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EXECUTIVE SUMMARY

Microreactors present a potential paradigm shift in the nuclear industry.
Emphasis thus far has been on large-scale multi-billion-dollar projects that cater
solely to grid electricity market. These projects can be challenging to finance and
execute. On the other hand, microreactors are intended to target a wide variety of
smaller niche markets and are expected to be factory-fabricated and more readily
deployable. While diseconomies of scale for microreactors may tend to raise their
costs per energy output (MWh) relative to large nuclear plants, offsetting gains
can be expected from standardization, simplification, passive safety, lower
radionuclide inventories, factory fabrication, fast installation, and low financing
costs. To adequately assess these contributions, designers should have a different
perspective on cost drivers than for large nuclear plants and can utilize novel
approaches for systematic cost reduction.

To account for these important aspects of microreactors, this report proposes
an economics-by-design approach that places economic considerations at the
center of the design process. The methodology builds on existing frameworks
such as design-to-cost and value engineering, expanding them to new markets
(beyond the grid), new attributes (beyond costs alone), and introducing the
approach at earlier points in the design cycle. Design parameters and technical
specifications are systematically evaluated until costs meet market entry points,
while also providing the high-priority performance attributes of the particular use
case. Determining first-order estimates for different components early in the
process enables designers to focus R&D efforts on the biggest overall cost
contributors and components with the most cost uncertainty. The analysis is
always guided by market needs and threshold prices. In addition to
microreactors, the approach is expected to be useful for other classes of nuclear
reactors as well.

The analysis was applied to a concept found in the open literature (the
Design A heat-pipe reactor). A comprehensive bottom-up estimate was generated
by leveraging a new microreactor-specific code of accounts and a range of cost
equations. The initial estimate for levelized cost of electricity (LCOE)
unsurprisingly exceeded market ranges since the use case had prioritized
technological readiness over economic considerations in design choices. An
alternate concept was then proposed, with various assumptions/targets made to
reduce the largest cost contributors. Changes in the neutron spectrum, the power
output, and building structures were found to make even the first-of-a-kind of
this modified concept competitive with diesel generation in some remote
communities. Learning rate (LR) assumptions indicated cost reductions achieved
from sequential unit deployments could expand the range of competitiveness to
include additional markets as deployments proceed.
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An Economics-by-Design Approach Applied to a Heat
Pipe Microreactor Concept

1. Introduction

As highlighted by multiple recent studies (e.g., MIT 2018, Lovering et al. 2016, LucidCatalyst for
ETI 2018), economic factors are a major driver impacting the construction of new nuclear power,
particularly in the U.S. This highlights the need for placing economic considerations (beyond only cost)
to the design of new reactors. With new classes of reactors, notably microreactors, garnering increased
attention, an approach that prioritize economic considerations will be crucial to their success. Each target
market, however, also requires nuclear plant attributes that designs must satisfy alongside economic
objectives. This report introduces the economics-by-design (EBD) methodology and applies it to a heat
pipe microreactor concept. This approach proposes to push economic considerations to the forefront while
also assessing potential trade-offs between cost minimization and performance objectives, such as
refueling intervals. The methodology identifies the main cost drivers in an initial concept, then proposes
design, technological, manufacturing, and other changes to increase the competitiveness and cater to
market needs.

The report will start by introducing microreactors and providing some background on economic
considerations of nuclear reactors in general. The EBD approach is then introduced and compared to
existing literature in this area. Next, a microreactor code of account is built, based on guidelines from
existing Generation IV International Forum (GIF) frameworks. The code of account is then leveraged to
establish the first detailed bottom-up estimate for the target microreactor. While the estimates at this stage
are approximate and intended as initial estimates, they do provide useful guidelines on trends and
characteristics in reactor designs. Building on these initial estimates, the EBD methodology is applied to
the given concept, and design changes are recommended to meet identified market needs. A
comprehensive assessment is not considered in this study, but rather an assessment of options to meet
potential cost targets, and an identification of future work areas to reduce uncertainties.

The main two goals of the report are: (1) to present and promote the EBD approach, including
showcasing its application to a specific concept, and (2) to provide an initial detailed cost estimate for the
example microreactor concept that can be refined in future work. An open-source heat pipe microreactor
concept is leveraged as the case study in this report.



2. Microreactor Background
2.1 A New Paradigm in Nuclear

Microreactors have the potential to foster a paradigm shift in the nuclear industry, both on the demand
side and on the supply side. By offering nuclear reactor concepts with radically smaller outputs,
microreactors can target smaller, more remote markets, and mobile applications. Additionally, their
smaller size can open new market opportunities due to simplifications in manufacturing, testing, safety
requirements, deployment, and financing options. Diseconomies of scale, however, will likely make
microreactor less competitive in traditional markets such as the grid.

Remote sites and other off-grid applications will likely be the primary initial focus of this new class
of reactor. These applications can differ substantially from one another: some are larger, some are
difficult to access (e.g., villages in Alaska), some would serve a single industrial entity (e.g., a mining
operation), some would be used for rapid deployment in emergency situations, some would target military
bases, and some may be targeting space-based power. Each of these different use cases entails specific
needs and developing a one-size-fits-all microreactor solution that caters to all markets will likely be
challenging. However, one key common aspect in most of these end cases is that the main current
competitor for microreactors is diesel generators, and customers are typically willing to pay a higher price
for their electricity/energy. This translates to different market requirements (relative to standard large
reactors) that may ultimately enable microreactors to compete successfully.

On the supply side, microreactors are expected to also foster significant changes to the traditional
nuclear industry. While the normalized cost of microreactors per kW or MWh will likely be higher than
for traditional large plants, microreactors are anticipated to achieve cost savings in various ways. By
virtue of their size, they are likely to accelerate the factory-fabrication trend started by the movement
toward small modular reactors (SMRs). Indeed, many concepts even envisage little to no onsite
preparation for deployment, with most components assembled in a factory setting. In addition, the smaller
size of these reactors directly translates to a smaller radioactive source term and lower decay heat source.
This simplifies many of the safety requirements and facilitates the replacement of even more active
systems with passive ones (e.g., replacing pumps with heat pipes). Together, component simplification
and factory fabrication could ensure better cost/time controls relative to larger reactors and avoid the long
construction times that plague the industry. Lastly, while the normalized cost of microreactors is expected
to be higher than for traditional large plants, their overnight cost is still expected to be much lower. A
manageable turnkey cost with a shorter construction lead time would greatly reduce risk and facilitate the
financing of these reactors.

Combined, these potential supply-side changes are likely to lead to substantial shifts in the way the
nuclear industry typically operates. Rather than delivering large “projects” this new class of reactors will
lead to delivering multiple small “products.” In other words, microreactors could be standardized and
mass-produced under strict controls, as is the case in the aircraft industry, among others. It remains to be
seen, however, whether microreactors designs can effectively compete in their targeted remote markets.
The combination of a radically new product serving completely new markets encourages a reassessment
of the traditional design approach, with increased focus on economic considerations. This combination of
novel microreactor aspects make them ideal candidates for the “economics-by-design” approach proposed
in this report, which will investigate this issue and examine options/considerations for enabling economic
competitiveness. The report will start by discussing in greater detail some of the distinctive technical
features of microreactors, then introduces the novel approach.

2.2 Distinctive Design and Deployment Aspects

Historically, nuclear reactor designers have opted to approach the competitiveness of nuclear energy
by delivering more energy per unit in order to benefit from economies of scale. In light of cost escalations
seen in large projects, especially from coordination challenges among numerous project participants



(Lovering et al. 2016, LucidCatalyst for ETI 2018), reactor designers have begun favoring smaller units
that can be factory produced with better controls. Cost overruns on large projects led to the recent move
toward SMRs, which typically generate electricity in the low 100s of MWe range, as shown in Table 1.
Though many SMR components would be factory fabricated, some level of site-specific design and
preparation is still envisaged (albeit to a lesser extent than for larger reactors). SMRs typically rely more
heavily on passive safety and therefore benefit from certain design simplifications. Microreactors are
expected to push this philosophy even further: a single unit would produce less than 20 MW,; its
components would be predominantly built in a factory, with very minimal onsite construction planned
beyond installation; and its low yield/source term can foster an even greater reliance on passive systems.
Thus, micro-reactors are on the other end of the spectrum from GW-scale reactors, with factory
fabrication, quick installation, and economy of multiples replacing the multi-year field construction and
economy of scale approach.

Table 1. Representative parameters by reactor size.

cost reductions

Large Commercial Small Modular Reactors Microreactors
Reactors' (SMRs)

Capacity >300 MW, 20-300 MW, <20 MW,

25U enrichment | ~5 wt% 5-19.75 wt% <19.75 wt%

Fuel burnup 60 GWd/MTU >60 GWd/MTU <2 GWd/MTU

Refueling 18—24 months Continuous to never 3-30 years

Spectrum Thermal Thermal/fast Thermal/fast

Coolant Water Water, liquid metal, gas, salt Liquid metal, gas, salt

Standardization | Minimal Medium High

Modularity Low/medium Medium High

Plant delivery Onsite, multi-year Onsite installation of modules, | Onsite installation of plant,
construction less construction minimal construction

Operating staff >500/unit <500/unit 0—10/unit

Plant lifetime >60 years >30 years 5-30 years

Sequential unit Slow Medium Fast

Notes: (1) Represents the majority of large commercial reactors in the world, but large experimental reactors have also been
designed and built in the U.S. and elsewhere featuring other systems.

Microreactors were originally referred to as “Special Purpose Reactors,” as they were designed to
cater to specific niche markets, including those for remote communities, emergency disaster response,
military installations, and even space power. However, proposed use cases for microreactors have
expanded to include coupling with renewables as part of the regional electric grid or microgrids, as well
as the heat supply for industrial nonelectric applications (see Figure 1). A wide variety of concepts
catering to specific use cases has sprung up as a result of this potential versatility, as discussed in Section

3.3.
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Figure 1. Illustration of the “hub-spoke” model for fabricating and deploying microreactors.

Most microreactor concepts are expected to be factory manufactured, transportable within standard
shipping containers, and relatively easy to install/deploy. Some vendors even envisage the whole balance
of plant (BOP) to be contained within as few as one container, thus avoiding almost all onsite
construction and civil work (e.g., HolosGen, eVinci). Others go even further, pursuing “mobile”
configurations that are simple to remove and redeploy at another area of need, with little to no
decommissioning requirements (e.g., defense-based concepts by X-energy, BWXT, and Westinghouse).

Microreactor designs feature a wide variety of attributes. In theory, any typical reactor technology can
be employed for this class, from water-cooled to liquid-metal or molten-salt approaches. The most
common microreactor types employ either heat pipes or gas to cool the reactor, while the core takes the
form of a compact “block” surrounded by a reflector. Example illustrations of these two varieties are
shown in Figure 2. Heat pipe microreactors rely on natural circulation to avoid using pumps or other
active systems to extract heat from the reactor core, thus simplifying certain design aspects and promoting
passive redundance in the design (if a heat pipe fails, the reactor design ensures that nearby ones can
compensate for the corresponding reduction in heat removal capability). The low power density in this
reactor class enables the usage of heat pipes, which are not typically encountered in SMRs or larger
reactors (apart for decay heat removal). Both fast and thermal spectra heat-pipe concepts have been
proposed by industry. A range of different fuel types with a relatively higher enrichment of *°U (up to
19.75wt%) has been proposed for heat-pipe-based designs (e.g., UO», UZr).

Heat Pipe Design Gas-Cooled Design
(INL Design A) (HolosGen)
Potassium Heat Pipes Reactor vessel Core

AI203 - Reflector

(steel)

f.vaww E.I;m

Eringary Heat aecay Mo
xchanger eat onolith Core .
Exchanger Compressor Turbine

stages stages

Figure 2. Example layouts of heat pipe and gas-cooled microreactor designs. Taken from (McClure et al. 2015,
HolosGen 2021).



On the other hand, gas-cooled microreactors build upon the long history of high-temperature gas-
cooled reactors (HTGRs). Many of these design variants do away with secondary loops and propose to
use a single working fluid (usually He) to extract heat from the reactor and drive the turbine (or heat
output, for nonelectric applications). In contrast with the range of fuel types proposed for heat pipe
concepts, the gas-based variety would rely almost exclusively on TRISO fuels, leveraging experience
gained with HTGRs. The fuel particles are usually contained within a graphite matrix, though SiC has
been proposed as an alternative. These microreactor varieties are almost exclusively thermal, relying on
the graphite or hydrides (e.g., ZrH, YH) to moderate neutrons.

Overall, microreactors represent a new paradigm for the nuclear industry. Not only are they orders of
magnitude smaller than standard reactors, they also open up new possibilities in the nuclear field. To start
with, the much lower power density in the core leads to a greatly reduced decay heat source in the reactor,
simplifying emergency core-cooling needs. Similarly, the source term contained within these reactors is
also greatly reduced. Vendors rely on these aspects to justify multiple innovations in this reactor class,
including substantial simplifications to safety and control needs, minimized human operational
requirements, a very compact BOP, the ability to fabricate almost every component in a factory, reduced
licensing risks, lessened construction time, and financing needs that are less daunting. As a result,
proponents argue that microreactors reduce overall costs not only by shrinking the size of the reactor, but
also by initiating this new design and operational paradigm.

In light of these changes, the economics of microreactors can be expected to differ fundamentally
from those of typical large reactors, as discussed later in Section 2.1. The most pronounced difference is
in the economics of fuel costs. The initial fuel load, a minor cost component in large reactors, can be a
primary cost driver for microreactors, many of which expect to operate for several decades with the same
fuel loading. Variable operating costs such as fuel are therefore lower for microreactors than for standard
reactors. A hypothetical 8 MWy, microreactor loaded with 2—3 metric tons of U (MT-U) and operating for
10 years without refueling would burn fuel on the order of ~2 GWd/MT-U. As shown above in Table 1,
this is 30 times less than for a standard large reactor. Therefore, the fuel cost per unit of energy output is
correspondingly around 30 times larger, without even accounting for the additional enrichment costs.

Furthermore, some components benefit from the reduced size of microreactors, especially the more
labor-intensive ones. For example, containment is expected to be much less expensive per unit of power
for a microreactor than for a larger one. Similarly, turbomachinery could be obtained off-the-shelf and
benefit from design standardization. Furthermore, the smaller size of microreactors may offer a new
manufacturing/construction paradigm for the nuclear industry, and microreactors could actually achieve
economies of mass production via standardized, self-contained, modularized designs—something long
dreamt of for SMRs and larger reactors. Proponents see the potential for delivering nuclear energy as a
“product” rather than a “project.”

Because they differ from large reactors in both their design and deployment, cost accounting and cost
reduction strategies for microreactors are also expected to differ. Self-contained, modular, simplified,
standardized microreactors lend themselves more easily to the novel economics-by-design approach
introduced in this report, as opposed to large, complex, site-customized, one-off nuclear plants. The
general economics-by-design approach described in this report can, however, be applied to reactors of any
size. Ultimately, it remains unclear whether the net effect of competing factors (some raising and others
lowering costs per kW, for microreactors relative to large plants) would enable microreactors to have
attractive value-propositions in a wide range of markets. Since previous top-down estimates reached
contradictory conclusions regarding the cost of microreactors, a bottom-up estimate is a valuable addition
to the overall discussion of the potential for microreactors, as discussed in the next subsection.

2.3 Previous Cost Estimates for Microreactors

Prior studies used various approaches to present microreactor cost estimates. Most used top-down
approaches or other high-level estimations, without specific reference to microreactor designs and



deployment plans. The following is a summary of representative microreactor cost estimates from
previous studies.

e The Nuclear Energy Institute (NEI) (2019): NEI considered various possible parameters for
calculating indicative values of microreactor costs. Each parameter ranged from low to high to
capture the wide range of possibilities and uncertainty in microreactor design, deployment, and
cost components. Parameters for the microreactor cost calculation included overnight capital cost,
financing cost (interest during construction and/or return to equity investors), fuel, operating staff,
and learning rates to reduce costs over time. As shown in the following figures, the results
indicated that microreactor costs could fall below electricity prices in some areas (e.g., Alaska),
thus demonstrating potential market viability, but this generic top-down approach lacked any
reference to specific microreactor designs or deployment methods. Nor did it consider specific
equipment (e.g., heat pipes and reflectors) within the capital costs, or other granularity within its
broad cost categories.
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e Buongiomo (2021): The author developed baseline and sensitivity cost estimates for a generic
microreactor, assuming a capacity of 5 MW, fuel enrichment of 5% (in contrast with the typical
microreactor enrichment of near 20% shown in this report), fuel burnup of 30 MWy/kgum (higher
than the typical microreactor fuel burnup shown in this report), a refueling interval of 2-20 years,
a fabrication cost of $1,000—10,000/kW., a plant installation cost of $1.7 million (equivalent to
$340/kW.), an operating staff of 1-7 full-time equivalents (FTE), and a discount rate of 5 or 8%.
Most cases led to levelized costs of electricity (LCOE) of $100—-150/MWh, and the author notes
that LCOE results below $100/MWh are theoretically possible given favorable combinations of
input parameters—particularly a low fabrication cost, long refueling interval, and low discount
rate.

e Froese, Kunz, and Ramana (2020): The authors presented a cost estimate for a generic 3 MW,
nuclear plant, based on scaling the costs for large plants. As cited in this study, this approach was
used earlier by engineering companies and researchers assessing the deployment opportunities for
small nuclear plants in Canada. The scaling of capital costs adhered to the following relationship:

. 0.55
CapaCltYSmall>

Cost = (Cost X
Small Large <CapaCityLaT9€

The authors used $8,100/kW. (in U.S. dollars) as the cost for large nuclear plants with a capacity
of 1,000 MW, (or $8.1 billion in total). With the exponential parameter of 0.55, the cost for a
generic plant with a capacity of 3 MWe was $331 million, or $110,000/kW.. This top-down
approach did not account for any specific aspect of microreactor design, and it disregarded the
microreactors’ fundamental differences in terms of plant manufacturing and delivery relative to
large nuclear plants.

