear One — Unit 1 (U.S. NRC., 2007)

4 Example from B&W Crosstraining Course Manual (U.S. NRC., 2010)

5 COLR for Prarie Island Nuclear Generating Plant Unit 1 (U.S. NRC., 2011)

6 Operating Maximum, Not Technical Specification

considerations for a HALEU core. Increasing radiation exposure of fuel
and cladding material is one of the most significant consequences of
increasing core burnup. Although the neutron flux throughout a PWR
core does not change much as a response to higher enriched fuel (Burns
et al., 2020), the exposure time is increased significantly. This requires
fuel and cladding material to be able to withstand higher levels of
neutron fluence, or neutron dose per unit area. Also affected is the
reactor pressure vessel (RPV) of the core. Since HALEU cores can achieve
longer cycle times with negligible increases in shutdown time, the RPV
may be exposed to a higher lifetime neutron fluence. This increase in
fluence within the reactor may cause higher levels of irradiation
embrittlement and the loss of fracture toughness due to radiation
induced corrosion. Neutron irradiation has the tendency to increase the
ductile-to-brittle transition temperature, which increases the risk of
brittle failure in ferritic RPVs (Nrc, 2019). Irradiation induced corrosion
is also dependent on core temperature. Neutrons above 0.5 MeV are
most effective at displacing atoms in a ferritic material at operating
temperatures between 260 and 300 °C (Nrc, 2019). Although RPVs do
not have a precise neutron fluence limit, an RPV that is exposed to more
than 10'7n/cm? with E > 1 MeV is required by the NRC to perform
material surveillance (Burns et al., 2020). This material surveillance
program involves conducting fracture toughness tests on material sam-
ples withdrawn from a reactor vessel. Changes in material properties
due to radiation exposure and high temperatures and pressures are
tested against ASME standards that determine the operability of a
reactor (Nrc, 2019; Nrc, 2019).

Another concern is the mechanical properties of reactor components
as they change with temperature. The average core fuel and moderator
temperatures are expected to remain the same with increased fuel
enrichment to allow for consistent thermal power output. However,
higher fresh fuel enrichment suggests larger enrichment differences
between batches, which implies greater temperature gradients within
the core, and thus higher peak fuel and cladding temperatures. Increased
peak cladding temperatures are the limiting factor of core temperature
because zirconium has a much lower melting temperature than UO,.
Furthermore, zirconium alloy is susceptible to thermal creep at high
temperatures (Adamson et al., 2019). Because of this, small differences
in cladding thickness along the vertical axis may result in a higher
likelihood of failure. Additionally, increases in local temperature will
lead to an increase in local fuel swelling.

A much more problematic issue in this regard is the increased cor-
rosive effects due to prolonged zirconium-water interaction in PWRs and
BWRs. Waterside corrosion may significantly reduce the structural
integrity of zirconium cladding. This phenomenon occurs due to mul-
tiple compounding reasons but is primarily due to cladding thinning,
where the outside surface is chemically altered to form a brittle oxide
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layer. There is a design limit that states this oxide layer must be no
thicker than ~ 100 pm (Odette and Zinkle, 2019). Also worth noting are
the effects of hydride embrittlement. Hydride embrittlement occurs
when hydrogen is introduced interstitially within the cladding material.
This hydrogen can be introduced at the cladding-water interface where
Zr-H,0 reactions produce hydrogen as a byproduct. These hydrogen
atoms bond with lithium to form hydrides. These hydrides ultimately
embrittle the zirconium alloy (Chan, 1996).

Oxide layer formation is accelerated by crud deposition. The term
‘crud’ refers to irradiated, eroded, and corroded non-fuel materials that
are deposited on cladding surfaces. Crud deposition can be aided by low
pH levels from the use of soluble boric acid as a burnable neutron poi-
son, which is balanced by dissolving lithium hydroxide in the primary
loop. Furthermore, crud deposits in PWRs form evenly distributed layers
outside the oxide layer of cladding. By impeding heat transfer, crud
deposits can cause local boiling and exacerbate corrosion and crud
buildup, establishing a positive feedback loop (Odette and Zinkle,
2019). Due to these reasons, crud buildup is the primary concern when it
comes to corrosion-related fuel rod failure. Of the four corrosion acci-
dents since 1990, all of them were due to crud-induced corrosion
(Odette and Zinkle, 2019). Moreover, crud buildup may affect plant
thermal-hydraulics by causing an axial offset anomaly which may lead
to a premature shutdown. By prolonging a reactor’s fuel cycle, its
cladding material will be exposed to higher levels of corrosion and crud
deposition. Because of this, SMR designs that use HALEU fuel must pay
careful attention to primary loop chemistry.

