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Thank you, Chair Duncan and Ranking Member Degette for the opportunity to testify this morning.

You’ve heard testimony that the U.S. has reduced carbon emissions for the past twenty years. I've
included two papers along with figures and data that align with those conclusions. So, in my opening
remarks I'd like to address what | believe to be one of the most direct and acute impacts an energy
transition policy could have on our national security. It revolves around a central point. That being, the
imperative that we secure an industrial base and energy resource advantage over our 21% century
strategic competitors—particularly China.

America’s industrial base was built on a diverse energy portfolio of fossil fuels, nuclear and renewables
and that industrial base is the platform from which the US projects national power globally. America
dominated the 20" century in large part because of our industrial capacity relative to other powers—
specifically the Soviet Union. We were in this position because all past U.S. energy transitions were
cumulative—domestic resources were added and diversity increased. With this came flexibility,
resilience, and reliability all of which translated to our national security and opportunities for global
partnerships with emerging economies.

We've learned that energy resources have different value propositions in an economy. Fossil fuels are
stored, primary energy resources with high heating values necessary for industrial processes. They can
be transported to where demand is greatest and deployed when called on. Nuclear power is a baseload,
24/7 resource with zero carbon emissions. These are intrinsically different value propositions compared
with intermittent renewables, which are not transportable, callable or 24/7. Renewables should be
included in a diverse energy portfolio, but not as replacement resources as they will not deliver the
same value to America’s industrial base as fossil fuels or nuclear.

Emerging economies and our competitors know this. This is important as the battle for hearts and minds
is a core objective in great power competition, and the outcome will be affected by the decisions of
weaker powers. Great powers compete, but weaker powers may ultimately determine who wins. This
said, it is a matter of national security that U.S. energy policy account for the energy needs of emerging
economies in need of proven, reliable energy resources. The world will consume oil and natural gas and
build nuclear reactors—with us or without us. Better that it be with us than our strategic competitors
who would welcome the opportunity.

| want to make a particular comment about nuclear power, which is becoming increasingly bipartisan.
America once had a special relationship with nuclear power as a national security imperative—the
original principle on which nuclear policy was founded. Currently, however, it's being treated as just
another market commodity or technology for carbon reduction. | invite the members to read the paper
I’ve included in my testimony on national security as a value-added proposition for nuclear power.
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In closing, America’s economy, our industrial base, our military, our system of self-governance, our
global network of alliances and our global security guarantees is the most sweeping success story of
democracy and individual liberty in human history. It also, arguably, is the most complex system on
Earth. As such, forcing this system to restructure itself with pledges to reduce carbon emissions by pre-
determined dates constitutes a systemic change that will be fraught with unintended consequences.

Our National Security Strategy is clear: While Russia constitutes an immediate and acute threat, “The
PRC, by contrast, is the only competitor with both the intent to reshape the international order and,
increasingly, the economic, diplomatic, military, and technological power to advance that objective”*

To this end, China is expanding its industrial base with all energy resources and all energy technologies
and establishing long-term partnerships with energy-rich nations. It is building a deep, diverse industrial
base from which to project power and challenge the U.S. Moreover, China has openly declared its
principle of building the new before discarding the old. China will not jeopardize its geopolitical
objectives in order to address climate change. As such, a core national security concern for any
proposed U.S. energy transition should be:

Can the U.S., with its industrial base restructured around low- and zero-carbon energy, retain its 20"
century economic, military, industrial and geopolitical advantage relative to 21°* century strategic
competitors and outcompete China and deny the CCP of its intentions to disrupt a rules-based
international order?

Our energy legacy tells us that we can rise up to this 21" century strategic challenge with all energy
resources and technologies in our industrial base. To attempt otherwise will constitute a grand
experiment on the most important industrialized nation in the world at a time of unprecedented
challenges to freedom and liberty.

Note: To this summary, | have appended:

1. Arecently published peer-reviewed journal article entitled, “National Security as a Value-Added
Proposition for Advanced Nuclear Reactors: A U.S. Focus”

2. A white paper entitled: “National Security Considerations for U.S. Energy Policy: Security-Centric,
Globally-Engaged, Climate-Informed”

3. Aseries of supporting summary figures with comments: “America’s Energy Resources &
Industrial Base: Prioritizing National Security and Relative Advantage in 21°* Century Strategic
Competition”.