This summary of previous studies demonstrates that, in the absence of specific designs, top-down cost
estimates fail to provide a complete picture of the economics of microreactors. By contrast, the approach
of this report applies detailed design and deployment information for a specific microreactor concept to a
comprehensive bottom-up methodology. The objective is not necessarily to provide a single best estimate
for the concept, but rather to highlight an economics-by-design approach more generally.



3. Economics-by-Design Approach
3.1 Methodology and Background

The economics-by-design (EBD) approach leverages existing strategies (e.g., design-to-cost, value
engineering) to provide a systematic approach to incorporating market needs at an early stage of a nuclear
design process. A three-step approach is advocated: (1) assessing cost drivers of the system, (2)
recognizing market needs, and (3) optimizing design approaches, technology choices and performance
characteristics to effectively compete in the targeted markets. Many reactor designers likely already
implement this type of approach in their product lifecycle; this report intends to formalize the steps and
showcase them in an example application. The approach lends itself particularly well for microreactors
that have the ability to expand the reach of nuclear energy to new markets as highlighted in the previous
section. However, the methodology is expected to be applicable to any reactor class.

The approach differs from others in the literature by applying the process in an integrated manner at
early stages in the design process (i.e., preconceptual level) and by broadening the scope of markets
(beyond the traditional grid) as well as attributes (beyond only cost and safety). EBD builds on the
guidelines of the Design-to-Cost methodology (Jorgensen 2005, OECD 2020). The approach was
leveraged by EDF (Electricte de France) in the conceptual design of the ‘EPR2’ (OECD 2020). Like the
EBD approach, design-to-cost starts from an initial reactor (in this case the EPR design), assesses cost
drivers, and recommends design changes that reduce these costs while maintaining adequate safety levels.
The EBD approach differs in three key areas:

1. The design-to-cost methodology was applied to a relatively mature concept and only investigated
relatively design changes such as the number of auxiliary safety systems that have limited impact
on other design aspects in the reactor (these design choices referred to as ‘downstream’ in this
report). By contrast, the EBD proposes to also optimize fundamental choices (e.g., the fuel type,
reactor spectrum) and is therefore more suited early-on in the design process.

2. Whereas the design-to-cost approach was mainly applied to a single market in the nuclear domain
(the traditional electricity grid), the EBD can be leveraged to a wide range of markets/conditions.
This may lead to different market considerations as highlighted in point #3.

3. The design-to-cost singles out two main parameters to optimize against: cost and safety. The
EBD methods proposes to expand this to other attributes (e.g., reliability, transportability) that are
relevant for the competitiveness of a concept. This is particularly important in the case of
microreactors targeting markets where cost is not the only important factor (e.g., defense).

Product developers across many industries have well-established approaches for aligning product
costs with market price points (e.g., Ramanujam and Tacke 2016, Ulrich et al. 2019). For instance, ‘value
engineering’ proposes a systematic and organized approach for meeting market needs (and providing the
necessary functions) at the lowest cost possible. To ensure market competitiveness, technology choices
and design options for nuclear reactors should be guided by this principle. Starting with a base design,
key cost drivers should be identified and quantified. Different components, materials, and methods should
then be carefully screened to identify areas of potential substitution using less expensive alternatives.
Similarly, ‘producibility engineering’ highlights the need to ensure that a design can be manufactured
using existing capabilities, and a defined cost. It involves cost vs. performance tradeoff studies to assess
suitable design characteristics. It is important for these design philosophies to be incorporated into the
EBD approach to improving the competitiveness of nuclear concepts.

The following subsections will describe in greater detail the three-step approach advocated by EBD to
increase the competitiveness of a concept. First, a conceptual design starting point is necessary to ground
the analysis and identify cost drivers. Then, an assessment of market needs is needed to identify important



attributes beyond the traditional ones (e.g., costs). Lastly, these considerations are incorporated to drive
down the cost of a concept and improve some of its attributes.

3.2 Nuclear Economics: Cost Drivers

The first step in the EBD methodology is to assess the primary cost drivers in a technology. Analyses
of historical cost outcomes for large nuclear plants in the U.S. and around the world, as conducted in
(LucidCatalyst for ET12018), (MIT 2018) and others, indicate that plant design customization,
construction project management, onsite labor, and interest during construction are large cost drivers.
Novel designs should attempt to reduce these cost drivers to the extent possible. Table 2, adapted from
(LucidCatalyst for ETI 2018) based on data representative of U.S. large nuclear plant construction
projects in the 1970s and 80s, shows the three largest capital cost categories as indirect services, direct
costs (consisting of equipment, materials, and labor), and capitalized financial costs. The codes of
accounts shown in the left column of the table are discussed in Section 4.2. The levelized costs of
electricity (LCOE) showing the contributions of each account is plotted in Figure 5 including refueling,
operating costs etc.

Table 2. Representative capital cost components for U.S. large nuclear plants (LucidCatalyst for ETT 2018).

ID | Capital Cost Category Normalized Cost
10 | Project development $137/kW.
20 | Direct costs $2,267/kW-.
30 | Indirect services $2,542/kW,
40 | Operating staff recruitment, training, etc. $687/kW,
50 | Capitalized supplementary costs, incl. initial fuel $69/kW.
60 | Capitalized financial costs $1,168/kW,

Total capital costs $6,870/kW.
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Figure 5. Levelized breakdown of the different cost contributor in a reference LWR. Estimated total LCOE is
$87/MWh. Data taken from (LucidCatalyst for ETI 2018).



Strategies to reduce nuclear plant costs include:

e Completion of designs and plans prior to beginning construction

e Standardization of designs and reuse in multi-unit construction programs, which allow
construction teams to gain experience over time, increase productivity, and learn from missteps

e Schedule compression, which limits the accumulation of compound interest

e Systematic mitigation of construction project risks

e Avoidance of complex onsite construction requiring extensive preparation and supervision.

The profiles of cost drivers for microreactors would differ from those of large nuclear plants, due to
the differences in design and deployment discussed above, particularly diseconomies of scale, large initial
fuel load, and high uranium enrichment for certain designs. Other microreactor characteristics could,
however, offset the preceding effects by lowering their cost per kW. relative to that of large nuclear
plants. These advantageous characteristics include simplification, standardization, factory manufacturing
(with higher productivity and lower incidence of errors or rework compared to complex onsite
construction), simple and fast installation, and perhaps fewer onsite staff per kW. than at large plants
(potentially thanks to remote monitoring centers that can cover many microreactors simultaneously). The
different deployment rate for successive units is also important. Large nuclear plants tend to be built
infrequently and to have long schedules for planning and construction, which also varies on a regional
basis. For this reason, it is difficult to achieve supply chain scale-up and learning effects for large nuclear
plants in the absence of a steady long-term multi-unit program. Microreactors, however, could be
produced in factories at a faster rate, thus facilitating supply chain scale-up and learning effects in order to
achieve cost reductions as successive unit deployments accumulate.

Table 3 summarizes microreactor cost drivers relative to those of large nuclear plants (SMRs were
removed for ease of comparison). Differences leading to a higher cost per kW. for microreactors are
shaded red, those leading to a lower cost are shaded green, and those with indeterminate impacts are

shaded yellow.

Table 3. Dynamics of cost drivers for microreactors vs. larger reactors based on their characteristics.

Large Commercial

Microreactor Cost Drivers per

cost reductions

Reactors Microreactors kWe Relative to Large Reactors
Capacity >300 MW, <20 MW, 1 (diseconomies of scale)
25U enrichment | ~5 wt% <19.75 wt%
Fuel burnup 60 GWd/MTU <2 GWd/MTU . .
Refueling 18—24 months 3-30 years 1 (higher fuel capital costs)
Spectrum Thermal Thermal/fast
Coolant Water Liquid metal, gas, salt 1 (higher material costs, potentially
offset by higher thermal efficiency)
Standardization | Minimal High | (avoids design customization)
Modularity Low/medium High | (avoids onsite parts assembly)
Plant delivery Onsite, multi-year, Onsite installation of plant, | (avoids inefficient multi-year
construction minimal construction onsite stick-built construction and
reduces financing costs)
Operating staff >500/unit 0—10/unit <> (depends on staff per kWe)
Plant lifetime >60 years 5-30 years 1 (more capital expenditures
[CAPEX] recovery per year)
Sequential unit Slow Fast | (faster learning across units)

10




3.3 Identifying Target Markets

The second step in the EBD methodology involves a careful assessment of the demand side. Nuclear
plant designs—microreactor concepts in particular—must reflect the markets they are intended to serve.
Microreactors are well suited to serve a wide range of market needs (Nuvia 2016). Being small,
simplified, standardized “products” rather than large, complex, customized “projects,” microreactors can
achieve widespread deployment for remote communities, data centers, microgrids, district heating, marine
shipping, trucking electric charging stations, oil and gas extraction, mines, and small industrial sites. The
small size and modularity of microreactors enables the combining of multiple units to meet energy
demands that exceed an individual unit’s capacity.

The traditional market for nuclear plants is electricity—specifically, for grid connection in order to
supply consistent baseload power to meet regional electricity demands. In this context, market
requirements include adequate production capacity, reliability, voltage and frequency control, and low
energy production cost in order to operate with an hourly revenue that ultimately exceeds the
accompanying costs. For nuclear plants, high utilization is important for minimizing fixed costs per hour.
Flexible power generation for load following can also provide advantages during periods of low
electricity prices, enabling nuclear plants to avoid operating at a financial loss (i.e., when operating costs
exceed revenue, based on market prices). However, if reactors ramp down for load following, capital
costs must be spread over fewer production hours (i.e., a higher capital cost component per MWh).
Hybrid reactor systems can provide cogeneration and supply more power at higher prices during peak
periods.

Off-grid electricity applications such as for remote communities, mines, and post-disaster sites also
hold promise for microreactors and other types of nuclear plants. Figure 6, reproduced from (Natural
Resources Canada 2021), shows remote communities in Canada that rely on either diesel (orange) or
heavy oil (purple). Most of these remote communities have electricity demand of 5 MW_ or less (Natural
Resources Canada 2018, p. 101). The Government of Canada has worked with nuclear developers and
other stakeholders to prepare an SMR Roadmap (Natural Resources Canada 2018), and several funding
awards have been granted for SMR projects (Government of Canada 2020).

Sea Resolu e

Old Crow ond Inlet
@ e
® o o O
@
L) ® a
YUKON L
- Carrbridge Ba ® @
uoh @ Pangnirtung
™ o o e
Faro
Whitehorse
4 NUNAYUT ® Iqaluit fid
e e s Labrador
uchitia Cape Dorset
@ oz
Watson Lake kb [ ] £
@ vaiouknite o ®
@° @@ e Salluit
Y ®9 - .4 @i Irlet e 0 9
@ Hay River (o]
® @ ot Netson ® Q
o ] e ©
[ High Level ~HFOrt Smith ® @uimning ® giivag .‘.Vr- NEWF
e g g7 g %0
é b ® Hudson Irukjuak
@ COLUMBIA Fort 5t John
® ~ULUN ® r.- Churehill Churehill Bay Bt Happy Va se Bay
chefferville
arp @ Fort McMurray
Bella Cogla._lTnce George ALBERTA @ ®
ella Cocla ® ® )
E Labrader CIY fernon
".‘. ; ® ; et - ® mont
% T e La fonge MANITOBA @ — ®
e * Fiin Flen,
Red Deer e QUEBE septiles @
L KATCHEWAL Gaspé
00D .\ °
vistoria (@ JEPANE N [Calgary it . e
ACIFIC & i Chibeugarmau Rirmouski
CIFIC [ ] Chanbresi o g ; "5, PEISnartottstoun
L~ 2 ethbridge N.B ol g
GeRt 2 Regina
X 0] Fredericten ATLANTIC
/ Halifax LANTI
Winnipeg ; Quehec *
EEAN ranen ] Tromes V0@ ¥ sant Jorn . OCeal
Thurider Bay L] i Yarmeuth
LY - s Montréal .
sault stewang) OTTAWA b, 47°30'17°N| 387 56'05" W 400km
of Canada, as represented by the Minister of Natural Resources 47.50471HN | 38.93475W  300mi

Figure 6. Remote communities in Canada relying on diesel (orange) or heavy oil (purple). Taken from (Natural
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For off-grid applications, nuclear plants must be sized to the specific intended customer, and
additional energy sources may be necessary for backup, as in N+1 or N+2 systems (with one or two
backup units in addition to the N units needed for operation). Thermal efficiency is important for both the
grid and off-grid electricity markets, but not essential. For off-grid applications, the microreactor LCOE
should be compared with full ratepayer prices as opposed to the generation prices from various power
sources, since the transmission and distribution components of full ratepayer prices would not be incurred
by customers for collocated off-grid microreactors.

Steam, or thermal energy in another form, offers additional market opportunities for nuclear plants.
Example use cases are hydrogen, synthetic hydrocarbon fuels (combining the hydrogen with biogenic
carbon), and desalination. Nuclear plants can also create process steam for industrial facilities/refineries
(e.g., chemical, paper production, and metal processing). For steam applications, the crucial design
requirements are steam outlet temperature and quality.

Nuclear developers tailor their designs and deployment strategies to the needs and characteristics of
each of these markets. Such an assessment involves consideration of the overall market size (“total
addressable market”), locations and accessibility, and the cost of current competitors. In press materials,
GE Hitachi claimed to follow a “design-to-cost” approach for one of its nuclear plant concepts, with the
developers specifying the maximum allowable cost for market viability, then iterating on the plant design
to achieve the target cost level while still meeting functional requirements (World Nuclear News 2019).
However, publicly available information on the design-to-cost approach is scant. The following section
fills the gap in industry knowledge and practice by describing “economics-by-design” as a holistic,
systematic, iterative process for ensuring the cost competitiveness of microreactors and other nuclear
concepts.

3.4 Economic Optimization of Reactor Design

The main step of the EBD methodology is to distill the findings into the design of a reactor concept.
The economic framework identifies the relevant dimensions of drivers and relationships in order to
analyze issues within their full context. The framework accounts for the dependence of microreactor costs
on energy markets and supply chain infrastructure, including fuel fabrication, manufacturing facilities,
and decommissioning processes.

The EBD approach draws on several parts of the economic framework by starting with a
consideration of the demand, competitive landscape, and market prices. The methodology also
incorporates relationships and parameters from other elements of the framework in order to calculate the
equipment, fuel, and decommissioning costs of microreactors. The framework combines microreactor
contextual factors with the design and deployment attributes of specific concepts in order to assess plant
costs, revenues, financial viability, and market integration using the economics-by-design approach.

EBD is an inherently iterative process (as most design processes tend to be) with an emphasis on
early consideration of cost drivers. As highlighted in Figure 7, the main three engineering considerations
for a nuclear reactor revolve around neutronics, thermal hydraulics, and material science. Designers often
iterate between these three aspects to identify a concept that meets the safety basis for both normal and
off-normal operation. While economic considerations are factored into the analysis, designers often avoid
altering fundamental design choices (e.g., coolant type, neutron spectrum, fuel type) based on these
aspects. This is especially the case for large nuclear plants with firmly established reactor designs, fuel
cycles, and other major systems based on previous generations, leaving little flexibility for significant
changes.
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As shown in Figure 8, in the traditional approach economic considerations typically only impact
design refinement considerations after the primary design choices have been selected (e.g., manufacturing
and transportation options). Fundamental reactor features that are critical to the safety basis (referred to
here as ‘upstream choices’) are seldom revisited for economics considerations, especially not after the
safety basis for a concept has been established. The EBD method recommends that economics be
considered early in the design process in order to reach a more optimal configuration for addressing
market needs. By carefully capturing market requirements and iterating through technology choices,
design aspects that significantly affect competitiveness (e.g., minimizing fuel consumption) can be
identified much earlier in the design process. Following this initial high-level exercise, a more detailed
engineering analysis of the neutronic, thermal hydraulic, and material aspects of a concept can be
undertaken. An additional round of iteration can then ensure that design options that meet the necessary
safety requirements can be reached, while also adhering to the initial technology choices in order to
ensure the concept’s market competitiveness. It should be noted that some technology choices may have
to be revisited based on feedback from the engineering design stage.
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Figure 8. Different points in the process at which design decisions can impact the overall economics of a nuclear
reactor concept. Note that some downstream choices can also impact upstream effects.