The production of fission gasses is a major factor that affects the fuel
heat transfer capability. With increased burnup from the utilization of
HALEU fuels, it is expected that enhanced fission gas release will result
in a reduction in thermal conductivity and an increase in inner-tube
pressure. Approximately 15% of all fission products are the noble
gases xenon and krypton which have low solubility in UO, (Rest et al.,
2019). These fission gasses will form bubbles within and in-between
grain boundaries, and after being exposed to significant levels of
burnup, will diffuse outside the fuel pellet boundary and inhabit the
fuel-cladding gap. These fission gasses have significantly lower thermal
conductivities than helium resulting in a more insulated fuel-gap region.
This phenomenon causes fuel temperatures to become higher, although
the overall effect remains that fuel temperatures decrease with burnup.
The level of fission gas release for a fuel rod depends on fuel defect
concentration, grain size, availability of migration pathways, tempera-
ture, and burnup. Additionally, high burnup fuel tends to release high
levels of fission gas when exposed to sharp changes in temperature (Une
et al., 2006). Due to this reason, twice-burned fuel batches in a HALEU
core may suffer most from fission gas release immediately after startup.
Moreover, fission gas release increases exponentially with burnup
regardless of temperature (Rest et al., 2019). Fission gas buildup can
create high pressure inter-granular bubbles that induce cracks that
reduce the mechanical integrity, heat transfer, and neutronics properties
of fuel. The effect of fission gas release on thermal diffusivity is inversely
dependent on local burnup up to roughly 70 MWd/kgU, at which point
the steepness of the slope is reduced due to the development of a com-
plex microstructure known as high burnup structure (HBS) on the rim
region of the fuel (Rest et al., 2019). Due to high neutron absorption at
pellet surfaces, there is a higher plutonium content which causes high
local burnup and grain recrystallization, creating quasi-spherical micro-
pores. While HBS reduces the thermal conductivity of the uranium fuel
itself, its overall effect on thermal conductivity is beneficial because HBS
pores act as fission gas sinks, reducing the overall effects of fission gas
release (Rest et al., 2019).

The last material consideration worth mentioning is that changes in
reactor burnup have a significant effect on the rod internal pressure
(RIP) of fuel rods. RIP does not significantly contribute to fuel failure
during normal operation (Odette and Zinkle, 2019) other than the
increased hydride reorientation that is known to embrittle cladding
(Chan, 1996). However, RIP is a serious concern regarding spent fuel
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storage (Machiels et al., 2017; Kim et al., 2017). It has been reported that
the major variables that may cause cladding failure in dry cask storage
are the hoop stress caused by rod internal pressure and cladding tem-
perature that arises from decay heat (Kim et al., 2013). This is worsened
by cladding material degradation from oxide layer formation, hydrogen
concentration, and irradiation embrittlement. Further material degra-
dation is reduced during storage due to NRC guidelines that restrict
allowable cladding temperature to 400 °C (Kim et al., 2017). Since
fission gas is released at an accelerated rate with increasing burnup, the
risk of cladding rupture from hoop-stress becomes greater (Kim et al.,
2017). Case studies on large reactors showed a wide range of hoop
stresses recorded at 400 °C up to 55 GWd/MTU; at this burnup level,
discharge hoop stress of up to 120 MPa was recorded; the NRC limits
spent fuel cladding to 90 MPa for high burnup fuel (Kim et al., 2013).
Due to concerns regarding dry storage and reductions in thermal con-
ductivity, expanding the fuel cycle length of SMRs and micro-reactors
requires additional research. On the other hand, there is an overall
decrease in discharged spent fuel decay heat, HLW content, and land use
requirements at higher enrichments (Burns et al., 2020). One possible
option for reducing the positive feedback “poisoning” effects from
fission gasses involves a higher initial pressure for the helium backfill
gas. This allows for better axial transport of fission gas by restricting
closed gaps from forming due to fuel-clad interaction (Turnbull, et al.,
2020).

The reduction in structural integrity of cladding material that comes
from the accumulation of embrittlement and stress effects mentioned in
this section may not only limit the total life of cladding material in a
reactor but may also increase the risk of cladding bursting that may
result from a loss of coolant accident (LOCA) (Gussev et al., 2015).

2.5. Economic considerations

Because the implementation of HALEU fuels is mainly considered for
their potential economic benefits, their ability to improve the economic
efficiency of a nuclear power plant must be justified. The main method
for reducing plant costs include increasing revenue by improving the
capacity factor by increasing operation length and lowering fuel costs by
reducing the overall mass of the required fuel. HALEU fuel may poten-
tially prolong a nuclear reactor’s fuel cycle by increasing the maximum
achievable fuel burnup without significantly impacting overall capital
costs and operation and maintenance (O&M) costs. By increasing the
duration of power production, a higher enriched reactor may reduce its
refueling frequency, thus allowing for improved reactor economy
depending on how much extra cost is associated with increasing fuel
enrichment. Although the cost per kilogram of HALEU fuel is expected to
increase, it is still expected that the overall cost of fuel will decrease due
to a reduced frequency of refueling. The extra cost of HALEU fuel may
mostly be attributed to the increase in feed uranium needed to produce
the same mass as LEU; however, there are other contributing costs that
must be considered. First, due to higher radiation and proliferation risks,
more demanding standards for transportation and packaging regulations
might be introduced, which may increase the cost of fuel transportation.
Early batches of HALEU fuel may be cost-prohibitive because there is
currently no existing supply chain for fuels above 5 w/o enrichment.
Moreover, since higher burnup is to extend reactor cycle length
required, higher fuel fabrication costs may be necessary since the fuel
must be designed to reduce the effects of additional mechanical stress,
corrosion, and radiation embrittlement (Pimentel, 2019). Since fuel
suppliers are currently developing and have already developed
advanced accident tolerant fuels which are better suited for high burnup
environments (Pimentel, 2019), the level of investment needed for
HALEU fuel to become readily available for commercial power pro-
ducers is mainly tied to technologies which allow for large-scale
manufacturing and transportation of accident tolerant fuels rather
than for the development of the technology itself. Lastly, due to an ex-
pected increase in neutron fluence over the reactor lifetime from longer
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operation cycles, the reactor pressure vessel (RPV) may experience a
reduction in operational lifetime.