...ilyh...

1 Biden, J. (2022). National Security Strategy. The White House, 23.
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Abstract: The U.S. has transitioned from being the 20th-century global leader in civilian nuclear
power to a nation searching for ways to revive its once-dominant nuclear enterprise. The future of
U.S. civilian nuclear power transcends that of a science and technology issue and, fundamentally, is a
policy issue. This is a policy paper that uses a nuclear power policy framework to analyze current and
historical U.S. civilian nuclear power policy and to identify weaknesses and deficiencies that need to
be overcome in order for the U.S. to (1) leverage advanced nuclear reactors as a domestic technology
to meet energy security and reliability objectives under carbon constraints, (2) operationalize national
security as a priority objective and (3) restore the U.S. as a major global exporter of nuclear technology.
The results of this analysis indicate that the national security implications of U.S. nuclear power have
been marginalized in general due to the domestic market challenges of competing with less expensive
and oftentimes more socially acceptable technologies, as well as the international challenges of
competing with state-owned nuclear enterprises. The results are then discussed and used for making
three following policy recommendations: (1) conduct a U.S. nuclear industrial base review; (2) create
a demand signal using U.S. military installations; and (3) shift away from a sell-side nuclear vendor
model for global exports to a buy-side model brokered by a third-party integrator that can work with
multiple U.S. nuclear partners.

Keywords: advanced nuclear reactors; U.S. national security; U.S. nuclear power policy; nuclear
industrial base review

1. Introduction

The U.S. is in a sharply-divided debate as to which energy resources will power its
21st-century economy—a debate in which energy is viewed largely as a market commodity,
with price and affordability as drivers, as a climate change issue, with CO, reduction as
a driver, or some combination of both [1-6]. However, the specter of climate change has
sparked intense scrutiny of the U.S. electric power sector, with the preponderance of this
attention centered around urgent calls from the scientific community to reduce global
carbon emissions. These calls have inspired an array of public movements and political
rhetoric, as well as a variety of ad hoc policy responses and pledges at the local, state,
and federal levels aimed primarily at replacing high-carbon fossil fuel energy resources
with low- or zero-carbon resources. The phrase energy transition is regularly invoked
to characterize these actions, with the catalyst and driving force being global climate
change [7,8].

To this end, President Biden issued an executive order, putting the climate crisis at the
center of foreign policy and national security [9]. Meanwhile, U.S. cities, states, corpora-
tions, and academics are proposing policies and strategies characterized as clean energy
transition, sustainable transition, socially just and equitable transition, 100% renewable en-
ergy transition, zero-carbon economy, carbon neutrality, and fossil fuel divestment [10-15].
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Many of these proposed transitions include target dates for implementation. Moreover,
renewables are regularly promoted as the preferred alternative to fossil fuels, particularly
for the U.S. electric power sector, and the growth of renewable energy is often used as a
proxy indicator that the energy transition is well underway [16-19].

The proposed U.S. energy transition itself is a top-down policy decision, as is the pro-
motion of renewable energy. However, the adequacy of renewable energy as a replacement
for fossil fuels is unproven at the scale of an industrial economy the size of the U.S. While
nuclear power has received renewed attention in recent U.S. discussions, arguments in sup-
port of nuclear power are predominantly motivated by concerns around carbon reduction
and climate change while arguments against nuclear power largely revolve around cost,
safety, and a proposed lack of necessity. Existing U.S. nuclear reactors are Generation III
or older, with two Generation III+ reactors currently under construction [20]. While cur-
rent U.S. reactors service the power generation sector, attention is being directed toward
utilizing nuclear reactors for industrial processes [21-23]. Using offtake heat from nuclear
reactors for appropriate industrial applications represents an added value proposition
that can improve the current economics of nuclear power. However, light water reactors
operate at temperatures that are low relative to many industrial needs. On the other hand,
advanced reactors, particularly those using coolants, such as molten salts, which have
much higher heat capacities than light water, have the potential for use in a broader range
of industrial applications requiring higher temperatures. As will be discussed in this paper,
small modular reactors (SMRs) and microreactors represent a class of advanced reactors
that can lend themselves to improving the economics through industrial applications, as
well as combined heat and power. For these reasons and more, nuclear reactors with more
advanced operational and safety characteristics have been under development for some
time and are now being elevated in renewed considerations for nuclear power [24,25].