Design choices can impact the economic viability of a concept in various ways. In this report, design
choices are grouped into three bins to facilitate discussion points. In reality, there is a spectrum of points
at which specific choices can impact options downstream. “Upstream” choices are fundamental design
aspects that affect numerous subsequent options. For example, the type of fuel chosen will influence the
core specifications, refueling interval, and transportation limitations. Similarly, the reactor’s neutron
spectrum will impact its initial fuel load, core lifetime, core specifications, and, consequently, its
manufacturing process. On the other hand, midstream choices are considered less fundamental, and
mainly concern design refinement or specifications. For instance, the control system specifications do not
necessarily impact choices upstream (e.g., fuel type), but sensors and controllers will impact the
manufacturing and transportation process further downstream. Downstream choices are especially
important for the market viability of microreactor concepts. This bin includes decisions on the
manufacturing approach, overall plant layout, construction requirements, etc. These do not directly impact
design choices such as coolant type or instrumentation specifications but are likely to significantly impact
the final economic viability of a proposed concept in order to avoid the large costs for indirect project
activities and other construction-related components, as discussed in Section 3.2.

Design choices need not occur sequentially in a design. For instance, security considerations can be
fixed early in the design process. Rather, the groupings here are intended to highlight the
interdependencies between choices (for instance increases in security staff are unlikely to affect fuel
considerations, but the inverse is not necessarily true). The purpose is to highlight how the economics-by-
design approach opens up the possibility of prioritizing competitiveness at all levels of the design process.

As highlighted in Section 2.3, devising cost estimates for a reactor concept in a vacuum is
challenging. An initial “base” reactor design is therefore recommended as a starting point for the iteration
process. An example use case involving Idaho National Laboratory’s Design A concept (Sterbentz et al.
2018) will be discussed in greater detail in Section 4. At this stage, it is important to emphasize the value
of leveraging a base design when beginning the analysis. An economic bottom-up estimate of this initial
concept will enable the designer to quantify and identify the key cost drivers both upstream and
downstream of the design process. This in turn enables the designer to iterate on technology/design
choices in order to meet the targeted market requirements.
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4. A Bottom-Up Estimate for Microreactor Design A
4.1 Background on Design A

Design A was selected for the initial trial application of the Microreactor Cost Modeling Tool. It is
based on the 5 MWy Special Purpose Reactor concept developed by Los Alamos National Laboratory
(McClure et al. 2015), as illustrated in Figure 9. Both concepts rely on heat pipes to conduct heat from the
core to a heat exchanger. The core is surrounded by a radial reflector that contains rotatable control drums
for controlling the core reactivity. The dynamics of cost drivers are likely different with gas-cooled
microreactor variants. These concepts opt for TRISO-based fuels (increase in fabrication costs), operate at
a higher pressure and temperature (higher vessel costs), but do away with heat pipes altogether (some
savings in that area). Evaluating alternative microreactor concepts is considered outside the scope of the
current work,

Potassium Heat Pipes
(steel)

A|203 - Reflector

Primary Heat Decay ,
Exchanger Heat Monolith Core
Exchanger

Figure 9. Illustration of Los Alamos National Laboratory’s Special Purpose Reactor concept, on which Design A is
based (McClure et al. 2015).

Design A is made up of individual “units” containing both a fuel element and heat pipe, rather than a
core monolith into which fuel elements and heat pipes are inserted. This design decision was made to
avoid manufacturing issues. Further, the power conversion in Design A is a gas Brayton cycle, as
illustrated in Figure 10.
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Figure 10. Envisaged BOP for Design A, using a Brayton cycle with recuperator.
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Design specifications of the concept from (Sterbentz 2018) are summarized in Table 4. Economics
was not a driving criterion in the original design; instead, Technology Readiness Level played a more
important role. Design A was not intended for widespread deployment, but to showcase a feasible

microreactor demonstration concept from a deployment standpoint.

Table 4. Design A specifications.

Parameter Value
Thermal capacity 5.0 MWy
Conversion efficiency | 36.20%
Electrical capacity 1.8 MW,
UO; mass 52MT
23U enrichment 19.7 w%
Neutron spectrum Fast
Reactor lifetime 5 years
Outlet temperature 700°C
No. of heat pipes 1,134
Heat pipe specs 400 cm heigh, 0.9 cm outer radius
Control system 12 drums, 6 banks, 2 emergency rods
Reflector mass 2.0 MT SS-316, 7.9 MT ALOs, 1.7 MT BeO
Shield dimension 15 cm thickness, 200 cm height

Multiple aspects of Design A were not entirely finalized. Additional design assumptions were made
in this work, using expert judgment for the following reactor design aspects:

e Exclusion zone area: 32,000 m® as a representative value for microreactors (from [McDowell and
Goodwin 2021])

e Containment size: Standard ISO containment outer dimensions surrounded 1.65-m-thick concrete
(Stauff et al. 2019)

e Reactor building: overall surface area of 1,000 m* (including multiple stories)
e Distance to utilities: 1,000 m
e Battery emergency capacity: 135 kWi,
e Vessels: both SS316
o Inner: 5 cm thickness, 155 cm OD, 425 cm height
o Outer: 1 cm thickness, 226 cm OD, 450 cm height
e Heat exchanger: 150 cm height for primary, and 75 cm for emergency
e Instrumentation and control (I&C): 1,000 input/output (I0) sensors
e Indirect support during construction: 6 staff per reactor
e Construction time: 6,000 person-hours
e Commissioning duration: 30 days
e Commissioning staff: 26
e  Operating staff training duration: 1.5 years

e  Number of trainers: 4
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e Distance from hub: 1.5k miles

e Construction duration: 2 years

o  Weighted average cost of capital: 10%

e Operating staff: 4 onsite operating staff, 1 remote, 4 security

e An average downtime of 18 days/year for maintenance was assumed, yielding a capacity factor of
95%

It is important to note that it is currently unclear at this stage whether some of these assumptions will
materialize in reality. The low number of operating staff (both for running the reactor and maintenance) in
particular, remains a contentious topic in the microreactor community. It is unclear whether licensing
bodies will allow for a drastically reduced number of staff, or whether it is feasible from a practical
standpoint. Similarly, the quick turnaround in training, construction, and commissioning has never been
demonstrated previously in the nuclear industry. Despite of the low level of confidence in some of these
assumptions, the analysis is still expected to provide useful guidance on cost contributors and on targets
that designers should aim towards.

4.2 Previous Codes of Accounts and Microreactor Adaptations

Codes of accounts (COAs) for nuclear plants enable comprehensive, standardized assessment and
comparison of project costs. COAs start at the level of different classes or areas of cost, such as direct
construction costs. These high-level cost areas have broad single-digit code designations. COAs then
become more granular with two-digit codes, three-digit codes, and additional details with letters or
decimal values in some cases to specify particular subsystems and components. The deeper levels of
COAs quickly become technology specific, based on LWR technologies.

The fundamental differences between LWR technologies and microreactors, or other nuclear concepts
with innovative designs and production methods, necessitated a more general COA than existing systems
for illustrating the EBD methodology. To make a more general COA, a functional approach was taken
instead of a technology-specific approach. This allows for different technologies to perform the function
as needed and enables the same COA to be applied to reactor concepts from the kW-scale to the GW-
scale, with different spectrums, coolants, fuels, etc.

The following subsections provide background on previous COAs and then describe development of
a more general COA for EBD. The more general COA is used in the EBD example for the heat-pipe
microreactor in this report, and it can also be used for other nuclear concepts, such as non-LWR designs,
in future work.

Previous COAs

The U.S. Department of Energy (DOE) and national laboratories developed a COA and representative
cost values for the Energy Economic Data Base (EEDB) program from the 1970s to the 1990s (for
example, DOE 1987 and 1993). The EEDB only included estimates for capital costs. The Generational IV
International Framework (GIF) later adapted the EEDB COAs to establish a global standard for nuclear
cost analysis. The GIF codes expand beyond the EEDB codes by also including operating costs.

Table 5 shows the high-level single-digit cost areas in (GIF 2007). The GIF system begins with pre-
construction activities in the 10s and ends with financing during operation in the 90s. The first six
groupings (10s—60s) relate to capital costs, and the remaining three (70s—90s) relate to operating costs.
The system uses two-digit costs within these nine groupings, with the Direct Construction Costs (20s)
having additional detail in three-digit codes. Note that the GIF COA encompasses costs for individual
plant projects, thus excluding broader costs related to initial reactor design, licensing, and demonstration,
as well as supporting infrastructure investments such as a dedicated microreactor factory or fuel facilities.
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The GIF COA encompasses plant decommissioning by including a set-aside fund in the Supplementary
Costs category (50s), based on expected future needs and expected growth in the fund value as a result of
long-term investments such as bonds and stocks.

Table 5. Generation IV International Forum code of accounts.

High-Level Groupings Cost Components

10s: Pre-construction Costs Land and land rights, site permits, plant licensing

20s: Direct Construction Costs Plant structures, equipment, materials, and labor

30s: Indirect Construction Costs Engineering services, project/construction management

40s: Owner’s Costs Temporary worker housing, recruitment/training for operating staff

50s: Supplementary Costs Shipping and transportation, initial fuel load, taxes and insurance, set-aside fund

for future decommissioning

60s: Financing During Construction Compound interest accumulation, escalation (inflation), fees

70s: Operating and Maintenance Costs Onsite operators and managers, security, maintenance parts

80s: Fuel Costs During Operation Refueling operations, fuel purchases, onsite fuel handling and storage

90s: Financing During Operation Escalation (inflation), fees

Source: Adapted from (Generation IV International Forum 2007)
General COA

To illustrate the EBD methodology for the Design A heat-pipe microreactor, the GIF COA was
generalized to shift from a technology-based system to a functional approach. Table 6 shows the resulting
COA for Design A. Items in blue highlight new additions to the GIF COA, and those in green are
function-based generalizations of items in the GIF COA. Irrelevant codes in the GIF COA (e.g.,
pressurizers and steam generators) are omitted, and the black font denotes codes that remain unchanged
from the GIF COA.

All codes in the GIF COA that referred to construction have been generalized, because the Design A
microreactor would be fabricated in a factory, transported to the plant site, and installed rather than
constructed on site from numerous individual parts. Code 221.21, “Reactivity control system,” is a
renamed generic item (in green) that could also relate to other microreactor concepts (previous “Control
rod drives”). The aggregated and newly created codes (in blue) for Design A (e.g., “Community outreach
& education,” “Reactor startup facility,” “Reflector,” “Shield,” and “Moderator”) are discussed in
subsequent subsections.
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Table 6. Microreactor code of accounts for Design A. Items in blue highlight new additions to the GIF framework,
and those in green are function-based generalizations of the item.

10s
11 Land and land rights
12 Site permits
13 Plant licensing
14,15, 16 Plant permits & studies
18 Community outreach & education
20s
21
211 Yardwork
212
213 Building and utilities
218T Reactor startup facility
22 Reactor system
221
221.12
221.13
221.21
221.22 Reflector
221.23 Shield
221.24 Moderator
222 Main heat transport
222.12 Reactor coolant system
222.13
227 Instrumentation & control
23,24,25 Turbine and electric systems
30s | Indirect services
31, 35, 36,37, 38 Field & factory indirect support
32
33,34 Commissioning, startup, and demo testing
40s Capitalized owner's costs
41,4243
50s Capitalized supplementary costs
51 Shipping and transportation
511 Reactor module shipping & transportation
512 Fuel shipping
53,54 Taxes & insurance
55 Initial fuel load
58 Decommissioning costs
581 Reactor module decommissioning
582 Site decommissioning
583 Spent fuel decommissioning
60s Capitalized financial costs
61 Escalation (price inflation)
62 Fees
63
70s Annualized O&M costs
71 O&M staff
711 Onsite technicians and operators
712 Remote monitoring technicians
713 Security staff
714 Maintenance
80s Annualized fuel costs
81 Refueling operations
84
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The technologies associated with particular sub-functions would be more case-by-case dependent and
would vary based on the reactor scale (GW vs. MW) and based on the different technologies opted for
(spectrum, type of coolant, etc.). At the lowest levels of the COA, the individual technology options
would be included as options for particular cost analyses using the EBD methodology. Thus, other
microreactor concepts or nuclear plant designs with fundamental differences from large LWRs would
have their own technology-specific selections under the functional high-level categories.

Certain aspects of the new code of account are expected to be relatively unique to microreactors.
Items such as ‘remote staff” or ‘heat pipes’ are typically discussed in the context of microreactors. But
other components that are common with a GW-scale reactor could be produced with innovative methods.
Most of these components are expected to be factory-fabricated rather than constructed on site. As a
result, items in the GIF COA relating to indirect costs in the 30s must be generalized for necessary
overhead activities in factories, such as inspection.

4.3 Cost Equations

The various functional components for Design A were analyzed via a bottom-up estimate to provide a
rough approximation of direct costs. Additional information can be found in Appendix A. In light of the
relatively low maturity of the designs, the cost values provided in this section should be considered very
preliminary and only useful for comparative analysis. They are mainly intended for identifying major cost
drivers and proposing design modifications that can help improve the economic competitiveness of the
design. It should be emphasized that Design A was not conceived to be economically competitive; the
primary driving priorities relate to Technology Readiness Level and feasibility of demonstration.

The Algorithms for Capital Cost Estimation of Reactor Technologies (ACCERT) (Ganda et al. 2018,
Ganda et al. 2019) served as the starting point for the cost estimate. These consist of a compilation of
equations for deriving capital cost estimates for large-scale LWRs based on specified inputs (mass of steel
in the pressure vessel, volume of concrete in the containment, etc.). A review of the algorithms to
evaluate their suitability for microreactor cost analysis was conducted in (Kim et al. 2020), and the main
findings are summarized below:

e Since most existing algorithms are inadequate for estimating microreactor components in
their current form due to the several orders of magnitude differences in size relative to
existing reactors, substantial modifications are needed (e.g., Yardwork).

e Many of the existing ACCERT component estimates are for technologies not used in Design
A (e.g., Pressurizer) and can be ignored.

e  On the other hand, some microreactor components were based on technologies not
encountered in past ACCERT analyses (e.g., heat pipes) and will require new equations.

o Key aspects impacting the economic competitiveness of microreactors (initial fuel loading,
operating staff, etc.) are unaccounted for in the current form of ACCERT, thus new cost
equations are needed.

Table 7 provides a summary of the microreactor cost equations used for determining the direct costs
of Design A. Most of the accounts needed modification, apart from the vessel-based estimates. Many
estimates were only lightly repurposed for this exercise (e.g., Reactivity Control System), while for
others, fundamentally different bases of estimates were developed (e.g., Reactor coolant system). Cost
equations for each code were formulated based on specific inputs (e.g., vessel costs are expressed as a
function of steel mass). This allows for variability in the analysis based on design choices. Additional
information on the equations used can be found in Appendix A.
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Table 7. Basis of estimates for direct costs relative to ACCERT. Additional information can be obtained in

Appendix A.
Code | Account Design Input Comparison with ACCERT
211 Yardwork Surface area ACCERT uses a constant cost factor across reactor types; a
($/m?) normalized value is used instead.
212 Reactor Concrete & ACCERT uses cost factors subdivided among shell, dome,
containment excavation interior, non-concrete, and equipment. Simpler estimates for
volume ($/m?) concrete pouring and excavation work based on INL experience
were used instead.
213 Building & Surface area ACCERT uses different cost factors for turbine, reactor, and
utilities ($/m?) and auxiliary building. A simpler estimate is used here, based on
distance ($/m) INL experience.
218T Reactor startup | Capacity ACCERT uses a cost factor for diesel generators; estimates for
($/kWh) lithium batteries are used here instead.
221.12 | Outer vessel Mass ($/MT) The same cost factor as in ACCERT was considered suitable
here; it is expressed in terms of mass of material and its type.
221.13 | Inner vessel Mass ($/MT) This is considered analogous to the vessel internals in ACCERT

and is estimated as a function of mass of material.

221.21 | Reactivity Drivers ($/unit) | The same basis used in ACCERT is used here, control drum
control and poison mechanisms are assumed to be similar to control rods, and
($/kg) neutron poison costs are expressed as a function of mass.
221.12 | Reflector costs | Mass ($/MT) Not contained in ACCERT, but an estimate based on the mass of
material (similarly to other codes) is used.
221.13 | Shield Mass ($/MT) Not contained in ACCERT, but an estimate based on the mass of
material (similarly to reactivity control) is used.
222.12 | Reactor coolant | Heat pipe cost ACCERT expresses this as a function of piping mass; here, a
system ($/unit) quote for individual heat pipes is used.
222.13 | Heat exchanger | Mass ($/MT) The same cost factor as in ACCERT was considered suitable
here; it is expressed in terms of mass of material and its type.
227 Instrumentation | No. of sensors ACCERT uses a constant cost across reactor types; here, an
& control ($/10) and estimate broken down into input/outputs, infrastructure, control
hardware system, and management system is used.
23,24, | Turbine system | Capacity ($/kW) | ACCERT provides separate cost parameters for turbine,
25 switchyard, electrical equipment, etc. Here, a single estimate is

provided based on DOE review of microturbine costs.

Indirect costs in ACCERT were based on high-level simplified multiplication factors expressed as a
function of overall capital costs. This was not deemed suitable for the purposes of accounts in the 10s,
20s, 40s, 50s, and 60s categories listed in Table 6. More detailed algorithms were developed for each
account, and are individually summarized in Appendix A. One important cost driver was found to be #55
— Initial fuel load, derived based on the approach outlined in the Advanced Fuel Cycles Cost Basis Report
(DOE 2017) (which divided up the estimate into mining, conversion, enrichment, and fabrication costs)
and using data from current spot prices.