Ref. (Carlson et al., 2020) provides more detailed information on the
economic effects of increasing fuel enrichment and the method for
determining resulting cost reductions. It is important to note that the
LCOE (levelized cost of energy) of a power plant is defined as the cost of
generating a single unit of energy and is used to estimate a return on the
capital invested, often expressed in units of $/MWh. This parameter may
be calculated using Eq. (1) below,

LcoE — ST Cosn £ Cu ¢))
P "’I'Tcycle

where C,, Cosum, and Cy represent the cycle averaged capital, O&M,
and fuel costs respectively while  is power plant capacity factor, P is the
rated unit power, and T,y is the total fuel cycle length. It must be noted
that to increase its LCOE, a reactor cannot simply extend cycle time by
reducing power output. Although there are benefits with increasing
cycle time as shown in Eq. (1), these benefits are effectively cancelled
out due to a reduction in power. For this study, the tested designs are
assumed to operate at full-power while operational and zero-power
when offline for refueling; hence, the capacity factor and cycle time
are only impacted by the differences in fuel burnup due to changes in
fuel enrichment.

3. Case study

A case study with the NuScale’s 160 MWt SMR as the example
reactor was carried out in this section. The purpose of the case study was
to provide analytical evidence in support of the implications of the use of
HALEU fuel in SMRs and micro-reactors identified in section 2. This was
accomplished by using a computational reactor model of HALEU fueled
NuScale SMR to evaluate its impact on core neutronics including the
changes in fuel cycle and spent fuel composition, thermal hydraulics,
and plant economics. The Studsvik Scandpower reactor physics codes
(Gussev et al., 2015) were used to model a standard NuScale’s 160 MWt
SMR design and a customized version optimized for a 48-month fuel
cycle operation. Through the comparison of the simulation results,
changes in key parameters were quantified to understand the impact of
HALEU on the SMR. The fuel management scheme used in the SMR
design was that of a 48-month and three-batch fuel cycle employing
NuScale’s fuel assembly design. For reactor security and safety consid-
erations, only analysis results that met current NRC licensing standards
such as those provided in Table 2 and NuScale’s key safety standards
(Welter, 2010), including a GPF of under 2 and a reactor coolant system
(RCS) boron concentration of under 2,000 ppm, were deemed accept-
able for the study. In the rest of this section, a brief introduction of the
computational modeling approach is provided first, followed with
calculation results and discussions. Although some results require
additional analytical methods, most of the analysis results discussed in
this section are direct outputs from SIMULATE, which is the core physics
simulation code in the Studsvik Scandpower reactor physics code suite
(Studsvik, , 2009). If the methods for calculating certain results are not
explicitly mentioned, it may be assumed that they are direct outputs
from the simulation.

3.1. Methodology

3.1.1. Analysis code description

The neutronics analysis was performed using the Studsvik Scand-
power reactor physics code suite (Studsvik, , 2009) which consists
CASMO, CMSLink, and SIMULATE codes. CASMO is a two-dimensional,
lattice neutron transport code that models the LWR fuel assembly de-
signs. Working in conjunction with the CMSLink code, CASMO uses the
data from a cross section library to produce a set of collapsed two-group
cross sections as a function of key reactor conditions such as fuel burnup,
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burnable poison depletion, fuel and coolant temperatures, power, etc.
This calculation is performed on a per fuel pin basis with the final output
being on a per fuel assembly basis. The resulting two-group cross section
library is then used by SIMULATE, which is a three-dimensional, steady-
state, nodal code that is used to model and analyze LWR cores. SIMU-
LATE can perform neutronic and thermal-hydraulic coupled calcula-
tions on a whole core level, as well as predict core reactivity, power
distribution, fuel temperature, and composition. Fig. 1 briefly shows the
interaction and data flow of the three codes described above, where
ENDF (Evaluated Nuclear Data File) is the microscopic cross-section
library.

The thermal-hydraulic and economic analyses were performed using
traditional analytic approaches based on the neutronics analysis results.
Material implications were unable to be quantified due to a lack of ac-
cess to the appropriate corresponding simulation software. However,
thermal-hydraulic and material concerns are key areas of interest for
further study into the effects of increasing enrichment to HALEU levels
in SMRs and micro-reactors.