This paper contends that the market aspects of U.S. nuclear power, in general, and
advanced nuclear power, in particular, face substantial headwinds, domestically and
globally. It also contends that the future of U.S. civilian nuclear power transcends that of
a science and technology issue and, fundamentally, is a policy issue contingent upon not
only the science and technology but also economics and societal aspects, both of which
are subjective and complex. Moreover, what has been marginalized from U.S. nuclear
power policy, if not dismissed, are the national security implications of nuclear power. This,
then, is a policy paper that addresses these national security implications, discusses the
current domestic and global challenges to U.S. nuclear power, and proposes specific policy
recommendations for leveraging advanced nuclear reactors to operationalize national
security as a priority objective within U.S. nuclear power policy, thereby aligning U.S.
nuclear policy with 21st-century realities. As a policy paper, and due to the fact that U.S.
nuclear power policy is a decades-old legacy issue of statecraft, a review of past U.S. civilian
nuclear policy and technology innovations is a necessary inclusion in this analysis in order
to lay the foundation for the primary point of contention in this paper. That being, U.S.
civilian nuclear power is inherently a national security issue, and advanced nuclear reactors
offer a national security value-added proposition for the U.S.

2. Methods

U.S. civilian nuclear policy is framed here as a hierarchy of three broad domains, inno-
vation, markets, and politics/statecraft, thereby spanning from the purely objective laws
of science and nature to highly subjective social and political norms and ideals (Figure 1).
While the basic sciences and laws of nature dictate what is possible, innovation leverages
those laws in the development of technology for deployment within society. Innovation
is then constrained by economic feasibility and societal acceptance—if a technology is
unaffordable or society rejects it, the technology will not be consumed. A final constraint
prior to policy development is national security, which is characterized here as a gray area
in the current U.S. civilian nuclear policy debate for reasons that will be evaluated and
included in this analysis.
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U.S. Civilian Nuclear Policy Hierarchy
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Figure 1. The proposed hierarchy illustrating the constraints on U.S. civilian nuclear policy, ranging

= Subjective

from science to technology to economics to society to national security. National security is the gray
area focused on in this paper as the dismissed constraint.

Energy policy, in general, is contingent upon this hierarchy, although national security
is often a latent constraint that becomes evident during times of energy crises or shortages.
However, national security is a vital concern for which the economics and societal aspects
of this energy policy hierarchy may be bypassed, provided the science and technology
are achievable. One example is the U.S. military and defense capabilities, which is an
evident case for national security but for which there is no market or civilian demand
signal. Nonetheless, there is a critical need for an industrial base and supply chain to
sustain U.S. manufacturing capacity. While often referenced as the Defense Industrial
Base, the overall U.S. industrial base, in civilian and defense sectors, is fundamental to
ensuring this industrial capability. Similarly, policies have been deployed in the past to
ensure sufficient industrial capacity for the U.S. energy sectors, particularly oil, natural gas,
coal, and the electric power sector [26].

The methodology in this paper uses this nuclear policy hierarchy to analyze current
U.S. civilian nuclear power policy and identify weaknesses and deficiencies that need to
be overcome in order for the U.S. to leverage advanced nuclear reactors as a domestic
technology to meet energy security and reliability objectives under carbon constraints and
to restore the U.S. as a major global exporter of nuclear technology. To do so, a bottom-up
analysis is conducted, beginning with the innovation aspects of the U.S. civilian nuclear
power sector, both current and historical. This includes the U.S. definition of advanced
nuclear reactors, as given by the U.S. Congress, along with a broad characterization of
advanced nuclear reactor designs being proposed and developed. Next, the market aspects
of civilian nuclear power are analyzed within the current context of energy resources for
the U.S. electric power sector. This includes both economic and societal aspects, meaning
costs and societal acceptance. Since levelized cost of electricity (LCOE) is often used in
the U.S. for comparison of energy resources and technologies for power generation, a
simplified version of LCOE is included in the analysis in order to highlight that national
security is a non-monetized benefit of civilian nuclear power. Lastly, the political and
statecraft aspects of U.S. civilian nuclear power are analyzed. This is characterized here
as the gray area of national security for the U.S. civilian nuclear power policy for reasons
that are discussed. The historical aspects represent a necessary review of the U.S. civilian
nuclear power legacy. The overall analysis of these domains is then used for making three
policy recommendations.
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3. Analysis
3.1. Innovation: U.S. Civilian Nuclear Power