Since the ACCERT algorithm does not currently capture operation and maintenance (O&M) costs,
estimates were generated using a combination of different sources (e.g., LucidCatalyst and the
International Atomic Energy Agency [IAEA]). Operating costs are expressed as a function of staffing
needs, commissioning costs as a function of staff and duration, training costs as a function of staff and
length of teaching, shipping costs as a function of distance from the manufacturing hub, etc. Maintenance
and decommissioning costs were both expressed as a function of the total capital costs. The interest
accrued was estimated by compounding the loan costs over the construction period.

It is important to note that, since the complete BOP of Design A was not finalized, many design-
based assumptions were needed to derive certain estimates. For example, Design A did not specify the
containment requirements at this stage, so a below-grade concrete vault was assumed. The thickness of
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the concrete was based on calculations performed by Argonne National Laboratory for another
microreactor concept (Stauff et al. 2019). Similarly, it was left unspecified whether Design A will require
a plant building. Some concepts (e.g., Oklo) anticipate a structure to house the reactor. However, other
vendors (e.g., Westinghouse) do away with this completely and instead propose to simply bury the reactor
in a concrete vault. The initial estimate for Design A assumes some building structure size—an
assumption that is revisited in later sections of this report.

4.4 Preliminary Bottom-Up Estimate for Design A

Leveraging the equations from Appendix A, a preliminary bottom-up estimate was completed for
Design A. Building on the cost estimate in (Kim et al. 2020), the analysis here updates and extends the
work further. The values presented here are intended as rough estimates to test a methodology and should
not be considered final estimates of the design. The main intent is to provide a basis of comparison for the
economics-by-design approach, and to investigate design modifications using this starting point. The
estimates are grouped in tables that correspond to the highest code of accounts level (e.g., 10s, 20s, and
30s). All values are normalized assuming a 1.8 MW. power output, a 95% capacity factor, and a 5-year
plant lifetime.

A summary of the project development costs is provided in Table 8. While the overall costs are
relatively lower than for code levels such as the 20s, these items still have an elevated normalized cost.
This is mainly attributed to the fact that these cost items do not scale down significantly with smaller
plant sizes. In other words, many of these cost items are expected to be much the same for a 5 MWy,
microreactor as they are for a 10 MWy, one.

Table 8. Overview of Design A project development costs. Underlined cost cells represent the sum of all
corresponding sub-items.

ID Numbers Component description Estimated Cost Normalized Cost
10s Project Development $1.4M $0.8k /kWe
11 Land and land rights $0.10M $0.1k /kWe
12 Site permits $0.30M $0.2k /kWe
13 Plant licensing $0.71M $0.4k /kWe
14,15,16 | Plant permits and studies $0.33M $0.2k /kWe
18 Community outreach and education $0.0M $0.0k /kWe

Direct costs are the primary drivers of nuclear power plant costs and are usually given the most
attention by evaluators. Corresponding estimates for Design A are provided in Table 9. As shown in that
table, the normalized cost of over $30,000/kW. is very high, pointing to a lack of economic
considerations in designing this concept. The total is primarily driven by reactor system costs (most
notably the reactor coolant system and reactivity control system), followed by the plant structures (mainly
the building costs). Various cost reduction strategies for these components will be investigated in Section
4.

Table 9. Overview of Design A direct costs. Underlined cost cells represent the sum of all corresponding sub-items.

ID Number Component Description Estimated Cost Normalized Cost
20s Direct costs $62.8M $34.7k /kWe
21 Plant structures $20.4M $11.2k /kWe
211 Yardwork $2.6M $1.4k /kWe
212 Reactor containment $0.4M $0.2k /kWe
213 Building and utilities $16.3M $9.0k /kWe
218T | Reactor startup facility $1.0M $0.6k /kWe
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22 Reactor system $38.0M $21.0k /kWe
221 Reactor components $17.2M $9.5k /kWe
221.12 | Outer vessel structure $0.1M $0.1k /kWe
221.13 | Inner vessel structure $0.3M $0.2k /kWe
221.21 | Reactivity control system $9.5M $5.3k /kWe
221.22 | Reflector $3.3M $1.8k /kWe
221.23 | Shield $3.9M $2.2k /kWe
221.24 | Moderator $0.0M $0.0k /kWe
222 Main heat transport $12.3M $6.8k /kWe
222.12 | Reactor coolant system (heat pipes) $11.3M $6.3k /kWe
222.13 | Heat exchangers $0.9M $0.5k /kWe
227 Instrumentation & control $8.5M $4.7k /kWe
23,24,25 Turbine and electric systems $4.5M $2.5k /kWe

A combined summary of indirect, owner, supplementary, and financing costs is provided in Table 10.
Here, at almost $20,000/kW., the largest contributor is the supplementary costs, primarily driven by the
initial fuel load. Other major contributors include the decommissioning costs and the interest accrued
during fabrication and construction.

Table 10. Overview of Design A indirect services, owner costs, supplementary costs, and financial costs. Underlined
cost cells represent the sum of all corresponding sub-items.

ID Number Component Description Estimated Cost Normalized Cost
30s \ Indirect services $3.5M $1.9k /kWe
31, 35,36, 37,38 | Field & factory indirect support $1.5M $0.8k/kWe
32 Factory & construction supervision $1.8M $1.0k /kWe
33,34 Commissioning, startup, and demo testing $0.2M $0.1k /kWe
40s ‘ Capitalized owner's costs
41,42,43 Operating staff recruitment, training, etc. $1.9M $1.0k /kWe
50s Capitalized supplementary costs $34.60M $19.1k /kWe
51 Shipping and transportation
511 Reactor module shipping & transportation $1.5M $0.8k /kWe
512 Fuel shipping $0.2M $0.1k /kWe
53,54 Taxes & insurance $1.5M $20/kWe
55 Initial fuel load $23.3M $12.9k /kWe
58 Decommissioning costs $8.2M $4.5k /kWe
60s Capitalized financial costs $13.60M $7.5k /kWe
61 Escalation (price inflation) $0.0M $0.0k /kWe
62 Fees $0.0M $0.0k /kWe
63 Interest $13.6M $7.5k /kWe
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Lastly, the annualized costs are summarized in Table 11. This includes both O&M and refueling
costs. Because the concept is designed to rely on its initial fuel loading for the duration of its lifetime, the
refueling costs are all set to zero. Operating costs are subdivided into onsite technicians/operations,
remote support staff, and security staff. The biggest annualized cost contributors are the onsite staff and
the maintenance costs (both over $600k/year). Normalized values in terms of $/MWh are provided here.

Table 11. Overview of Design A annualized costs (including O&M and refueling costs). Underlined cost cells
represent the sum of all corresponding sub-items.

ID Number Component Description Estimated Cost Normalized Cost
70s Annualized O&M costs $1.7M /kWe $112/MWh
71 O&M staff
711 Onsite technicians and operators $0.6M /kWe $42/MWh
712 Remote monitoring technicians $0.1M /kWe $9/MWh
713 Security staff $0.3M /kWe $19/MWh
714 Maintenance $0.6M /kWe $42/MWh
80s Annualized fuel costs $0/yr $0/MWh
81 Refueling operations $0 /avg yr $0/MWh
84 Additional nuclear fuel $0 /avg yr $0/MWh

4.5 Identifying Cost Drivers

This subsection gives a more detailed overview of the main cost drivers for Design A. This could
provide a starting point for the economics-by-design approach by directing focus, in terms of design
modification, to those areas most likely to have a strong impact. From an innovation and R&D standpoint,
it would also help future reactor developers and supporting government entities understand where the best
value can be obtained.

A summary of the high-level cost types is provided in Table 12. The final estimated LCOE is
prohibitively expensive for the anticipated markets. Again, it should be emphasized that the main intent of
Design A was not to optimize the economics aspect. The results are therefore unsurprising. The intent was
mainly to develop a demonstration concept, and with an estimated direct capital and supplemental cost
just under $100M, this is an approachable R&D project from a financial perspective relative to traditional
nuclear reactors. This is an attractive value proposition for a government-sponsored proof-of-concept
demonstration project.

Table 12. Overall summary of the primary cost categories and estimated LCOE for Design A.

ID Cost Category Estimated cost Levelized Cost
10 | Project development $1.4M $25/MWh
20 | Direct costs $62.8M $1,100/MWh
30 | Indirect services $3.5M $62/MWh
40 | Operating staff recruitment, training, etc. $1.9M $33/MWh
50 | Capitalized supplementary costs, incl. initial fuel $34.6M $606/MWh
60 | Capitalized financial costs $13.6M $238/MWh
70 | Annualized O&M costs $1.7M/yr $112/MWh
80 | Annualized fuel costs $0/yr $0/MWh
LCOE: | $2,174/MWh
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Going one level lower than the overall LCOE, the next step in the analysis is to study the major cost
contributors. Figure 11 provides a breakdown of these different cost categories. Over half the LCOE
contributions stem from direct capital costs (accounts number 20s). High capital costs are typical in
nuclear power plants, but their proportion is much higher than shown in Figure 5 for a typical LWR. This
highlights how the dynamics in cost drivers have shifted in the microreactor concept. Supplementary
capital costs are the second biggest contributors, the main driver here being the initial fuel load. Next are
the financing costs, primarily driven by the assumption of a 2-year construction lifetime. While the
contribution of O&M, project development, indirect, and training costs are relatively low, they would still
be considered elevated for a commercial microreactor and should not be ignored.

Design/
Annualized O&M
costs \

5%
Capitalized
financial costs
11%
Direct costs

Capitalized 51%
supplementary
costs
28%

Annualized fuel
costs
0%

Project
development
1%

Operating staff
recruitment, -

training etc. \Indirect services

1% 3%

Figure 11. Cost breakdown by type for Design A LCOE, based on a bottom-up estimate.

Figure 12 provides another level of granularity (i.e., lower levels in the code of accounts) in the cost
breakdown for Design A. The accounts are organized according to the size of their contribution to LCOE.
Estimates are labeled based on the level of confidence in their assessments. Some of the larger
contributors that have relatively low level of confidence (e.g., heat pipes) should be revisited in greater
detail in the next iteration of the study.
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Figure 12. Design A LCOE contributions of the lower-level cost accounts. Each item is colored based on the level of
confidence in the estimate: high (green), medium (yellow), or low (red).

The biggest cost contributors, in order, are the initial fuel load, the building, the interest accrued, the
reactor coolant system, the reactor control system, I&C, and decommissioning. Together, these capture
74% of the total LCOE for the Design A concept. This cost pattern differs from the representative data for
U.S. large nuclear plants in Table 2, especially because of the large initial fuel load cost for Design A (in
contrast with the small contribution within supplemental costs for large nuclear plants, which incur most
of their lifetime fuel costs through frequent refueling during operation). Costs for supervision and other
indirect services are a smaller proportion of Design A’s costs than their proportion of a large nuclear
plant’s costs based on Table 2. Interest is one of the largest cost components for both Design A and the
representative large nuclear plant.

As a first step, modifications to Design A must propose solutions to its largest cost drivers. However,
in light of the design’s exceedingly high overall LCOE, additional cost savings beyond the seven
accounts identified above will likely be necessary.
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5. Application of Economics-by-Design to Design A

Design A was designed without reference to an intended market application. This section revisits the
design, this time with a specific market application in mind. As prescribed by the economics-by-design
approach, findings from this market assessment will inform design modifications and deployment
strategies for Design A.

5.1 Assessing Market Needs

Recent studies have begun investigating the potential market opportunities for microreactors
(Shropshire et al. 2021, Buongiomo et al. 2021, CED 2020). This subsection does not attempt to conduct
a comprehensive market survey but rather to distill key needs from end-users into design attributes.

Value Drivers Categories

The decentralized (distributed) generation market is broad, so this assessment will focus primarily on
applications limited to the U.S. and Canada. The main value drivers for microreactors—regardless of
power generation technology—in these markets can be summarized as:

e Reliability — uninterrupted access to electricity (especially important in extreme climates)

e Serviceability — local, rapid repairs/maintenance

e Minimal operator training — avoiding reliance on highly skilled operators/staff

e Construction/installation time — shorter timelines drive cost and risk reductions

e Noise level — proximity to end users engenders noise requirements

e Minimal environmental impact — limited damage to nature (including pollution) during

construction and operation

e Transportable — by truck, sea, or air (when road infrastructure is minimal)

e Safety and security — protecting assets within the site perimeter

e Fuel transportation frequency — minimize periodic shipments (e.g., fuel) due to transportation

limitations imposed by extreme weather conditions

e Weather resistant — resiliency against challenging climate conditions throughout the year

e Affordability — competitive cost of electricity production.

Segmenting the market

The decentralized generation market can be divided into three main segments: (1) civilian users in
remote communities, (2) civilian remote mining operations, and (3) remote operating military bases
(ROBs). More information on the characteristics of the different markets and their applicability for
microreactors can be found in (Shropshire et al. 2021) and (CED 2020). Each of the different customer
categories place a slightly different premium on the various attributes, as summarized in Table 13. The
rationale behind each attribute is discussed briefly in Appendix B.

Table 13. Attribute value analysis for the three market segments.

Attributes Remote Remote Defense:
Communities Mines ROB
Reliability High High High
Serviceability High
Minimal Operator Training Needs High High
Construction/Installation Time Low High
Noise Level High Low
Minimize Environmental Impact High Low Low
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Transportability High
Safety & Security High High Low
Fuel Transportation Frequency High High High
Weather Resistant High High High
Affordability High Low

The purpose of the assessment is to highlight important microreactor design attributes beyond cost
considerations. Notably, the evaluation indicates that reliability, minimal operator training needs, noise
level, environmental impact, safety and security, and fuel transportability in harsh weather are all very
important microreactor design attributes. Full implementation of the EBD approach would require a
detailed evaluation of how design aspects can satisfy these characteristics. This is beyond the scope of the
current report; an initial design iteration towards meeting these end goals is provided in Section 5.3.

An initial qualitative assessment would indicate that microreactors should theoretically be able to
meet those design attributes that cater to each of these specific markets. However, it is important to note
that each market will have particular aversion levels to introducing new technologies, especially when the
new technology is nuclear in nature. Similarly, deploying microreactors for mission-critical defense
applications will also likely require additional scrutiny, which may be challenging for a product with
limited historical operational data. Remote mines are also likely to be sensitive to adopting new, unproven
technologies. As a result, remote communities may be ideal “first movers” in light of the value
proposition that microreactors may offer through multiple attributes. Therefore, the present study will
primarily focus on the needs of this specific market segment.

Assessing Segment Compatibility

The primary—and perhaps only—existing viable energy generation solution for remote communities
is diesel generators. Other technologies such as solar photovoltaics and wind are also being considered as
low-carbon alternatives. However, these are less likely to displace diesel gensets in terms of achieving the
same reliability. Regarding some of the aforementioned desired attributes, Table 14 shows the inherent
competitiveness of a nuclear microreactor such as Design A compared to other energy-producing
technologies placed in remote communities. A more detailed justification behind the rankings is provided
in Appendix B. Note that the intent of this qualitative assessment is to highlight some of the inherent
characteristics that come with nuclear energy. While microreactor designs can improve on many of these
metrics, nuclear-based technology starts at a disadvantage on multiple fronts.

Table 14. Comparative analysis of microreactor attributes against current and future competitors.

Attributes Attribute Microreactor | Microreactor
Importance | vs. Diesel vs. Renewables

Reliability High Tied Advantage
Serviceability Disadvantage | Disadvantage
Minimal Operator Training Needs High Disadvantage | Disadvantage
Construction/Installation Time Low Disadvantage | Disadvantage
Noise Level High Advantage Disadvantage
Minimize Environmental Impact High Advantage Tied
Transportability Tied Tied

Safety & Security High Disadvantage | Disadvantage
Fuel Transportation Frequency High Advantage Tied

Weather Resistant High Advantage Advantage
Affordability Disadvantage | Advantage
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Comparative analysis indicates that, on many fronts, microreactors face inherent disadvantages
compared to competing sources of electricity. The key inherent advantages of microreactors over diesel
generators are minimal environmental impact (carbon emissions) and reduced transportation frequency.
The primary inherent advantage over sources of renewable power generation is more reliable power
production (in terms of low insolation in remote northern communities, and high risk of wind-turbine
icing) using technology less sensitive to extreme weather.

As a result, the key objective for a microreactor design would be to minimize those areas in which
microreactors are at an inherent disadvantage:

e Serviceability: Nuclear reactors are complex machines that typically require highly specified
skillsets and components for maintenance. To address this, microreactor concepts will likely
require drastically simplified designs that minimize the probability of component failure. Such
designs would also need to allow for maintenance to be performed locally whenever components
do fail.

e Operator Training: Microreactors are inherently technologically more complex than diesel
generators or renewables, thus requiring higher levels of operator training. One way to alleviate
this is by designing a reactor system that greatly reduces required operator functions. This can be
achieved through the innovation of autonomous control technologies, as well as remote
operations from a hub.

e Construction & Installation: Nuclear power plants are often plagued by construction and
installation issues. By virtue of their size, microreactors may represent a paradigm shift in this
regard by enabling such activities to be transferred (wherever possible) from the site to the
factory, thus minimizing construction and installation needs.

e Transportability: In light of the limited accessibility of some of the remote communities
considered, ease of transportation will be crucial for microreactors. Most designs are envisaged to
be shipped in modules within standard ISO containers. The designs must therefore adhere to
dimension and weight restrictions dictated by the transportation modes available to these markets.

e Safety & Security: Nuclear reactors are potentially attractive targets for nefarious actors.
Designs should ensure both the inherent safety of this technology and as well as a minimal
environmental impact, even in beyond design-basis events. Dedicated security forces should be
present at the site, otherwise some form of arrangement (e.g., co-location with existing protected
facilities) with local protection will be required.

o Affordability: As was discussed, new nuclear concepts often struggle to compete with alternative
energy sources in regard to costs. It is therefore crucial to identify cost drivers for microreactors
early on, then develop innovative solutions to ensure that a competitive electricity price can be
reached.