3.1.2. Core optimization and baseline design

A multi-step and iterative optimization process was carried out to
obtain an optimal enrichment for a 48-month cycle with the NuScale’s
core design. First, the enrichment values of the three fresh fuel batches
were adjusted so that the average fresh batch enrichment was within the
HALEU range of enrichments. Next, the individual assembly was opti-
mized to reduce the pin (power) peaking factor (PPPF). Fuel assemblies
with homogeneous fuel pin enrichments tend to have a higher PPPF than
those with varying fuel pin enrichments. To minimize pin peaking fac-
tors, individual fuel pin enrichments were adjusted while maintaining
the same overall average assembly fuel enrichment. This process is
partly illustrated in Fig. 2, which provides the difference in maximum
PPPF between a homogeneously enriched fuel assembly and an opti-
mized fuel assembly (only 1/8 assembly is shown due to symmetry).
Fig. 2 also shows the calculated infinite multiplication factor (k-inf) for
the beginning of cycle (BOC), middle of cycle (MOC), and end of cycle
(EOC) of the assembly.

The 48-month optimized equilibrium core is shown in Fig. 3. The
center assembly (C-03) of the core is replaced every cycle, while the 12
remaining fresh assemblies (C-01, C-02) are reshuffled during the first
refueling to the once-burned (B-01, B-02) fuel assembly locations, and
then, following the second refueling, to the twice-burned (A-01, A-02)
fuel assembly locations. The maximum attainable core-averaged burnup
and cycle time for an equilibrium cycle were predicted by SIMULATE.
Fresh fuel enrichments were iteratively adjusted to optimize the
maximum cycle burnup to match that of a 48-month cycle core. The final
core-layout and assembly enrichments are also shown in Fig. 3. Using an
equilibrium fresh-batch loading of six assemblies at 9.10 w/o, six as-
semblies at 8.1 w/o, and one center-core assembly at 5.2 w/o, the
average equilibrium fresh fuel enrichment is found to be 8.34 w/o. It
should be noted, however, that nonhomogeneous fuel pin enrichments
may result in increased manufacturing costs due to the need to segregate
fuel pins of different enrichments during the manufacturing process.

3.2. Neutronics analysis results

3.2.1. Power and flux profile

As mentioned in Section 2.2.1, the GPF of a reactor core is one of the
most important reactor safety metrics and needs to be minimized during
the core design phase. GPF values can be produced by SIMULATE as a
function of burnup. Fig. 4 displays the GPF curve of NuScale’s standard
24-month cycle and the customized 48-month cycle. The maximum
burnup for the 24-month core and 48-month core are 12.5 and 24.2
GWd/MT, respectively. As shown in Fig. 4, the GPF is higher at all stages
during the operation of a HALEU core. This is likely due to larger dif-
ferences in fuel assembly enrichment as shown in Fig. 4. This effect is to
a great extent minimized by the increase in burnable poison in the
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Fig. 2. Optimized 5.8 w/o fuel assembly with burnable poisons.

HALEU core. It is also important to note that the difference between
maximum GPF is very small. The maximum GPF of the 24-month and
48-month cycles are 1.82 and 1.86, respectively. Considering the
maximum allowable GPF is 2.0 as given in the NuScale’s design speci-
fication (Welter, 2010), the HALEU core is proven to be able to operate
normally with little consequence from a power profile perspective.

The 48-month cycle core design also experiences an increase in axial
offset. Fig. 5 shows this trend. Increased fuel enrichment is shown to
have marginal effect on the axial offset of a PWR type core at BOC; the
higher enriched core shows a slightly greater average axial offset on the
range of 0-12 GWd/MTU. However, the effect of increased core burnup
has a greater effect on EOC axial offset with a final value of —2.4%.
Although this effect is not preferable, it shows that both cores fall well
within standard allowable ranges as shown in Table 2. However, the
trend shown by the 48-month cycle suggests that further increasing core
burnup may result in unsafe axial offset values. Depending on the safety
constraints of a reactor, this factor may set a limit on the maximum
enrichment to be utilized in a PWR type SMR.

The core average flux behavior for higher enriched core has shown
some phenomenal differences when compared to that of standardly
enriched cores. Fig. 6 shows the average flux level along with the
average burnup for both the 24-month and 48-month cycle cores. As can
be seen, the higher enriched core has an overall reduction in the flux
level compared to the low enriched core. The average total flux reduc-
tion up to the burnup 12 GWd/MTU is ~ 7%. Furthermore, the fast to

thermal flux ratio in the higher enriched core increased from 7.87% to
12.87%, which indicates the fission contribution from fast neutrons
increased in higher enriched core. This effect is likely due to an overall
increase in neutron capture rather than leakage, which is considerably
lower for higher enriched cores as shown in Fig. 7. For a fission reactor
core to maintain the same power with higher enriched fuel, flux must be
reduced. This is because, as the number of fissile isotopes increases, so
does the macroscopic fission cross section. To maintain a constant core-
averaged rate of thermal power, the flux must be controlled by
increasing neutron capture or leakage. This would also explain why
there is a more significant difference in thermal flux between the two
cores. Some factors that contribute to a higher rate of neutron capture in
higher enriched cores include lower resonance escape probabilities from
a higher concentration of 23°U, an overall increase in boron concentra-
tion, and an increase in fission bred poisons. This decrease in flux may
positively affect safety concerns due to a decrease in the neutron fluence
exposure of the RPV and reactor components.