Nuclear power provided 18.9% of U.S. electricity generation in 2022 [27]. The current
U.S. civilian nuclear fleet comprises thermal light-water reactors (LWRs), either pressurized
water reactors (PWRs) or boiling water reactors (BWRs), with solid low-enriched U-235
(LEU) fuel enriched to 3-5%, and light water serving as both the moderator and coolant.
Moreover, the fuel cycle is open, meaning that U.S. reactors operate as burners with no fuel
recycling. The adoption of PWRs and BWRs extends back to the mid-1950s and the early
stages of U.S. nuclear technology development as policymakers debated PWRs, BWRs,
sodium graphite, molten salt fast breeder reactors, and other designs under development.
Eventually, the decision to go with the PWR was a top—-down political decision influenced
by the advantages of light water as a coolant compared with that of sodium, the simplicity
of the PWR design, and the decision to use PWR technology in the emerging U.S. nuclear
navy [28,29]. From this, the U.S. civilian nuclear program expanded using LWR technology
throughout the 20th century.

New nuclear construction in the U.S. has been largely dormant since the 1990s
(Figure 2). The first new nuclear construction projects in the U.S. in over thirty years
began in Georgia, USA, in 2009, with two new reactors planned at Plant Vogtle, and in
South Carolina, USA, in 2013, with two new reactors planned at Plant V.C. Summer. Both
projects involved Westinghouse AP1000 reactors [30-32]. Following several delays and
cost overruns, the reactors in Georgia are scheduled to be online by the end of 2023 or
the beginning of 2024 [33]. However, construction on the South Carolina reactors was
halted in 2017 [34]. These were the first projects launched during President Obama’s efforts
to ensure that nuclear power remained a vibrant component of the U.S.’s clean energy
strategy, motivated by concerns over climate change and the need for reliable, low-carbon
power generation [35]. Prior to this activity, the most recent new nuclear construction
project to start in the U.S. was the Harris-1, 980 MWe reactor in North Carolina, USA, in
January 1987 [36]. The last nuclear grid connection was the Comanche Peak-2, 1250 MWe
reactor in Texas, USA, in April 1993 [37]. The 1210 MWe reactor at Watts Bar-1 was con-
nected to the grid in February 1996, but it experienced significant delays, with construction
having started in July 1973 [38]. Moreover, from 1974 to 2017, forty-six reactors on which
construction was started were canceled and not connected to the grid [39].

U.S. Nuclear Connected, Decommissioned and Cancelled Before Connection
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60,000
50,000
40,000

30,000

Megawatts

20,000

10,000

. I ﬁE mE =

R S Y N T T T S SR S SR S NN
RS T SN S A, G G- G NS S P T e
~ N I R S I S
NN PSS ST SF S
S N P A S

Figure 2. U.S. nuclear reactor activity since 1955. Reactors connected to grid; reactors decommis-
sioned, and reactors canceled after construction began but before connection to the grid [39,40]. (Data
Source: International Atomic Energy Agency’s Power Reactor System).
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The decline in U.S. nuclear construction has been attributed to high-interest rates,
escalation in construction costs, structural problems in the nuclear industry, overconfidence,
public perception, nuclear accidents at Three Mile Island, Chernobyl, and Fukushima, and
the inability to compete with less expensive natural gas and subsidized renewable [41-44].