Another area requiring attention is that of educating the end users and other key decision-makers in
the remote community about this new technology. This is a particularly sensitive topic for a nuclear-based
technology. Microreactors are also likely to start at a disadvantage here (but their perceptions might be
improving with increased aversion to fossil-based energy production). Community education and
outreach will likely play an important role in ensuring successful deployment of microreactor concepts.

The various key microreactor requirements for remote-community deployment are distilled into
design-based requirements in Table 15. As noted, they include important considerations beyond the cost
of a concept. To ensure successful deployment, these requirements should be incorporated early in the
design of new concepts.
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Table 15. Desired attributes and requirement implications for microreactors.

Desired Attributes Requirement Implications

Reliability Microreactors should have high operational reliability and minimize the time
between planned maintenance.

Serviceability Microreactors should minimize the likelihood of component failure and ensure
that all repairs can be conducted locally.

Minimal Operator Training Microreactors should be designed with a high degree of operational simplicity to

Needs impose minimal training on how to operate them.

Noise Level Microreactor systems and components should have a collective noise level of
less than 65 decibels (may differ based on customer type) for collocated end
users

Minimize Environmental Microreactors should be designed to minimize the activation of non-reactor

Impact components, and should prevent release of radioactive constituents into the

environment, as per nuclear regulatory requirements

Transportable Microreactor modules should fit within a 2.4 x 2.9 x 12.2 m shipping container
(largest size) and weigh less than 25 MT.
Safety & Security Microreactors should be designed to have the highest nuclear safety pedigree

(i.e., no consequence to staff, the public, or the environment), even in the most
severe postulated unprotected accident scenario; the microreactor site should
have adequate security to protect it from theft, vandalism, and cyber intrusion;
and microreactors may utilize a combination of autonomous security systems
coupled with rapid response arrangements with local authorities.

Fuel Transportation Microreactors inherently do not require continuous fueling, unlike diesel

Frequency gensets.

Weather Resistant Microreactors should be weather tolerant to continue reliable operation in -40—
40°C.

Affordability Microreactor LCOE should be below $400/MWh (NEI 2019)

End User Knowledge on Microreactor vendors should educate all relevant stakeholders, including end

Technology users, on the safety, operability, risks, and impacts of their technology

5.2 Sensitivity Assessment

With the market needs identified, the next step in the economics-by-design approach is to assess the
sensitivity of different cost drivers to their design inputs. This would allow designers to quantify the
effectiveness of “levers” at their disposal for reducing costs and reaching market objectives. A few
example cost accounts are examined in this subsection. Primary emphasis is given to items that directly or
indirectly impact the main cost drivers identified in Figure 12.

Initial Fuel Loading

The primary cost driver in Design A is the initial fuel load, itself primarily driven by total mass and
enrichment. Sensitivity analyses were conducted on both these parameters. The resulting contribution to
the overall LCOE of Design A (holding the microreactor’s output capacity constant for illustrative
purposes) is plotted in Figure 13. A 50% reduction in fuel mass could decrease the LCOE by around
$170/MWh. Similarly, reducing the average enrichment from 19.75 wt% down to commercial-grade 5
wt%, would result in savings of up to $190/MWh. The required tradeoffs for reaching such reductions
will be investigated later in this subsection. For example, maintaining a critical mass with a lower mass of
fuel may require a higher fuel enrichment overall. Fuel fabrication costs, while a relatively small driver
given the oxide-based fuel of Design A, could become significant if novel fuels like TRISO are used.

30



400 __ 400
= =
= 350 r S 350 |
= =
300 300 |
S S
c 250 c 250
2 S
5 200 r 5 200 G
2 2
5 150 S 150 |
: :
S 100 S 100 |
o 50 & oso |
3 O 1 1 1 1 3 O 1 1 1
0 1 2 3 4 5 0% 5% 10% 15% 20%
U mass (MT) 235y enrichment

Figure 13. Contribution of total uranium mass and enrichment on the overall LCOE of Design A. All other variables
are held constant in this graph.

Reactor Building

The second largest cost driver in Design A was the building and utilities-connection cost. This
account is expressed as a function of the surface area of the building and the distance to the utilities.
Figure 14 plots the variation of the LCOE contribution as a function of both these variables. The analysis
highlights the benefit of reducing/avoiding these costs if at all possible. This is expected to be all the more
important when considering construction in permafrost regions etc. As a result, some designers have
argued for the use of ISO containers as the entire structure housing the reactor. If deemed acceptable from
a regulatory standpoint, this may be an attractive alternative option for avoiding building construction.
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Figure 14. Contribution of the reactor building surface area and the underground distance to utilities on the overall
LCOE of Design A. All other variables are held constant in this graph.

Heat Pipes

Another large cost driver in Design A was the reactor coolant system (i.e., heat pipes), most likely
due to the estimation assumptions rather than the design input. The assumed unit price of $10,000/pipe,
while realistic for a handful of isolated orders, is likely an overestimate for the large bulk orders needed
for a microreactor. Similarly, Design A assumes a maximum heat pipe capacity of 4 kW/pipe, driving up
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the number of overall heat pipes needed (over 1,000 in the concept). Advancements in heat pipe
technology that maximize the heat removal capacity will likely prove instrumental in enhancing the
competitiveness of these concepts. Figure 15 provides an overview of the impact of these parameters on
the LCOE of Design A. As illustrated, a design with 500 heat pipes at a unit price of $5,000/pipe would
result in a $100/MWh drop in LCOE relative to a concept with 1,000 heat pipes at $10,000/pipe (Design
A assumptions).
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Figure 15. Contribution of the number of heat pipes and their unit price on the overall LCOE of Design A. All other
variables are held constant in this graph.

Unit prices for heat pipes will likely strongly depend on the associated manufacturing learning rates
(LRs). Figure 16 provides an overview of how different prices can be attained as a function of the first-of-
a-kind (FOAK) cost and the learning rate (LR) exponent. For example, the previously mentioned price of
$5,000/pipe could be reached after ~500 units with a FOAK cost of $10,000/pipe, an LR of 5%, or after
70 units with an LR of 10%. The manufacturer will be presented with different opportunities to either
reduce FOAK prices, improve learning efficiencies per units, or increase the heat pipe capacity in order to
reduce the total number of heat pipes needed per reactor. This could include design standardization,
robust supply chains, advanced (additive) manufacturing, novel materials etc. (EPRI 2018). It should be
noted that the latter objective could slightly conflict with the benefits of an increased LR. A more
comprehensive analysis of LRs is conducted in Section 5.4. Ultimately, the manufacturing approach and
unit costs will be strongly dependent on the projected number of units. A higher number of projected
units could translate to additional infrastructure investment, resulting in more efficient processes and
lower costs. This could in term enable entry to additional markets, which would enable additional
manufacturing efficiencies.
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Figure 16. Heat pipe unit costs as a function of first-of-a-kind cost and learning rates.

Instrumentation & Control (I&C)

The reactor 1&C is another strong contributor to the CAPEX of Design A. It is currently expressed as
a function of 10 costs and any additional installed infrastructure. Figure 17 shows the impact of the
number of IO sensors and their unit cost on the overall LCOE, while Figure 18 shows the contribution
from the infrastructure cost. The sensors are usually bought off-the-shelf and are not expected to
significantly benefit from LRs. Therefore, the primary objective should be to minimize their numbers via
techniques such as sensor virtualization. On the other hand, infrastructure installment costs are likely to
be cheaper as more microreactors are deployed. For example, assuming an LR of 15% could potentially
cut these costs in half once around 30 units are deployed.
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Figure 17. Contribution of the number of 10 sensors and their unit price on the overall LCOE of Design A. All other
variables are held constant in this graph.
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Figure 18. Contribution of the I&C infrastructure on the overall LOCE of Design A as a function of the learning rate
from each installation. All other variables are held constant in this graph.

The 1&C costs are also expected to be strongly linked to staffing needs. While reducing staffing needs
may be beneficial from an operating cost standpoint, it will likely lead to an increase in I&C capital
investments. This would be driven by the added complexity to achieve a wider array of operations,
cybersecurity requirements, robustness of components etc.

Neutron Reflector

The neutron reflector can help reduce leakage in compact microreactor cores, thus alleviating fissile
inventory requirements from a criticality standpoint. Therefore, it might not always be beneficial to
minimize the reliance on reflector material. Nevertheless, as seen in Figure 19, the cost of certain types of
moderating material can be prohibitively expensive. While Be-based moderators are very effective
neutron reflectors (especially due to their [n,2n] reaction), the fact that they are hazardous and difficult to
machine drives up their manufacturing costs. It may be advisable to, when possible, opt for an alternative
material such as A,O3 or MgO.
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Figure 19. Contribution of reflector material and size to the overall LOCE of Design A. All other variables are held
constant in this graph.
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Interest

Many of the primary cost drivers are unrelated to direct capital expenses. Interest rates accrued during
construction are one such account. These are mainly driven by the weighted average cost of capital
(WACC) and the construction duration, as shown in Figure 20. Schedule overruns have historically
plagued the nuclear industry, but by shifting most of the developmental costs to the factory and away
from the site, microreactors may afford slightly better control over the overall construction timeline.
However, it is likely that some level of overrun will be expected for the first units fabricated. Thus,
entities with low WACC rates will likely be the first movers in purchasing microreactors, as they will be
less sensitive to timeline extensions. For example, an entity with a 7% WACC will see a 70% cost
increase if the construction time doubles, while one with a 15% WACC will see an 84% increase in
interest costs.
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Figure 20. Contribution of reflector material and size to the overall LOCE of Design A. All other variables are held
constant in this graph.

5.3 Modifying Design A to Fit the Market

Though the initial cost estimate for Design A exceeds the market prices in remote northern
communities, as well as the cost targets in (NEI 2019), the initial cost estimate for Design A is lower than
the value given in (Froese et al. 2020). It should again be noted that Design A was not optimized for cost
reduction, but for concept feasibility and ease of manufacture. As a result, its normalized price per unit of
energy is not representative of commercial microreactor concepts.

While it may be ideal from an economics standpoint to minimize the contributions of all design
inputs, some tradeoffs between values must still be accounted for. As the next step in the economics-by-
design approach, these design tradeoffs are evaluated (see Table 16). The recommendations will help
guide the novel concept, Design A’, toward increased competitiveness. It should be emphasized that the
main objective here is to explore the ‘design envelope’ as an initial illustration; detailed engineering
analysis is still needed to confirm the tradeoff and feasibility of different configurations.
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Table 16. Sample microreactor design modification tradeoffs and considerations.

Design Parameter

Modification Benefit

Tradeoff

Recommendation

Reactor size

Maximizing power
outputs improves
economies of scale
(lower price $/kWe).

Many remote communities have very
low energy needs. Increasing size
will drive other costs (e.g., shielding,
fuel).

Slightly increase size
which aligns with other
microreactor concepts in
the literature.

Neutron spectrum

Shifting to a thermal
spectrum will reduce
fissile inventory needs

May decreases fuel burnup and
increase refueling frequency

Thermal design with
reduced fuel mass

Fissile inventory

Minimizing will lead
to cost savings

Decreasing fuel enrichment will
likely lead to a higher mass
requirement and core size

Reduce fuel mass in the
design while keeping
enrichment at 19.75 wt%

Plant lifetime

Lower levelized costs

Long lifetimes may drive capital
expenses, especially due to material
fatigue (e.g., more robust
components, thicker shielding)

Opt for the standard
lifecycle found in similar
industrial equipment

Refueling interval

Shorter refueling
intervals reduces the
up-front fissile
inventory

More frequent refueling will increase
costs, complicate operations in
remote communities, increase
security needs, and reduce fuel
burnup/utilization

Refuel more than once
throughout lifetime, but
less frequently than for
LWRs

decreases cost

and require more staff

Reflector Reducing mass and Decreasing reflector mass and opting | Opt for “next best”
opting for non-Be for less effective material may lead to | reflector material such as
material will reduce a higher fissile inventory MgO and ALOs3
costs

Reactor building Using standard More difficult to license, less system | House reactor in below-
containers will reduce | redundancy grade container
costs

1&C Reducing hardware May complicate the licensing process | Reduce only to lower

bound of estimates

Operations staffing

Fewer staff reduces
annualized costs

Reducing staffing may lead to higher
[&C and security costs. May also
pose more risks during operations.

Follow norm/limits for
operating similarly sized
generators

Leveraging these considerations, a range of proposed design modifications can lead to a more
competitive version of Design A, referred to as Design A’. The cost reductions mainly relied on expert
judgments and are only provided as an assessment of achievable targets. The primary purpose is to assess
possible configurations within the design envelope that can meet identified market needs. At this stage, it
is unclear if some of these targets will be achievable from a technological or regulatory standpoint.
(Shropshire et al. 2021) and (Christensen et al. 2021) have recently begun assessing some of the licensing
considerations but certain bounding considerations (e.g., allowable minimum number of staff) remain
uncertain at this stage. Future efforts should consider detailed technical analysis of the proposed
modifications to review their viability. Collaboration with an industry developer would be ideal (or with
other DOE programs).

An overview of the different modifications, along with a short justification for each, is provided in
Table 17. Indications are provided based on the design specification type (upstream vs. midstream vs.
downstream) as explained in Section 3.4. The justification leverages the discussion in Table 16. It is
important to note that the design choices made here only reflect one possible set of attributes that led to
desirable market characteristics. Future work could conduct a more systematic screening of the design
envelope to identify additional promising configurations. An integrated analysis software tool could

assist this process.
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Table 17. Design modification and manufacturing/construction targets for the proposed Design A’.

Component Modification Justification Impacted Non:nfahzed CUsU( T )
codes Original New
Power output Increased to 8 MW | Target larger remote Upstream: all
communities (e.g., Iqaluit); accounts
assumes higher-capacity N/A N/A
heat pipes
Fuel/moderator Fuel mass reduced to | Based on estimates for Upstream: 55, $12,861* $2,334* [fuel]
1.5 t with 1.4 t of thermal spectrum reactor 84, & 512 [fuel] /0 / i 52 [mod ]
moderator [mod.] )
Reactor building Replaced with Based on competing Downstream:
below-grade microreactor design 213 $9,006 $7
container
1&C Lower number of IO | Sensor virtualization and Midstream:
sensors, and reduced | lower range of expert 227 $4,696 $1,912
hardware costs estimate
Heat pipes Assumes $6,000/unit | Established supply chain Upstream:
and 7 kW/pipe with innovations in heat 222.12 $6,265 $2,387
removal efficiency
Reflector Replace axial BeO Assumes neutron losses Upstream:
with Al2Os compensated for by shift to 221.12 $1,823 $650
thermal spectrum
Reactivity control Av. ~$280k/drum Assumes gains from non- Upstream:
Be control drums 221.21 $5,274 $1,385
Reactor lifetime Increased to 30 Based on industry- Upstream: all
years, with refueling | proposed microreactor accounts N/A N/A
every 3 designs
Construction Decreased to 0.5 Based on installation of Downstream:
time** years diesel generators in remote 63 & 31-38 $7,497* $754*
communities
Downtime Decreased to 7 Reach high-reliability Downstream:
days/year (97% target, as per market needs all accounts N/A N/A
capacity factor)
Facility area Decreased by 75% Assumes smaller Downstream:
emergency zone 11-16 & 211 §2,235 $1,065
Outreach Increased to Market need to spend on Downstream: $0 $842
$1,000/household education and outreach 18
Heat exchanger Increased volume by | Proportional to power Midstream: $520 $343
50% increase 222.13
Commissioning Decrease time and Modular and optimized Downstream: $124 $29
staffing needs installation and testing 33-34
Training 1-year training and Designed to be operated by | Downstream: $1.031 $343
fewer staff locals as per market needs 4143 ’
Decommissioning Decreased to 9% of | Modular design, simple to Downstream: $4.505 $1.045
CAPEX decommission 58 ’ ’
Normalized cost
($/MWh)
Onsite staff Decreased to 2.5 Streamlined simplified Downstream: $42 $12
FTE operations 711 & 41-43
Security Decreased to 2.5 Leverages rapid response Downstream: $19 $7
FTE from local authorities 713
Refueling Increased to 3-year Thermal spectrum leads to Downstream:
cycle, 15-day steeper reactivity swing per g HxE 50 $0.2
downtime, and 4 cycle ’
FTE

* Quoted cost corresponds to first account referenced.
** In addition, any changes in manufacturing time would affect financing costs.
*** Also indirectly impacts all accounts via capacity factor.
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The results highlight how designers can prioritize different design objectives and R&D efforts to
achieve more substantial cost reductions. For example, opting for simple containers/structures rather than
large reactor buildings can drastically impact the overall costs, whereas reducing the facility area has a
more modest impact. Three design characteristics contribute to comprehensive reductions: electric power
output, capacity factor (driven by refueling and downtime), and plant lifetime. While increasing each
contributes to a higher normalization denominator, the increased output and reliability likely comes at an
added cost. This is one of many simplifications made to the analysis conducted here. The primary intent is
to provide an indication of the main driver and what potential combination of targets affords the greatest
benefit to designers. The methodology can be followed by microreactor developers in order to identify
design combinations/strategies that can lead to the greatest reductions in their levelized costs.