3.2.2. Boron concentration

As mentioned in Section 2.2.3, to achieve higher burnup with higher
fuel enrichments, more burnable poison must be used to maintain crit-
icality at the same power level. Because of this, the 48-month cycle
reactor uses substantially more boric acid compared to the 24-month
cycle as shown in Fig. 8. The maximum boron concentration in the
48-month reactor is 1757 ppm, while that of the 24-month reactor is
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Fig. 3. The baseline 48-month out-in fuel management scheme loading pattern map.
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1146 ppm. This increase in boron content may contribute to an increase
in Zircaloy corrosion and oxidation. Despite the substantial increase in
burnable poison, the boric acid concentration in the RCS remains below
standard PWR limits as shown in Table 2; however, this was offset by the
addition of LBP within some fuel rods. The significant increase in boron
concentration shown in Fig. 8 suggests possible design limitations in
higher enriched cores; although, the effect of an increase in boron
concentration can be diminished by increasing core LBP concentration.
The equilibrium LBP was not adjusted for the equilibrium cycle 48-

month core but was adjusted for the first cycle fresh fuel core.
Although the boron content in the reactor remains below the standard
limit of 2,000 ppm, there are still significant safety concerns that may
arise from an increase in boron concentration: these being an increase in
tritium production and higher levels of crud deposition.

3.2.3. Fuel cycle effects

In addition to reactivity changes, higher enriched fuel accounts for a
significant change in fuel depletion characteristics. One such change is
the prominent increase in fission product poison content in fuel rods.
Figs. 9 and 10 show changes in Sm-149 and Xe-135 content in both
cores. The Xe-135 and Sm-149 content was found to increase by a
maximum of 35% and 129%, respectively. Being that the 48-month core
experienced no change in I-135 and a slight reduction in Pm-149, the
rise in their daughter nuclei may result from an overall reduction in their
loss mechanisms. Because of the decrease in core-averaged thermal flux
shown in Fig. 6, the rate of removal of Xe-135 and Sm-149 is reduced.
The effects of this trend are less significant for Xe-135 because the
reduction of Pu-239 in higher enriched fuel causes a reduction in Xe-135
fission yields (IAEA. (n.d.). Fission product yields. Retrieved August 15,
2020).

The reactor operational history is important due to its impact on
characteristics of the fission products and the amount of decay heat
produced. The overall concentration of radioactive fission products after
reactor shutdown is a function of reactor burnup and power history.
Increasing decay heat extends the time for a reactor to reach the “min-
imum heat” necessary for refueling to begin. This decay heat is roughly
approximated for a constant power operating history by the Wigner-Way
formula shown below:

? =6.85x 107 [t — (1, + 1) *?] )
0

where P(t)/Py is the ratio of decay heat to the constant operating
power, t is time after shutdown in days, and ¢, is time of reactor oper-
ation in days (Pond and Matos, 1996). Under the assumption that the
time to reach the decay heat limit is the critical path in a refueling
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Fig. 6. Core averaged flux along with burnup for different cycle length cores.
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outage, the NuScale SMR has an active pool cooling operation of 3 days

under normal operation (U. S. NRC., 2009). Fig. 11 shows the decay heat
effect of different fuel cycle length based on Eq. (2) where each blue
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curve represents a cycle time measured in years and yellow line repre-
sents the decay heat level of the NuScale core after 3 days cooling after
shutdown. As shown in the figure, if the fuel cycle length is doubled from
two years to four years, the resulting refueling time would extend by
roughly one full day. The effect of decay heat would reduce a four-year
capacity factor by approximately 0.1%. Ultimately, although there is a
considerable increase in refueling time, the overall effect on reactor
capacity factor is not enough to significantly affect plant economics.

3.3. Thermal hydraulic analysis results

Despite the increase in average fuel burnup for an equilibrium fuel
cycle, the 48-month reactor experiences a slightly lower average fuel
temperature as indicated in Fig. 12. This decrease in fuel temperature
can be attributed to a reduction in core-averaged flux as shown in Fig. 6.

Although producing the same power at a lower average fuel tem-
perature may be a positive safety implication, the higher GPF of the 48-
month reactor results in an increased peak fuel cladding temperature,
which is a significant implication for determining plant safety criteria.
Because peak cladding temperature was not an output in the SIMULATE
code, values for peak cladding temperature were approximated using
average fuel temperature, GPF, and moderator temperature; these
values were calculated using a standard conduction/convection heat
transfer model with 1-D cylindrical geometry. Eq. (3) shows the stan-
dard analytical equation for calculating heat transfer (Penoncello,
2018).

q = 3

where q_ represents the average thermal power (%), T ¢imax is the

average temperature (k) at the inner radius of the fuel cladding, T, is
the average temperature of the coolant, and R, is the total thermal
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m*k

resistance W

from the inner cladding to the coolant. Using the

thermal circuit method (Penoncello, 2018), the total thermal resistance
equation from the inner cladding to the coolant is determined to be that
shown by Eq. (4).