The Science and Technology of Advanced Nuclear Reactors

Advanced nuclear reactors are classified as fission reactors, fusion reactors, or ra-
dioisotope power systems that utilize heat from radioactive decay to generate energy. This
paper focuses on fission reactors for power generation. To that end, the U.S. Congress has
defined advanced fission reactors, relative to current LWR designs, as “a nuclear fission
reactor, including a prototype plant (as defined in sections 50.2 and 52.1 of title 10, Code of
Federal Regulations (or successor regulations)), with significant improvements compared
to reactors operating on 27 December 2020, including improvements such as the following:

i. Additional inherent safety features;
ii. Lower waste yields;
iii. Improved fuel and material performance;
iv. Increased tolerance to loss of fuel cooling;
v. Enhanced reliability or improved resilience;
vi. Increased proliferation resistance;
vii. Increased thermal efficiency;
viii. Reduced consumption of cooling water and other environmental impacts;
ix. The ability to integrate into electric applications and nonelectric applications;
X. Modular sizes to allow for deployment that corresponds with the demand for electric-
ity or process heat; and
xi. Operational flexibility to respond to changes in demand for electricity or process
heat and to complement integration with intermittent renewable energy or energy

storage [45].

These improvements are being pursued through various advancements in reactor
design characteristics related to fuel material, fuel form, coolant, moderator, reactor type,
reactor size, fuel cycle, and neutron spectrum (Table 1). Any combination of these would
constitute an advanced reactor design. Although particular efforts are being directed
toward fuel and coolant types, especially those of the molten salt/sodium and liquid metal
type, as the heat capacities of these materials are much higher than those of light water and
allow for high operating temperatures at low to near-atmospheric pressure. This translates
to higher efficiencies for transferring heat from the nuclear fuel and, therefore, greater
overall efficiencies and increased safety. Due to their modular design, meaning that the
reactors are built offsite and transported to the site of deployment, SMRs and microreactors
offer flexibility and, in the case of microreactors, transportability, both of which can be
leveraged to achieve a level of decentralization by locating highly reliable generation in
near proximity to high demand centers.

Table 1. Design characteristics of advanced nuclear reactors. Information is taken from International
Atomic Energy Agency and Holt, 2023 [46,47].

Design Characteristics of Advanced Nuclear Reactors

e  Low-enriched uranium (LEU)
Fuel Material ° ngh-a.ssay low-enriched uranium (HALEU)
e  Plutonium
. Thorium
: é;%};;gater ° Fluoride salts
Coolant CO,
° Lead ° Helium
e  Molten salts
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Table 1. Cont.

Design Characteristics of Advanced Nuclear Reactors

Moderator Light water e  Graphite
Heavy water e None
Fuel Form Molten salt ° Oxide metal clad
TRISO ° Metal
Burner
Reactor Type . Breeder
. Open
Fuel Cycle . Closed
. Fast burnup
. Conventional
Reactor Size e  Small modular
(] Microreactor
Thermal
Neutron Spectrum Fast

One of the world’s first electricity-generating nuclear power plants was the U.S.
Experimental Breeder Reactor-I (EBR-I), a research reactor developed at the Argonne
National Laboratory [48]. EBR-I was the world’s first breeder reactor. Beginning in 1964,
Argonne National Laboratory designed, built, and demonstrated the Experimental Breeder
Reactor-1I (EBR-II), which served as the prototype for the Integral Fast Reactor (IFR) [49].
The IFR was tested in the 1990s and demonstrated as being technologically capable of
completely shutting down in the event of a loss of coolant accident [50]. However, the
program was abandoned in 1994 for non-technical reasons [51]. The U.S. has a history of
research and development in advanced nuclear reactors and is currently taking the initiative
to leverage that research and development for deployment within the next decade.

The NuScale SMR is a pressurized light-water small modular reactor (SMR) design
with enhanced safety features and an expected deployment date of 2027 [52]. NuScale’s
SMR, which was certified by the U.S. Nuclear Regulatory Commission (NRC) in February
2023, represents the first-ever SMR to receive U.S. NRC certification [53]. Terrapower’s
Natrium technology is a sodium-cooled fast reactor with a molten salt storage system
to provide flexibility and load-following capabilities [54]. The Natrium design includes
features from the GEH Prism design, a fast reactor that is based on “the proven principles
of the EBR-II" [55,56]. In 2021, an existing coal plant site in Wyoming, USA, was selected
for construction of the first Natrium reactor. Construction was set to begin in 2023, and an
original in-service date of 2028 was projected. However, the Natrium reactor uses high-
assay, low-enriched uranium (HALEU) as a fuel, and, according to the U.S. Department of
Energy, “Currently, there is a very limited domestic capacity to provide HALEU from either
DOE or commercial sources. This presents a significant obstacle to the development and
deployment of advanced reactors and increases the risk of private investment to develop an
assured supply of HALEU or to support the infrastructure required to produce it” [57,58].
The only commercially available supplier is Russia. Consequently, the project has been
delayed for two years since the U.S. does not have the enrichment capacity to supply
HALEU fuel [59].