Another drastic change proposed in Design A’ is to opt for a softer neutron spectrum. This greatly
increases the *°U fission cross section and reduces leakage. As a result, a lower fuel inventory is needed
to reach a viable critical configuration. The additional moderator cost is more than offset by the reduction
in fuel cost. In addition, a deeper burn of the fuel will contribute to a reduction in the normalized fuel
costs. As a result, Design A’ assumes a burnup of 6.3 GWd/MTU (versus 2.0 GWd/MTU in the original
design). However, it should be emphasized that neutron transport simulations will be needed to identify
realistic values for fuel, reflector, and lifecycle characteristics.

Overall, these various cost targets can translate into potential R&D priorities for public and private
entities. A few examples of economically beneficial technological advances that are relevant in the
context of Design A are listed below:

e High performance moderators: softening the spectrum can reduce the fuel inventory but
may increase the core volume. Compact moderators that can withstand high temperature can
greatly improve the economic viability of concepts.

e Demonstration of functional containment: only crediting the reactor vessel(s) and concrete
vault as barriers for radionuclide release can alleviate the costs of a reactor building.

e High-capacity heat pipes: can enable increases in reactor output without negatively
impacting the compactness of a concept. Both incremental improvements in current
technologies or novel alternates can be beneficial here.

e Reduced number of sensors and control: reducing the 1&C infrastructure via new sensor
developments or sensor virtualization, can help alleviate important cost drivers.

e Low-cost neutron reflectors and shield material: while materials such as Be are ideal
neutron reflectors, their high costs and toxicity can be limiting. Alternate material (including
hybrid composites) could greatly benefit the economics of a concept.

e Demonstration of rapid deployment and decommissioning: demonstrating the ability to
quickly install and decommission a design will reduce financing costs

e Simplified operations and control: reducing operating staff supervision and training
requirements is attractive for different market attributes. R&D investments on simulators and
human-machine interaction (HMI) will be crucial to achieving this goal.

There are many additional areas of R&D that can benefit the economics of microreactors beyond the
ones listed here. Overall, the proposed design modifications of Table 17 contribute to significant
reductions in the LCOE, as shown in Table 18. Already, a ~80% reduction has been recorded compared to
Design A, even without accounting for LRs (the topic of the following section). This leads to an already
competitive FOAK cost for a microreactor that can be viable in certain small niche markets, assuming the
listed savings can be achieved.
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Table 18. Overall summary of the primary cost categories and estimated LCOE for Design A’.

ID Cost Category Estimated cost Levelized Cost
10 | Project development $3M $39/MWh
20 | Direct costs $34M $149/MWh
30 | Indirect services $2M $7/MWh
40 | Operating staff recruitment, training, etc. $1M $4/MWh
50 | Capitalized supplementary costs, incl. initial fuel $13M $55/MWh
60 | Capitalized financial costs $2M $24/MWh
70 | Annualized O&M costs $1M $39/MWh
80 | Annualized fuel costs $2M $83/MWh
LCOE: | $363/MWh

As a result of the changes in Design A’, the relative contribution of different accounts shifts, as seen
in Figure 21. While the direct costs are still the biggest contributors, their contribution dropped from 50 to
37%. In addition, with the reduced initial fuel inventory, supplementary costs essentially shifted to
annualized costs, due to the more frequent refueling. This highlights how the dynamics have shifted in
this modified design. The breakdown appears now closer to that of the reference LWR shown in Figure 5.
A notable difference is the much smaller contribution of indirect costs to Design A’ primarily as a result
of a larger proportion of factory-fabrication. Further design-based modifications will now need to
investigate different areas for further cost reductions.

Design A'

Annualized O&M
costs
10%

Capitalized financia
costs
6%

Operating staff recruitment, training etc. Indirect services
1% 2%

Figure 21. Changes in the cost breakdown structure for Design A’.

In examining the estimates of LCOE contributions ($/MWh) at a lower level in Figure 22, some of
these dynamics become all the more apparent. At $83/MWh contribution, the additional fuel becomes the
single largest contributor to the LCOE of Design A’ (versus the initial fuel in Design A at $407/MWh).
The next biggest contributor is now the turbomachinery ($31/MWh for Design A’), followed by the heat
pipes ($30/MWh), initial fuel load ($29/MWh), community outreach ($27/MWh), and the 1&C
($24/MWh). All other accounts contribute less than 5%. While the normalized cost per account are lower
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across the board in the Design A’, Figure 23 highlights how the cost drivers have shifted. The biggest cost
drivers in Design A were the initial fuel load, the building, and the interest, now they are the additional
fuel, the turbine system, and reactor coolant system in Design A’. Note that some previously significant
costs (e.g., interest, building, decommissioning, and reactivity control) are now almost negligible. On the
other hand, some accounts (e.g., turbine) primarily became larger contributors in Design A’ by virtue of
all other cost drivers decreasing in importance. Community costs in particular were increased in Design
A’ following the market assessments beyond costs. Moving forward, designers should focus on the
characteristics of a microreactor concept similar to Design A’ when searching for additional areas to drive
down costs. These high-cost components should be the primary focus of future R&D efforts, either in
terms of improving the performance of certain technologies or developing lower-cost alternatives.
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Figure 22. LCOE contributions of each account in Design A vs. Design A’.
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Figure 23. Percentage breakdown of the cost drivers in Design A vs. Design A’.
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Lastly, some thought should be given to the non-economic considerations highlighted in Section 5.1.
Microreactor designers should strive to satisfy as many of these as possible. As previously highlighted,
nuclear-based systems are at an inherent disadvantage to competing sources on multiple fronts, so
minimizing these disadvantages will help ensure successful market adoption:

e Serviceability: Design A’ would target fewer than 7 days per year in downtime. This would
translate to highly reliable components and rapid turnaround in servicing equipment failures
(i.e., easily replaceable components).

e Operator Training: Design A’ would need to drastically simplify reactor operation to the
point that only 2.5 FTE staff are needed throughout a given year. As a result, operator
training is also expected to last for only 1 year.

e Construction & Installation: Design A’ would need to be designed in a modular format that
could be rapidly installed and deployed. The target construction time is less than 6 months.

e Noise: The turbine in Design A’ should operate at a low decibel level to minimize noise
pollution.

e Transportability: The Design A’ modules would fit within standard ISO containers.
Similarly, transportation casks for supplementary fuel must withstand road/marine/air
conditions in remote communities.

e Safety & Security: While permanent security staff are envisaged in Design A’, a rapid-
response agreement will also be required with local authorities to protect the asset.

e Minimal Environmental Impact: The modular installation of Design A’ will facilitate
decommissioning of the concept. This will simplify the return to a “greenfield” site.

e Fuel Transportation Frequency: the 3-year refueling interval for Design A’ is substantially
lower than that for a diesel generator. Outages can be made to coincide with favorable
weather/transportation conditions. Backup fuel stored onsite can reduce even further the
frequency at which fuel must be transported to the site but may constitute a security risk and
lead to higher operating costs.

e Weather Resistant: Design A’ would be rated to operate under even the most limiting
geographic conditions (e.g., the Arctic), ensuring that the concept can be deployable in nearly
any environment.

e End-User Knowledge: In Design A’, an increased budget is set aside for community
outreach in order to decrease the risk of local resistance to the technology.

5.4 Leveraging Economies of Multiples

Mass production is another means by which concepts such as Design A’ can increase their
competitiveness. Economies of multiple are reached when vendors are able to scale their production units
to reap efficiencies from learning and streamlining. While most analyses include an integral learning rate
for a given product, a more granular approach is proposed here. This ‘bottom-up’ evaluation of learning
can assess how specific cost drivers may or may not change significantly across sequential units,
including efficiencies in the supply chain, factory fabrication, on-site construction and operations.

In Table 19, the LRs for each cost item are ranked in terms of none/medium/high. Items such as the
purchase of land permits have no appreciable learning associated with them. Capital-related expenses are
assumed to benefit from “medium” learning. Following the recommendation in (NEI 2019), an LR of
15% was assumed for these components, based on experiences with multi-unit nuclear power plant
construction in Korea (EPRI 2009) and the U.S. Navy’s experience with nuclear submarines (Moody
2010). A more aggressive LR of 30% (high) was assumed for indirect cost drivers, because these
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engineering and management activities are expected to be streamlined with repetition. These costs are
primarily labor-driven and can be expected to be more easily streamlined/automated with repetition.

Table 19. Assumed learning rates for the different accounts of Design A’.

Learning

Code Account Rate

10s Project development
11 Land and land rights None
12 Site permits None
13 Plant licensing None
14,15, 16 Plant permits & studies

18 Community outreach & education

20s Direct costs

211 Yardwork

212 Reactor containment

213 Building and utilities

218T Reactor startup facility
221.12 Outer vessel structure
221.13 Inner vessel structure

221.21 Reactivity control system
221.22 Reflector

221.23 Shield

221.24 Moderator

222.12 Reactor coolant system (heat pipes)
222.13 Heat exchangers

23,24,25 Turbine and electric systems

30s Indirect services
31, 35,36,37,3 Field & factory indirect support High
32 Factory & construction supervision High
33,34 Commissioning, startup, and demo testing High

oo}

40s Capitalized owner's costs
41,4243 Operating staff recruitment, training, etc. High

50s Capitalized supplementary costs

511 Reactor module shipping & transportation
512 Fuel shipping

53,54 Taxes & insurance None
55 Initial fuel load
58 Decommissioning costs High

60s Capitalized financial costs
63 Interest

70s Annualized O&M costs
711 Onsite technicians and operators None
712 Remote monitoring technicians High
713 Security staff None
714 Maintenance

80s Annualized fuel costs
81 Refueling operations High
84 Additional nuclear fuel

The LR equation shown below (Wright 1936, Mislick and Nussbaum 2015) was then used to compute
the resulting price for a component once a given number N of units are deployed. The relation indicates
that savings equating to the LR rate are reached for each doubling of the units produced. It should be
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emphasized that these values are meant more as a theoretical exercise, and not necessarily as realistic
values for industry concepts. For example, it is perhaps not valid that the LRs hold at 15% up to any
number of units. Nevertheless, the estimates do show the economic potential for microreactors, as well as
the main areas to focus on in order to achieve the end goal.

NOAK = (FOAK) x (1 — LR)!082N

The resulting LR for Design A’ is plotted in Figure 24, along with the thresholds at which the LCOE
is competitive across the range of observed values for a given market. It should be noted that evaluations
from (Shropshire et al. 2021) indicate that low/high global estimates for microreactor demand by 2050
could reach the range 20-120 GW.. This would constitute between 7,000 and 40,000 microreactors the
size of Design A’; well beyond the range considered here. However, it is unlikely that the same
microreactor concept with the same specification would capture this entire market. Different product
lifecycles would be expected with new updated models brought forward as discussed in Section 5.6. The
intent here is to showcase the initial deployment potential for the first generation of microreactor
concepts.
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Remote communities
$350 /MWh

$300 /MWh ¥

$250 /MWh | Alaska railbelt electricity
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Figure 24. Assumed learning rate for Design A’, showing the break-even point to be competitive across different
markets.

As shown in Figure 24, the initial Design A’ microreactor will likely only be able to narrowly
compete in the remote communities market. As more units are built and the price starts to drop, the
concept becomes economically competitive in more markets. The defense market is likely another early
area in which the microreactor is an attractive option. After 10 units, enough cost reductions are accrued
to reach an LCOE below the range for this market. The concept clears the entire island and mining market
threshold once around 60 units are built. While the reactor struggles to compete at the wholesale market
(power generation level) for the Alaska Railbelt grid, it can be competitive across the retail rate once 80
or so units are built. This assumes that some customers (e.g., heavy industry) may be willing to house a
local microreactor and avoid relying directly on the grid for electricity. Similarly for the U.S. grid, the
concept is unlikely to ever compete with conventional generation at the wholesale rate, but some retail
prices in the mainland U.S. are sufficiently elevated for Design A’ to become a viable grid alternative
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after as few as 25 units. The relative competitiveness at each learning level for the various markets is
summarized in Table 20.

Table 20. Market price ranges in which Design A’ with learning rates can be competitive. Ranges are taken from
(NEI 2019).

Learning after Units: 1 2 10 50 100 200
Remote market All range All range All range All range All range All range
[$300-$600)/ MWh
Defense None All range All range All range All range
[$280-$320]/MWh
Island and mining None All range All range All range
[$150-$350]/MWh
Alaska Railbelt electricity | None None All range All range
total [$140-$230)/MWh
Alaska Railbelt generation | None None None

[$60-$150/MWh
U.S. grid electricity total None None None
rate [$50-$1701/MWh
U.S. grid generation None None None None None None
[$30-$80]/MWh

5.5 Microreactor Value Chain

Beyond the immediate microreactor deployment goals, developers should consider additional
lifecycle strategies for successful development of a concept. These can be grouped into three main areas:
(1) establishing a sustainable value chain, (2) defining the microreactor vendor’s role within that value
chain, and (3) strategies for introducing FOAK technology to market.

It is crucial that a company create value not only for itself, but also for the essential partners needed
to successfully deliver the value proposition to the market. It is therefore important to analyze the product
lifecycle of a microreactor, starting from the design and development stage and extending to the final
dismantling and the decommissioning of the site of operations. Dividing up the distinctive roles in the
product lifecycle essentially leads to five key roles in the value chain, as shown in Figure 25.

Utility/Operator

Designer Manufacturer D&D Entity

*MWh of
electricity
sold

*Number of
units sold
*Price per unit

*Willingness to
pay

«License/sell
design
«Sell firm

+D&D fees

* R&D costs * Material « Operations « Energy « Material

* NRC * Labor  Maintenance price « Labor
licensing . « Decommission . Etc.

Depreciation

* Amortization « Amortization
* Interest & tax « Interest & tax
« Etc. « Etc.

Expenses < Revenues

Figure 25. Microreactor value chain constituents.

The designer is the first step of the product lifecycle, with the company and its investors having to
utilize R&D funds to design, develop, and license a nuclear technology in hopes of a return on their
investment. Smaller businesses or startup companies may want to collaborate with larger ones that
possess manufacturing capabilities or establish a strategy to “sell” their technology for a return on their
investment. For larger established design companies, microreactors may represent a new product line
through which nuclear can enter new markets. Therefore, the value proposition hinges on a successful
R&D mission to reach a finished product. Due to the high R&D costs of a new nuclear system and the

44



long road to any return on investment, government financial support is typically required at this stage.
Hence, design companies both small and large seek out and compete for government funding
opportunities to complement their internal R&D or private investor funds. Two notable examples are the
recent DOE Advanced Reactor Demonstration Program (ARDP)® and the Department of Defense (DOD)
Pele Program”. Both initiatives aim to support microreactor developers with first of a kind
demonstrations. Compared to larger systems, microreactors could represent an attractive opportunity for
developers to recover their R&D investments, due to the shorter development period and reduced
investment needed to deliver a product to market.

In this context, a manufacturer is referred to as the “integrator” of a microreactor, a role that
encompasses building a complete product using a combination of in-house fabrication and assembly
capabilities, while relying on key suppliers and vendors for supplying systems, structures, and
components. Typically, larger companies have internal capabilities and infrastructure that may be
underutilized. Microreactors would offer an opportunity for a sustainable revenue stream via the building
of multiple units of the same machine. For companies seeking to establish a new capability for integration
manufacturing of microreactors, the value proposition hinges on sales volume and profit per unit sold,
which should account for factory investments in addition to direct input costs per unit. Like many
manufacturing facilities, the manufacturer’s capability to reduce annual O&M costs would determine
whether subsequent entities enter the microreactor value chain. Alignment throughout the supply chain
will prove crucial here. Microreactor designs often rely on unique technologies, notably nuclear fuel,
high-performance heat pipes, nuclear-grade equipment etc. Government incentives to kickstart these
supply chains will likely prove key. For instance, support has already been provided to restart TRISO-fuel
fabrication facilities,® and fuel enrichment capability?, both of which will likely be crucial for
microreactor deployment.

The utility/operator is a complex entity in the microreactor value chain, due to the role’s diverse
nature based on geographic location, customer profile, etc. In many microreactor applications, the
owner/operator could be a private utility company (e.g., local utilities for a remote community), a
government entity (e.g., an ROB), or the end users themselves (e.g., a mine or other remote industrial
process). For a private utility company, the business model can be similar to that of existing cases
featuring assets such as diesel gensets: the company would finance the microreactor asset for the duration
of its useful life, install and operate it to deliver heat and power to end users in exchange for payments per
unit of power ($/kWh) in order to achieve the targeted return on investment. Many newcomer countries in
the nuclear field are also experimenting with ‘Build Own Operate’ (BOO) models (IAEA 2017). Where
the vendors secure the financing, builds the reactor, owns the electricity generated, and sells it to the
ratepayer through a power purchase agreement (PPA). Some models even go further with vendors
offering to handle disposition of spent fuel from the sit. As many microreactor vendors promote a ‘hub-
and-spoke’ model, similar types of arrangements can be expected.