_ 1 [ln(REvo/R(_,,-)ﬁ_ 1 }

€]

t

- 2r k(- Rc.nh mod
where R; and R, are the inner and outer radii (m) respectively, k. is

the thermal conductivity ( ‘f") of the cladding, and h ;g (%) is the

k*m
heat transfer coefficient associated with the coolant flow. By substitut-

ing Eq. (4) into Eq. (3), a formula for the average inner cladding tem-
perature may be found as shown in Eq. (5).

T o= q/ |:ln (Rc.o/Rc.i) 1

“or k. Reoh o

} + T 5)

To find the local cladding temperature, the average power can be
multiplied by the power peaking factor or hot channel factor, (F(z)), to
solve for the localized power. By multiplying the core power by the GPF,
(F(2))gpr> throughout a reactor cycle, the maximum cladding tempera-
ture may be approximated as shown by Eq. (6).

?(F(Z))GPF ln(R“,/RN-) i 1
2 k(' Rc,oh mod

Tr.i,max -

+Ts (6)

To find the heat transfer coefficient of the moderator, the Eq. (7) may
be used (Penoncello, 2018).

Nug k.
D. 7

h mod —

where Nu,, is the Nusselt number under fully-developed conditions
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and D, is the hydraulic diameter of the cladding (m). The Nusselt number
may be approximated using Eq. (8) (Todreas and Kazimi, 2012).

(®

where (Nu,,).; is the Nusselt number for a circular tube found using
the Dittus-Boelter equation (Eq. (9)), and y is a correction factor which
adjusts for the lattice geometry of the fuel pins found using Eq. (10)
(Todreas and Kazimi, 2012).

Nitgo =y (Ntw) .

Nug, = 0.023Re*Pr* (©)

P

2 g 0] o 0se?
W = 0.9217+0.1478 (B) ~0.1130¢ for (1.05<B<1.9> a0

where Re, is the Reynolds number, Pr is the Prandtl number, and g is
the pitch-to-diameter ratio. Lastly, to solve for the maximum cladding
temperature, the Reynolds Number must be found using Eq. (11)
(Penoncello, 2018).

ch
Rey = PHmZe

an

where p is the coolant density, u,, is the coolant velocity, and y is the
coolant viscosity. Though the peak cladding temperature is higher for
the 48-month reactor than that of the 24-month reactor, the difference
between the maximum temperature is marginal and unlikely to seriously
affect reactor safety. However, the long term exposure to higher tem-
peratures could be a concern regarding increased corrosion and crud
deposit rates in certain regions of the reactor. Fig. 13 shows the pre-
dictions of peak cladding temperature during operation with the simple
analytic model outline above, which indicates the peak cladding tem-
perature slightly increased at the beginning of the extended cycle core,
but it decreases with the burnup and falls within the safety restraints
throughout the cycle.
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Fig. 13. Peak cladding temperature along with the burnup.
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3.4. Material analysis results

The zirconium alloys typically used for cladding and fuel assembly
components have excellent corrosion and radiation resistant properties
(Choi and Kim, 2013). Although there is no significant change in flux
caused by increasing fuel enrichment, extending cycle time will drasti-
cally change the design criteria of fuel assemblies. Due to the anisotropic
nature of zirconium and zirconium alloys, the increased fluence of
cladding material due to prolonged exposure may lead to increased
irradiation growth. Deformation from increased neutron fluence adds
stress and increases likelihood of failure (Choi and Kim, 2013). Irradi-
ation growth of zirconium is dependent on composition, grain size, level
of cold-working or annealing, and temperature (Choi and Kim, 2013;
Adamson et al., 2019). Core components are typically constructed from
Zircaloy-2, Zircaloy-4, Zr-2.5Nb, ZIRLO, M4, and/or M5. M5 was chosen
for NuScale’s cladding while Zr-4 was chosen for assembly spacer grids
and control rod assembly (CRA) guide tubes. M5 is an advanced zirco-
nium alloy which takes advantage of the ability of high sulfur concen-
trations to reduce irradiation creep and growth (Adamson et al., 2019).
This aspect of the design makes increasing core burnup an attainable
goal. The increased fluence of M5 zirconium alloy cladding due to
increased burnup can be estimated using approximated conversion
factors (Adamson et al., 2019):

50GWd/MT = 1 x 10* n/m*(E > 1 MeV) = 15.4dpa 12)

where the unit dpa, or displacement per atom, is used as a measure of
material damage due to neutron exposure. Using this approach, the
NuScale SMR will achieve an approximate maximum fluence of 7.20 x
10%°, 1.08 x 10%°, and 1.44 x 10*°n/m? for cycle times of 2, 3, and 4
years respectively. The corresponding damage for M5 cladding will then
be 11.1, 16.6, and 22.2 dpa for cycle times of 2, 3, and 4 years respec-
tively. Since an assembly may be present in the reactor for up to three
cycles, the lifetime damage for cladding in 4 year cycle reactor will
experience 66.5 dpa. With increased fluence, there is expected to be
additional cladding creep; this creep can be approximated using the Eq.
(13), a relationship determined from empirical M5 test data (Adamson
et al., 2019).

e = 0.126F — 0.0626 (13)

where ¢ represents the percent strain due to creep and F represents
the neutron fluence in 10°n/m?. Plugging the fluence values into Eq.
(13) results in creep strains of 0.84, 1.30, and 1.75 percent for the
respective cycle periods of 2, 3, and 4 years. This additional creep strain,
coupled with radiation embrittlement, increases the risk of fuel rod
failure.