In the case of a government entity operating the microreactor, the cost of energy delivered must be
lower than that for the incumbent energy generators, unless other incentives such as logistics ease, carbon
emissions, reliability, etc., come into play. This could particularly be the case for the department of
defense if microreactors are able to accomplish mission-critical objectives. The military will likely be
willing to pay for a premium if microreactor technology offers flexibility not possible with other energy
sources. On the other hand, an industrial operator will likely be greatly sensitive to the levelized cost of
energy produced. Both the cost of energy and reliability will need to outperform other energy options in

2 https://www.energy.gov/ne/advanced-reactor-demonstration-program

b https://www.defense.gov/Newsroom/Releases/Release/Article/2545869/strategic-capabilities-office-selects-two-mobile-
microreactor-concepts-to-proce/

¢ https://www.energy.gov/ne/downloads/x-energy-tier-i-awardee

4 https://www.centrusenergy.com/news/centrus-finalizes-three-year-contract-to-demonstrate-haleu-production/
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order for private entities to rely on microreactors as the means of conducting their primary business
functions.

End users of power and heat can be categorized as being either passive or active. Passive users are
mainly concerned with the cost and availability of energy. Most end users in large-scale grids do not need
to play a proactive role in selecting their sources of energy; thus, the decision of electricity generator type
hinges largely on the power supplier (i.e., a utility). For microreactors, active users are expected to be
prevalent, with end-users—being closer to the point of generation—playing a vital role in selecting the
generation asset. Microreactor end users would care about cost and availability, but also factors such as
noise level, environmental impacts, safety, and security. Hence, microreactor developers will need to find
creative ways to enhance their value proposition beyond simply offering a lower-cost alternative. This is
both a challenge and an opportunity. It is challenging to ensure that the product design has features that
satisfy end-user requirements, and to ensure alignment of those features throughout the operating life of
the asset. It is also an opportunity, since the customer may be willing to pay a premium for other indirect
incentives (e.g., providing district heat from the microreactor to operate a greenhouse for an arctic-based
community, enabling them to grow food locally rather than relying on costly imports).

Regardless of the final disposition strategy (long-term storage vs. recycling, which depends on
national policy), it is imperative to have a viable plan for dismantling, decontaminating, and
decommissioning microreactors while generating the least possible environmental impact. The small size
and transportability of microreactors reduce the scale of onsite deactivation and decommissioning (D&D)
activities, making it possible to remove the asset without taking it out of the packaging employed while in
its operational state—packaging that can also act as the transportable canister and dry storage container.
Avoiding repackaging of the nuclear and activated materials is a significant advantage over current LWR
fuel handling and storage methods. However, the business case, source of funds, and role of the D&D
entities must be clearly defined before the microreactor can be provided to the end user. The cost and
contracting of the D&D effort could be handled in a fashion similar to that of current LWRs, for which
the D&D cost is built into the LCOE.

A summary of the microreactor value chain is shown in Figure 26, in comparison with a typical
value-chain analyses of a grid-connected market. The values in this figure are based on approximations
that, in reality, are likely to vary. The price point will depend on the negotiations between each interacting
entity. In essence, the value captured by the higher price of vendor-supplied systems, structures, and
components is value lost by the microreactor manufacturer. The figure does offer insight into how the
various entities can collaborate to share value among themselves and to settle on a global value
proposition for microreactors. If any necessary entity in the chain cannot capture positive value, the entire
value chain becomes unsustainable.

LCOE

Value to End User

Power Selling Price = LCOE

Value to Operatc

LCOE Reactor Selling Price = Reactor Purchase Cost

Value to Manufacturer

Price of SSCs = Cost of goods Sold

Value to vendors, suppliers

Willingness to sell

Centralized Remote
Generation Application
Market Market
300-1000 MWe 1-20 MWe Microreactor

Figure 26. Overview of the microreactor value chain.
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Currently, the only existing entities in the entire microreactor value chain are the “developers,” who
will need to develop a strategy and determine which section of the value chain they want to capture. As
was discussed, some developers may want to transition into product integrators and manufacture the vast
majority of components in-house, while others may intend to leverage external manufacturing companies
to produce products of their design. Going further, some developer companies may want to extend their
scope and become vertically integrated. These companies would then not only own the design and
manufacturers of the machine, but also the energy they produce, which they themselves would supply to
the end customer. This would enable the firm to capture the vast majority of the value of all the entities of
the product lifecycle. Though challenging to form and manage, this strategy may offer more control over
the overall microreactor value chain and provide opportunities for synergies and learning (if the same
company would both build and operate their entire fleet of microreactors). However, this type of vertical
integration is uncommon in similar complex systems such as automobiles and aircrafts. In those cases, the
integrator relies heavily on multiple external vendors and suppliers rather than pursuing vertical
integration. To deliver the product to the end users, these integrator companies share, among its
collaborators and market channels, the risks as well as the value in focused expertise across their industry.

Historically, during the initial years of developing a new energy technology, government support and
incentives were heavily relied upon to bring that technology to market. New technologies are initially
costly, and manufacturers and suppliers are often at the beginning of their learning curve. Once they learn
how to reduce costs, they become less dependent on federal support. This was the case for other
technologies such as solar, wind, batteries, and fuel cells. As a new technology, microreactors may also
have to initially rely on government incentives. First movers could then build from these incentives and
begin learning how to reduce their costs as they transition to mass production. On the other hand, some
small segments of the markets may be more willing to pay a premium early in the product cycle if they
are particularly sensitive to the value proposition of microreactors. These are generally referred to as
“early adopters” and will be discussed in the following section.

5.6 Microreactor Market Adoption Lifecycle

Like most new technologies, microreactors are likely to follow the market adoption lifecycle, which
divides potential customers into five categories: innovators, early adopters, early majority, late majority,
and laggards (Rogers 2003). The area under the curve in Figure 27 is a qualitative indicator of the relative
size of the market. Initially, products compete for functionality, then evolve into reliability, price, and,
lastly, convenience. Typically, as product markets move from left to right, the willingness to pay by these
customer segments decreases, and the need for reliability increases while tolerance for imperfections
decreases. Microreactors will likely follow a similar trend (EPRI 2018). This is crucial to understand,
since it has direct implications on the product features and establishes a roadmap for product evolution.

Market Adoption Life-Cycle

EARLY MARKET THE CHASM MAINSTREAM MARKET

Fission batteries

'CONSERVATIVES

TECH ENTHUSIASTS

EARLY EARLY LATE

INN?‘I;:JORS ADOPTERS MAJORITY MAJORITY LAG;:/RDS
o 13.5% 34% 34% °
Microreactor Government Semi- Grid-Edge
Markets: Demo Remote

Figure 27. Potential microreactor adoption cycle.
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The first generation of microreactors is unlikely to have the lowest cost of electricity or the highest
reliability. The resulting product may not represent a clear advantage over incumbent technologies. For
market entry, the product would rely on a handful of customer segments (or “innovators”) comprised of
technology enthusiasts who believe in the technology’s potential. This segment would be willing to pay a
premium over the various alternatives in order to become pioneers in this new field. In the context of
microreactors, this will likely take the form of private-public demonstrations heavily supported by the
likes of DOE and DOD. The initial use case will likely be limited to governmental facilities. This group’s
primary objective would be to demonstrate the functionality of the technology.

Early adopters rely on the proven functionality of the technology and are willing to pay a smaller
premium to adopt the technology for commercial purposes. This market segment would seek to leverage
federal incentives and will expect a finished product with reliable operation. These users would have
some tolerance for downtime and would usually plan for backup gensets. ROBs or university campuses
may be viable candidates for this market segment, as well as emergency management or forward
operating bases. Microreactor companies would primarily compete in this segment on the basis of cost
and reliability but are still expected to rely on some level of public support.

Between the early adopters and early majority market segment are multiple barriers, both on the
demand and the supply side. The value proposition must have clear advantages over incumbent
technologies. Suppliers must also reduce costs and improve reliability to enable boarder market adoption.
Most startups stumble across this barrier, deemed the “valley of death.” Once this barrier is overcome,
mass market adoption is expected. Microreactor companies would compete in this segment for lower
prices, not only with other energy generators but also other microreactor offerings. These types of
customers are expected to primarily consist of remote microgrids where there is a clear benefit for the
technological offering of microreactors over competing sources.

The more pragmatic market segment (late majority) would only adopt microreactors as the lowest
cost option or if they provide a significantly strong value proposition compared to incumbent
technologies. Both price and convenience are key competition metrics. These end users are expected to be
semi-remote communities, island communities, and mining operations. While still remote, they face less
hurdles than the early majority to gain access to power. Such customers are unlikely to adopt
microreactors on a large scale until the technology has been well established and proven.

To successfully penetrate this market and beyond (laggards), microreactors are likely to evolve into a
new phase, referred to at Idaho National Laboratory as “fission batteries.”® These systems would tout
superior economics, near-autonomous operation, heavy standardization, and plug-and-play installation.
This new generation of microreactor could then potentially reach markets such as the “grid-edge”. This is
defined as points in close proximity to the grid, but not being fully linked to it. The next generation of
microreactors can also be expected to cater industrial users interested in heat applications, or, potentially,
hybrid renewable plants that require some carbon-free baseload generation to ensure reliability.

¢ https://nucl.inl.gov/SitePages/Fission%20Battery%20lnitiative.aspx
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6. Conclusion

The successful deployment of advanced nuclear power plants in the U.S. primarily hinges on
economics considerations. This report promotes an economics-by-design (EBD) approach that
emphasizes market needs—not only costs but also particular performance attributes—early on in the
design stage. The approach assesses the cost drivers of a system and modifies design characteristics to
effectively meet the full set of product objectives. The approach is flexible and can be applied to any
reactor type but is especially valuable to consider in the context of microreactors.

Microreactors are the subject of increasing interest in the nuclear community. Their size, simplicity,
and transportability represent a new paradigm for the nuclear industry. With this comes substantially
different economic dynamics and cost drivers. This report leverages the EBD approach to assess the
competitiveness of this class of reactors. Starting with a bottom-up estimate of a use case from open
literature, the primary cost drivers were identified. For a heat-pipe-based concept, this was primarily the
initial fuel load, reactor building, interest accrued during construction, coolant system, reactivity control,
1&C, and decommissioning. In focusing on these cost contributors, theoretical modifications were
proposed in order to increase the design’s market competitiveness. With assumed LRs, the new concept
could be competitive in remote markets after just a few orders. Its market attractiveness further increases
once approximately 50 units are deployed, enabling it to move along the adoption cycle to capture
additional markets. Reducing costs further to compete at the grid-level would likely require a new
lifecycle evolution in the technology.

It remains unclear at this stage if these assumptions and cost targets will necessarily materialize.
Regulatory hurdles could impose restrictions not considered here that challenge the economical case for
microreactors. On the other hand, new reactor materials or manufacturing capabilities not previously used
in the nuclear field (e.g., additive manufacturing, powder metallurgy, electron beam welding, diode laser
cladding) could open new opportunities for cost reductions. Indeed, vendors are expected to find
numerous different combinations of design and technology choices to reach market entry points. An
important outcome of this report is to highlight potential pathways for microreactors to effectively
compete in remote markets and help relevant stakeholders frame design and research priorities that are
informed by economic considerations.

Future improvements to the analysis presented can be envisaged in a range of areas. Reducing
estimate uncertainties will greatly increase confidence in the conclusions of the economic optimization.
This is important for both the identified high cost drivers, as well as the low ones with significant
uncertainty, to ensure they are indeed minimal. Equipment cost uncertainties can be reduced through
R&D maturation of related technologies while other uncertainties may require additional systems
analyses. Next steps could also involve automating the process with software that includes the costing
equations and correlations linking variables together (e.g., impact of reactor power on shielding
requirement, refueling, etc.). This would enable the systematic screening of different design inputs to
identify optimal combinations. The EBD analysis could also be more deeply interfaced with market
evaluation studies to link factory throughput considerations with speculated market sizes. The assessment
can also be tied to ongoing efforts in the field of Integrated Energy Systems (IES) to assess market fit
beyond simple LCOE estimates. Thermal storage and heat co-generation (e.g., for hydrogen production,
chemical processing) will affect the competitiveness of nuclear reactors in terms of both plant costs and
market revenues. Lastly, the EBD approach can be extended beyond microreactors and applied to the
wide variety of advanced, non-LWR concepts that are being considered for near-term deployment.
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Appendix A
Microreactor Cost Estimation

This appendix describes the parameters underlying the cost estimations for the Design A and Design
A’ microreactor plants. The algorithms are based on prior related analyses (Kim et al. 2020, Hoffman et
al. 2020), including updates and expansions made for this report. Note that all estimates are for 2017 USD
values.

10s: Project Development

Cost estimates in this category are based on the available public information for large nuclear plants
cited in (LucidCatalyst for ARPA-E 2018), and were scaled down using the land surface area for large
nuclear plants (as a cost per m?) for calculating the Design A microreactor costs. The following
subsections explain the calculations for each subcategory within the project development costs. Note that
ACCERT does not include parameters related to project development costs in the 10s code of account.

11: Land

Land costs are based on the expected area needed for the Design A microreactor plant and the
expected cost per unit of area. The cost per unit of area would depend significantly on the local
availability and market conditions for land. For a microreactor deployment in sparsely populated areas of
northern Canada or Alaska, land costs could be very low. For this analysis, however, a representative land
cost for large nuclear plants was applied to Design A. (LucidCatalyst for ARPA-E 2018) indicates that
land costs $8.5 million for a representative 1000 MWe nuclear plant occupying 670 acres (or
approximately 2.7 million m?). This leads to the following formula for calculating the land cost:

Land = (Surface Area) X $3/m?
12: Site Permits

(LucidCatalyst for ARPA-E 2018) indicates a representative cost of $8.5M for site permits, based on
the initial project development conducted by Ameren in Missouri in 2010. With the same plant area as
specified above (670 acres [or 2.7 million m?]), this leads to the following formula for calculating site
permit costs.

Site Permits = (Surface Area) X $9/m?

13: Plant Licensing

(LucidCatalyst for ARPA-E 2018) indicates a representative cost of $99M for a Combined Operating
License for the potential Stewart plant site in Georgia, which was in the early stages of consideration back
in 2016. This cost and surface area for the site led to the following formula for plant licensing costs:

Plant Licensing = (Surface Area) X $22/m?
14, 15, 16: Plant Permits and Studies

(LucidCatalyst for ARPA-E 2018) indicates a representative cost of $2.65M for Nuclear Regulatory
Commission (NRC) fees covering plant permits for large nuclear plants, based on 100,000 person-hours
of necessary NRC labor and a stated NRC rate of $265/hour. (LucidCatalyst for ARPA-E 2018) also
indicates $20M for additional preparation of plant permits and studies, leading to the following formula
for plant permit and studies costs.

Plant Permits and Studies = (Surface Area) X $10/m?

18: Community Qutreach
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This activity is assumed to not occur for Design A, since the reactor design team may, in the early
stages of concept development, avoid incorporating the need for community outreach in their planning
and cost analysis. The cost analysis for Design A’, however, incorporates these costs, as discussed in the
body of the report.

20s: Direct Costs
211: Yardwork

Yardwork is expected to include site clearing, grading, softscaping, hardscaping, etc. The original
ACCERT algorithm assumed a fixed yardwork cost across all commercial power plant types (Ganda
2018). This assumption may be valid for different types of larger reactors (e.g., water-cooled vs. sodium-
cooled) but is unrealistic for microreactors concepts in the MW range. It is therefore recommended to
normalize the nominal yardwork value in units of surface area. An estimate of yardwork for a nuclear-
related construction project was obtained from Idaho National Laboratory (INL) cost estimators (via
personal communication). A reference value of $330,000/acre was recommended, translating to $82/m’.

Yardwork = (Surface Area) X $82/m?

212: Containment

The containment structure for a commercial pressurized-water reactor is a large, complex structure.
The corresponding algorithms in ACCERT distinguish between the substructure, shell, dome, interior,
and non-concrete costs of the components. This is not directly applicable to a microreactor for which a
concrete “box” would envelop a standard ISO container. Rather than scaling the normalized volume
values in ACCERT, they were revisited based on INL cost estimator experience (via personal
communication). The estimator judgment mainly relied on the experience with INL Naval Reactors
Facility. The cost is broken down into the excavation (expressed as a function of the hole volume
[$916/m’]) and the concrete structure (expressed in volumes of concrete [$130/m’]).

Containment = (Sub.Vol.) x $130.8/m3 + (Cont.Vol.) X $916.8/m3

213: Building

A typical commercial reactor consists of multiple building structures (turbine building, auxiliary
building, etc.). Some microreactor concepts (e.g., Oklo) envisage a single building to house the reactor,
power conversion, operating room, and security facility. Others (e.g., eVinci and HolosGen) intend to
solely rely on the ISO containers in which the reactor modules are transported to house all required
facilities. To estimate the potential cost of a building structure, a basis was again derived from INL cost
estimator experience (via personal communication). The estimate is expressed as a function of the total
surface area of the structure (including multiple floors) and the distance from utilities (including sewer,
power, potable water, firewater, and communication lines). A normalized unit of $6,458/m? for the
building and $9,843/m for the utilities weas recommended based on estimates for a maintenance-type
building (via personal communication). An alternate cost considered for Design A’ only accounted for the
cost of ISO containers, estimated at $10,000/unit.