Assuming increasing enrichment to HALEU levels has a negligible
effect on RPV flux and temperature, ferritic material is expected to
corrode slightly faster at higher enrichments. This suggests an RPV will
reach its toughness limits earlier than it would when using fuels below
5% enrichment resulting in a shorter overall reactor lifetime. For
example, if a reactor with a 60 year lifetime and 24 month refueling
cycle at 95% capacity factor extended its cycle period by 24 additional
months, the new capacity factor would be 97.5%. This cycle extended
reactor would reach roughly the same lifetime fluence in 58.5 years.
However, a precise RPV fluence calculation is difficult to estimate and
requires complex computer simulations because increasing fuel enrich-
ment affects core neutronics, thermal-hydraulics, and material proper-
ties that would all influence neutron flux levels for the RPV (Power,
2016). For these reasons, as well as a lack of empirical evidence, it is
difficult to estimate how much a reactor’s lifetime would be reduced as a
result of increasing fuel enrichment.

3.5. Economic analysis results

For the economic analysis, the key input parameter is the average
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LCOE of NuScale’s SMR design, which is reported to be approximately
86 $/MWh in Ref. (U.S. NRC., 2012). It is important to note that this
parameter may be subject to change as this design moves forward to-
wards implementation. Following the discussion provided to Section
2.4, a preliminary economic analysis of the case study was performed,
and the results of the analysis were covered in greater detail in
Ref. (Carlson et al., 2020). Some important findings are repeated in this
paper for a complete discussion. The change in LCOE due to increased
enrichment may only be considered economically viable if the increase
in fuel costs for a single cycle are less than the benefits derived from
increasing the fuel cycle length. Fig. 14 illustrates this concept by dis-
playing the estimated LCOE for product enrichments of 5-20 w/o with
cycle lengths of 2.5, 3, 3.5, and 4 years with a fixed tails enrichment of
0.2 w/o. This only provides an assessment based on purely economic
factors and does not account for the potential technical limitations of
NuScale’s SMR design.

As shown in Fig. 14, the lowest theoretical LCOE appears for the case
with a four-year cycle at 5 w/o0; however, this design is unachievable at
that enrichment without reducing power or significantly changing the
design of the reactor. Because of this, Fig. 14 can best be interpreted as a
way of determining the economic viability of a design after finding the
optimal cycle length at full power for fuel at HALEU level enrichments. If
this optimized enrichment falls to the left of the intersection of the red
line and the corresponding cycle length LCOE curve, the design would
be economically viable compared to the original design. If this value
falls to the right, however, the HALEU fuel design would be economi-
cally detrimental. To achieve cycle lengths of 2.5, 3, 3.5, and 4 years, the
corresponding core-averaged fresh fuel enrichments must remain below
5.4, 6.6, 7.8 and 9.0 w/o respectively. By extrapolating this trend, it is
revealed that the minimum economically viable cycle length for an
average fuel enrichment of 20 w/o is 8.6 years. To verify the economic
benefits of extending cycle length for NuScale’s SMR design, the corre-
sponding optimal fuel enrichment is required to achieve a desired fuel
cycle length and must be obtained through an in-depth reactor analysis
simulation.

Based on the LCOE data shown in Fig. 14, the HALEU SMR design
described above is estimated to operate at an LCOE of 84.8 $/MWh, or
1.23 $/MWh less than that of NuScale’s 24-month design. By assuming a
linear reactivity model (LRM) (Parks, 1989), a relationship for enrich-
ment and cycle length was established by comparing NuScale data to the
simulated SMR 48-month cycle results. Fig. 15 illustrates this relation-
ship. By interpolating the LRM results, the optimal core loading en-
richments for 30, 36, and 42-month cycles were found to be 5.21, 6.26,
and 7.30 w/o while their corresponding LCOEs were 85.5, 85.2, and
84.9 $/MWh respectively. The red and yellow error bars represent errors
corresponding to input price data uncertainties of 1% and 5% respec-
tively. The trends observed in Fig. 15 suggest that the improvement in
LCOE from the original 24-month cycle due to increased enrichment
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becomes less significant as cycle time increases. The approximated data
points from 2.5 to 3.5 years were derived using an LRM; because of this,
the corresponding data are not as well-defined as those derived from a
more rigorous physics model (like the model used to simulate the 4-year
case).

With a power output of 45 MWe, the yearly savings for one 48-month
cycle reactor using HALEU fuel is estimated to be $486,000. With a
NuScale power plant of 12 modules, the total yearly savings are ex-
pected to be roughly $5,840,000. Therefore, it is shown that increasing
the fuel enrichment to extend cycle length to 48 months may greatly
increase the economic efficiency of an SMR. This estimate ignores such
factors as lack of current HALEU manufacturing infrastructure and
increased fuel transport costs which may diminish the economic benefits
of HALEU fuels in the short-term.

4. Conclusion

The research carried out in this paper aimed to identify the most
significant effects on reactor performance that may result from
increasing fuel enrichment beyond its current legal limit. Using the
NuScale’s 160 MWth reactor as a model reactor, a case study was per-
formed to provide a better understanding of how certain parameters
may change in a reactor with longer cycle times, higher fuel burnup, and
higher fuel enrichment. Many of these parameters were tested against
known operating limits and safety constraints to determine the feasi-
bility of operating a reactor with HALEU fuel.

To determine the feasibility of these reactors, many implications to
reactor performance were identified and their corresponding theories
were discussed. These implications were categorized by neutronics,
thermal-hydraulics and safety, material, and economic considerations.
Within the neutronics category, five considerations were discussed:
global peaking factor, reactivity coefficients, burnable poison concen-
tration, flux and fission product concentration, and fuel cycle. While
core-averaged power is expected to stay the same for a higher enriched,
longer cycle reactor, the global peaking factor is expected to increase.
Another key concern is that both the moderator and fuel temperature
reactivity feedback coefficients will become less negative. Also dis-
cussed, was the possibility of higher boric acid and/or LBP concentra-
tions. Additionally, the concentrations of key fission product poison
isotopes like *°Xe and 14°Sm are expected to change with increased fuel
enrichment, with '3°Xe expected to rise sharply. The thermal flux of the
reactor was also expected to decrease. As for the fuel cycle, HALEU fuel
is expected to have more benefit than lower enriched fuel. For example,
HALEU fuel may lead to an overall reduction in DU, LLW, HLW, land-
usage, carbon output, and actinide concentration in SNF. On the other
hand, there is a slightly higher expected increase in water usage. While
there is no significant impact on core power from higher enriched fuel,
the expected increased boron concentration may lead to an increase in
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crud depositing and boron crystallization which may lead to increased
occurrences of AOA and reactivity excursion events which could be a
serious concern regarding power distribution. One negative aspect of
HALEU fuel mentioned was the issue of the transportation of higher
enriched fuel which is a major proliferation concern. As for material
concerns, increased neutron fluence can limit RPV life, greater power
distribution can lead to increased cladding creep and fuel swelling,
prolonged cycle times can lead to increased crud deposition, and higher
burnup leads to HBS formation and RIP. Lastly, reactor LCOE benefits
from reduced fuel supply and increased capacity but suffers from higher
fuel costs.

Operating at a 48-month cycle with an optimized average fuel
enrichment of 8.34 w/o, the maximum equilibrium cycle GPF was found
to exceed that of the 24-month design by only 0.04. Correspondingly,
the maximum peak cladding temperature deviated modestly from that of
the 24-month cycle, while the average fuel temperature remained
closely aligned as a function of burnup. Additionally, the maximum axial
offset value was determined to be —2.4% which falls well within the
safety constraints listed in Table 2; although the trend suggests that axial
offset may become a concern with increasing burnup, which may act as a
limiting factor for higher fuel enrichments. Likewise, while boron con-
centration managed to remain below the given safety constraint of 2000
ppm, there was a significant increase in boron content, suggesting that
higher enrichments may warrant the use of increased LBP in fuel to
reach higher burnup values. Moreover, the decrease in core-averaged
flux and increase in neutron leakage and fission product poison con-
centration may warrant consideration of fuel rod design modifications
and core layout for more optimized fuel utilization. Regarding the me-
chanical aspect, cladding creep was roughly calculated to grow
approximately from 0.84% to 1.75% from 2 to 4 year cycle times
respectively. Lastly, the economic study shows that increasing enrich-
ment to HALEU levels may be a very promising method to improve the
economic efficiency of SMR and micro-reactor designs. It is worth
mentioning that the plant’s maintenance outages should also be
extended to 48 months for these results to hold true.

Although the tested implications remain within the safety constraints
for a 48-month core design, there are still many implications that must
be investigated. For one, it is important to study how increasing
enrichment effects levels of high-level waste and how the isotopic
composition of that waste may change. It is especially important to
determine the plutonium content of spent fuel, as this may affect its
proliferation resistance. Additionally, expected changes in RPV material
irradiation and corrosion must be investigated as a higher capacity
factor may be offset by the reduction in core-averaged flux as shown in
Fig. 7. Also, the increase in cladding material creep, growth, corrosion,
crud deposition, and radiation embrittlement must be tested for
increased burnup and cycle time. Similarly, from a fuel standpoint,
cracking and HBS development must be considered when analyzing
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changes due to increased burnup.

Since the results of the case study were mainly solved using standard
reactor analysis codes, the feasibility of increasing fuel enrichment and
cycle length must be investigated further with more in-depth reactor
analysis methods. Despite this, the results from this case study show that
increasing fuel enrichment beyond 5 w/o to extend cycle length may be
both attainable and cost effective. In fact, extending cycle length to 48-
months may reduce the LCOE by 1.23 $/MWh while remaining within
the limits of all investigated safety constraints; however, parameters
such as boron concentration and axial flux or power offset may act as
limiting factors as fuels are enriched further and cycle lengths are
extended. In general, it is shown that while there are some causes for
concern, a PWR type SMR may realistically be able to extend its fuel
enrichment past the current legal limit and remain within its pre-
established safety constraints.
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