Building = (Surface Area) x $6,458/m? + (distance) X $9,843/m + (no.ISO container) X $10,000
218T: Backup and Startup Power

Large commercial reactors usually rely on large diesel generators for emergency and startup power.
Since microreactors are primarily attempting to supplant those types of generators in remote markets,
lithium batteries were deemed better suited for this function. Learning rates for batteries, expressed as a
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function of $/capacity (in kWh), were obtained from (Tesla, Inc 2021). The correlation derived from
Figure 28 relied on cost data, including module cost and installation costs.

Battery volume discounting
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Figure 28. Battery discounting rates: evolution of unit costs as a function of the number of units purchased.

Startup = $638.88/kWh X (capacity) %117
221.12 and 221.13: Vessel & Internals

Microreactors are assumed to feature both an internal and outer reactor vessel for redundancy. In the
current ACCERT algorithm, this is equivalent to the reactor vessel and the internals. Cost estimates for
both are expressed as a function of commodity volume and mass. The equipment cost (including material
fabrication) is taken as $310,000/MT, while the installation cost is taken as $14,080/MT. The estimates
were verified against ASPEN/HYSYS models of a pressurized horizontal drum of the same material. A
nuclear “multiplication factor” was added to all labor costs to account for the Nuclear Quality Assurance
1 (NQA-1) requirements for manufacturing [Kim 2020]. The end results were shown to agree reasonably
well with the ACCERT estimates. As a result, the following ACCERT-based equation is used for the
vessel estimates:

Vesselgss16 = ($310,000/ton + $14,080/ton) X (mass)
221.21: Reactivity Control System

The ACCERT estimates for control rods are expressed as a function of the number of drives and the
mass of the material (both neutron poison and structural). Microreactors typically rely on a combination
of control drums and rods. The cost equations are assumed to directly translate from a control rod to a
control drum. No estimate for B4C-based costs is provided in ACCERT, so silver-based estimates are
used as an approximation instead. The resulting estimate was compared against INL quotes obtained for
ATR drums (Kim 2020), and were found to agree reasonably well when accounting for the fact that ATR
drums use beryllium as their structural material (as opposed to Al,O3 in Design A).

Control = ($550/kg + $400/kg) X (poison mass) + $610,000 x (No. of drives)
221.22: Reflector

A wide range of reflector materials can be considered for microreactors. In addition, both axial and
radial reflectors may form part of the design. ACCERT does not have a basis for calculating reflector
costs, but the mass-based approach used for calculating other components is assumed to be valid. Proxies
for different material are summarized in Table 21.
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Reflector = $310,000/ton X ( masssss16) + $1,000,000/ton X (massgeo) + $120,000/ton
X (massaiz03)

Table 21. Costs assumed for reflector and shield.

Material Unit Cost Justification
SS316 $310,000/MT ACCERT estimate
BeO $1,000,000/MT Internal INL Be quotes
ALO; $120,000/MT ACCERT estimate for C-steels

221.23: Shield

While ACCERT does not contain algorithms for a reflector shield, the cost driver is assumed to be
similar that of the neutron poison in the reactivity control system. Hence the price is expressed as a
function of mass of material, with silver used as a proxy material for B4C.

Shield = ($550/kg + $400/kg) x (mass)
221.24: Moderator

ACCERT does not account for a reactor’s moderator costs (it is the same as the coolant in an LWR).
The option of including a moderator was considered in the analysis and is therefore accounted for here.
While the moderator is likely to be a hydride (e.g., ZrH or YH), cost estimates for these types of material
were not readily available. Instead, the mass-weighted cost of SS-316 was used as a surrogate to estimate
the cost of the moderating material.

Moderator = $310,000/ton X (mass)
222.12: Core Cooling (Heat Pipes)

Reactor coolant piping in ACCERT is estimated based on the mass of steel. This was not deemed to
be directly translatable for heat pipes. Instead, INL quotes obtained for the MAGNET testbed were used
as a starting point for the unit cost of an individual heat pipe (via personal communication). A percentage
cost reduction variable is inserted to account for potential cost savings from a mass production standpoint.
Note, however, that the quoted price does not account for mass orders, nor does it include the costs of
nuclear-grade NQA-1 certification or the requiring of higher-performance heat pipes (the quote was for a
2kW/pipe capacity vs. ~4kW/pipe for Design A).

Heat Pipes = $10,000 X (1 — cost reduct.) X (No. of heat pipes)
222.13: Heat Exchanger

ACCERT estimates prices for steam generators (which serve the same function as heat exchangers) as
a function of their mass and installation costs. The equipment cost is expressed as a function of the mass
of material (based on the material type), while the installation cost is taken to be per unit. The number of
units could refer to multiple primary heat exchangers (HX) as well as secondary/emergency ones. The
estimates were compared to an algorithm in the literature (Seider 1998) and found to agree within the
same order of magnitude.

HX = [$120,000/ton X (mass) + $580,000] x (No. of units)

227: Instrumentation & Control

ACCERT assumes that instrumentation and control (I&C) costs do not substantially vary from one
large reactor to the next; therefore, it recommends using a constant rate value across all reactor types.
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Such an estimate is unlikely to be representative of microreactors. As a result, expert judgment was relied
upon to obtain a basis for the I&C costs. The estimate was broken down based on the number of
input/output (I0) sensors, hardware infrastructure, control system, electronic power control (EPC) costs.
Ranges for each are provided in Table 22. The upper range of these values (to account for NQA-1 rigor,
etc.) was used as a first estimate equation:

1&C = $2,000 x (No.of10) + $500,000 + $3,000,000 + $3,000,000

Table 22. 1&C subcomponent costs based on INL expert judgment.

1&C Subcomponent Cost Range

Cost per 10 [$500—2,000]/instrument
Infrastructure $500,000

Control system [$2,000,000-3,000,000]

Electronic Power Control [$1,000,000-3,000,000]

23, 24, 25: Turbine

ACCERT breaks down the cost of the turbine generator into numerous components, including the
turbine itself, the heat rejection system, the switchyard, the electrical wiring, and relevant station service
equipment. A microturbine unit for a microreactor is expected to be an integrated module that includes all
these items. ACCERT expresses the cost of the turbine generator as a function of the thermal power of a
system. The range of extrapolation does not consider the <10 MW scale of microreactors, and only
accounts for Rankine cycles. Therefore, an alternate estimate was used, based on DOE-compiled vendor
quotes for integrating Brayton-cycle microturbines in the kW-to-MW range (DOE 2016). A normalized
cost of $2,500/kW. was used for the purposes of this analysis.

Turbine = $2,500/kW, X (Capacity)
31, 35,36, 37, 38: Factory & Field Indirect Support

The indirect support costs in this analysis reflect the estimated number of professionals serving in
management, supervision, inspection, and other such roles at the microreactor factory and deployment
site. The annual costs for each position, which include an annual salary as well as benefits, payroll taxes,
and other adders, derive from representative values in LucidCatalyst’s nuclear cost analysis for ARPA-E,
cited above. The costs for each position range from less than $100,000 for lower roles to approximately
$200,000 for the principal manager, as shown in Table 23. The annual cost per position is multiplied by
the expected headcount for each position and by the expected fabrication and installation period for the
microreactor.

Table 23. Factory & field indirect support.

Position Annual Cost per Head
Principal manager $216,000

Assistant manager $151,000
Environmental control ~ $95,000

Quality assurance $110,000

Engineering $88,000
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32: Factory & Construction Supervision

This code of account depends on the estimated cost per hour for supervision and the total estimated
hours necessary. Based on the professional judgment of construction management services, an
approximate representative cost of $300 per hour is used for this cost.

Supervision = $300/hour x (Necessary supervision hours)

33, 34: Commissioning, Startup, and Demonstration Testing

These codes of account depend on the costs per professional (as shown in Table 23), the headcount
per position, and the estimated length of time for commissioning, startup, and demonstration testing.

55, 84: Fuel Loading

Estimates for the Advanced Fuel Cycle Cost Basis Report (DOE 2017) were used to calculate the cost
of fuel for microreactors. The estimates are expressed as a function of mining, conversion, enrichment,
and fabrication costs. Mining and conversion are expressed in terms of mass of natural uranium (NatU),
enrichment as a function of separative work units (SWUs), and fabrication in terms of the mass of the
final uranium compound. The cost basis report gives mean historical values higher than the current spot
prices in the market (see Table 24). For a more current estimate, the spot prices were instead used in this
analysis.

Fuel = ($29.01/kg + $22.50/kg) X (massy,¢ y) + $47.00 x SWU + $870.00/kg
X (massfuel)

Table 24. Comparison of fuel fabrication costs.

Fuel Cycle Step Cost Basis Report Spot Prices®
Mining, kg-Nat. U $139.00 $29.01
Conversion, kg-Nat. U $13.00 $22.50
Enrichment, SWU $125.00 $47.00
Fabrication, kg-UO, $870.00 $870.00

2 Obtained from uxc.com/p/tools/fuelcalculator.aspx accessed 07/2020
63: Interest

Interest expenditures reflect the return on capital to lenders and equity investors. This code of account
depends on the overnight capital cost, weighted average cost of capital’, and length of time between
capital outlays and repayment (including both “return of capital” and “return on capital”). This analysis
uses a representative weighted average cost of capital of 10%. If the fabrication and installation period is
2 years and the overnight capital costs are assumed to be spent evenly over this period, interest
expenditures represent a 16% adder on overnight capital costs.

70s: Operations & Maintenance

This code of account reflects the annual cost per operating staff member, including salary as well as
various adders (described above for factory and field indirect), as shown in Table 25. These annual costs
per head are multiplied by the headcount. Annual maintenance parts are assumed to cost 1% of the
overnight capital cost—a preliminary approximation that could be refined in future work to assess the
specific periodic maintenance needs of microreactor concepts.

f Weighted average cost of capital is defined as the equity percentage of total capital times the required equity return, plus the

debt percentage of total capital times the interest rate (i.e., return on debt for lenders) times the tax deduction factor based on
corporate income tax rate: WACC = (E% x rg) + (D% x 1p) x (1 —tc).
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Table 25. Factory & field indirect support.

Position Annual Cost per Head
Plant manager $216,000

Quality assurance $110,000

Shift operators $93,000

Remote operators $140,000

Security $70,000
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Appendix B
Microreactor Design Attributes

Attribute Value in Each Market Segment

A more detailed justification of the attribute rankings shown in Table 13 is provided here. The
qualitative assessment is intended to provide initial guidelines on anticipated priorities in the considered
markets. Readers are referred to (Shropshire et al. 2021) and (CED 2020) for a more thorough review of
potential customer needs. For simplicity, the analysis was subdivided between three markets: (1) remote
communities (including island, arctic, and grid-edge communities), (2) remote mining operations, and (3)
defense applications (including emergency response).

Reliability — this is expected to be of high importance to all three of the potential market
segments. Unexpected interruption of services can be critical to a community living in severe
weather conditions, to the primary business of a mining company, as well as to a military base.
Microreactors will need to demonstrate a high degree of reliability in order to effectively compete
in these types of markets.

Serviceability — the ability to service a microreactor was deemed of medium importance to
remote communities and defense applications. In both instances, it is expected that the local
workforce/personnel would be trained and able to maintain the reactor. The issue is more
challenging in remote mining operations that may operate further from a population point and
may find it more challenging to readily supply maintenance parts.

Minimal operator training — remote communities and mines will have limited capacity to train
personnel to operate a microreactor. As such it is critical for these communities that the concepts
are designed to operate as simply as possible. This is a lower priority for defense applications
where dedicated staff are commonly trained to operate complex machinery.
Construction/installation time — while advantageous for a microreactor to be deployed quickly
in a remote community, it is not deemed to be a necessity. Most communities likely already have
an operating power source and can plan well in advance to account for the lead time of
deployment of a microreactor. Remote mining operations, however, will likely expect a quick
turnaround on the entire project and will need their source of energy delivered on a short timeline.
Lastly, quick installation times are likely to be a priority for defense applications to achieve
strategic objectives and enable agile responses to threats.

Noise level — a desirable attribute for any market in theory, reduction of noise is expected to be a
priority for remote communities due to the proximity to population centers. The requirement is
less severe for mining operation and even less so for military installations, where only official
personnel would be affected by the noise levels and mitigation steps can be more easily taken to
alleviate them.

Minimal environmental impact — remote communities are likely to be most sensitive to any
environmental impact caused by the construction and operation of a microreactor. Defense and
mining applications are likely to be less sensitive to these considerations, but would still value the
zero-carbon emissions from microreactors.

Transportable — this will be crucial for defense applications with priorities rapidly evolving and
limited access points to areas of need. It is ranked of medium importance to the other two markets
as infrastructure is expected to be minimal and ease of transportation will likely be key.

Safety and security — military bases will already have armed personnel present and are therefore
expected to place relatively low priority on this attribute. Remote communities and mines on the
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other hand will need to have a dedicated security plan established while operating a nuclear
reactor and are therefore to strongly consider this attribute.

Fuel transportation frequency — in all three market cases, access to the site will likely be
challenging. Therefore, minimizing the frequency of refueling intervals is expected to be critical.
Weather resistant — in light of the operating conditions in all three market cases, resistance to
extreme weather conditions will be an important attribute for microreactors.

Affordability — military entities are likely to be able to pay a premium on the price of a
microreactor if it achieves specific mission needs. Remote communities on the other hand, tend to
be heavily subsidized by government entities but will still place some importance on the cost of
the design. Mining operations being operated for profit are expected to place a high importance
on the affordability of the concept overall.

Inherent Attribute Competitiveness

More detail on the comparative analysis between microreactors and competing sources of energy
presented in Table 14, is provided here. Two competing sources of energy are considered: (1) diesel
generators, and (2) variable renewable sources (wind and solar photovoltaic). The qualitative assessment
is intended to focus on inherent features rather than characteristics that microreactors may or may not
reach. As such, the assessment primarily focuses on the fundamental strengths/weaknesses of nuclear
energy as a whole. The purpose is to guide microreactor designers on areas where their concepts have
inherent weaknesses and should be addressed in a commercial product.

Reliability — as turbomachinery-based systems, both microreactors and diesel generators are
expected to have similar levels of inherent reliability in general (provided the nuclear reactor
operates reliably as designed). Renewables on the other hand are at a disadvantage due to the
variable nature of their energy generation. This is especially expected to be limiting in some
remote conditions and high latitudes with little sunlight during the winter.

Serviceability — nuclear based technologies is expected to be inherently more complex and
difficult to maintain compared to the other two competing sources. For instance, Nuclear Quality
Assurance (NQA) standard requirements are expected to add notable complications in remote
locations.

Minimal operator training — here as well, a nuclear-based technology is likely to start at an
inherent disadvantage. Training to operate a microreactor is expected to be more rigorous than for
other energy sources to adhere to regulations. This may be alleviated by relying more on remote
operations but is still expected to be a challenge.

Construction/installation time — nuclear plant projects typically have long lead times for
construction and installation, especially for large and complex plants. Commissioning itself is
significantly more involved than in other sources of power. Microreactors may be able to greatly
shorten installation time relative to large plants but are still expected to start at a disadvantage
compared to other sources of power.

Noise level — reciprocating engines operate at higher decibel levels than turbines, hence
microreactors are expected to operate at an advantage over diesel generators in this space. Wind
turbine rotors produce noise when rotating, but solar photovoltaics produce no noise. Thus,
renewable sources, when considered collectively, are assigned an advantage over microreactors
and diesel generators on this basis.

Minimal environmental impact — microreactors will produce less pollution (notably CO,) than
diesel generators. They might require a slightly larger footprint, but this is expected to be more
than compensated by the reduced emissions. Renewables also emit no emissions but are expected
to require an even larger surface area per unit of power than microreactors. On the other hand, the
waste stream generated from this source is less contentious than from a nuclear source. As a
result, the inherent environmental impact of both sources is deemed to be tied.
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Transportable — all three sources face challenges that can be overcome when it comes to
transportability. By virtue of their definition, microreactors are expected to be transportable, but
this remains to be demonstrated, however.

Safety and security — microreactors are at an inherent disadvantage with this attribute by virtue
of their fuel: both from a proliferation standpoint and from a radiological one. Both
considerations will lead to additional safety and security requirements for this type of technology.
Fuel transportation frequency — microreactors can be designed to operate with prolonged
refueling intervals, placing them at an advantage against diesel generators. Renewables are at an
inherent advantage since they do not require refueling whatsoever (albeit at a cost to reliability).
Weather resistant — all nuclear technologies must be designed to withstand severe accident
scenarios including weather-induced ones. This evidently could lead to cost increases and over-
design of microreactor concepts but gives them an inherent advantage over other technologies
that are typically deployed in less constrained environments.

Affordability — diesel generators are the de-facto most affordable source of energy for remote
community seeing as they are the primary option selected thus far. With the cost reductions
through design modifications and cumulative unit deployments discussed in this report,
microreactors could have economic advantages over renewable sources when applications require
reliable or dispatchable energy.
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