X-energy is partnering with Dow, Inc. to build the first Xe-100 advanced nuclear power
plant on a Dow industrial site to provide the facility with process heat and power [60,61].
The Xe-100 is a small modular, pebble-bed, high-temperature gas-cooled reactor (HTGR)
that uses meltdown-proof TRISO fuel technology. The Natrium and X-energy projects are
receiving support through the U.S. Department of Energy’s Advanced Reactor Demon-
stration Program (ARDP), which was launched in 2020 to help domestic private industry
demonstrate advanced reactors in the U.S. [62]. It has been reported that nine out of ten
ARDP-funded projects will need HALEU fuel [63]. Other advanced nuclear reactors in the
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early development stages include Elysium’s MCSFR (Molten Chloride Salt Fast Reactor)
and Flibe Energy’s LFTR (Lithium Fluoride Thorium Reactor). Flibe’s LFTR is unique in
that it is a molten-salt reactor operating on the thorium fuel cycle [64].

Advanced nuclear science and technology is not a recent development in the U.S.
There is a substantial and sound legacy from which future development and deployment
can launch and is launching. Therefore, science and technology are not the only constraints
to domestic deployment.

3.2. Markets: Economics and Societal Disposition of U.S. Nuclear Power

In the early stages of U.S. nuclear development, nuclear proponents contended that
U.S. electricity demand would be increasing and, even though the U.S. had substantial
coal reserves, nuclear power would help extend the life of these reserves and diversify the
energy portfolio [65]. Other proponents projected that it was not too much to expect that
nuclear-powered electricity generation would be too cheap to meter [66], a prediction that
proved to be overly optimistic. Currently, the economics of nuclear power face the challenge
of other power generation technologies that have lower costs, are politically favored, and
are more amenable to societal preferences. Combined, the economics of nuclear power
coupled with society’s perceptions of nuclear power occupy a highly subjective space
between nuclear reactor innovation and nuclear power policy (Figure 1). These represent
formidable hurdles to the deployment of nuclear power, in general, and advanced reactors,
in particular.

3.2.1. U.S. Nuclear Power Relative to Other Technologies

In 2022, U.S. electric power generation consisted of 38.8% natural gas, 20.1% coal,
18.9% nuclear, 10.6% wind, 6.4% hydroelectric, and 4.8% solar power, with nuclear power
essentially being flat since about 2000 (Figure 3). A critical aspect of U.S. energy resource
trends for its electric power sector is that each subsequent energy resource development
added to, rather than displaced, previous resources. This provided the U.S. with improved
reliability and a competitive advantage on the global stage, as well as an enhanced industrial
capacity to advance the U.S. economy. America’s energy legacy, then, has been one of
adding energy resources and technologies to its economy, thus increasing the diversity of
its resource base and its energy technology capabilities. However, this trend currently is not
holding as the U.S. is moving away from baseload coal-fired power plants and backfilling,
predominantly, with natural gas plants. Previous U.S. energy transitions, then, can be
characterized as organic, emergent, and competitive through the exploration, development,
and deployment of energy-dense resources to facilitate rapid industrialization, economic
development, and greater national security through an increased level of energy self-
sufficiency. Here, organic and emergent transitions refer to the growth and development
of the U.S. energy and electric power sectors being driven from the bottom up through
competition and innovation to not only provide greater access to energy resources but
also to develop the most efficient and economically viable technologies for unlocking high-
density energy resources, such as nuclear energy, and deploying those resources within the
U.S. economy.
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Figure 3. Trend for U.S. electricity generation, 1950-2022 [67].

Energy resource properties and power plant operation characteristics inform policy
decisions within the U.S. electric power sector, with reliability, affordability, and carbon
emissions being the key considerations (Table 2). Natural gas and coal are abundant
domestic U.S. energy resources, and their associated power generation technologies are
generally of low cost while capacity factors vary. Coal and natural gas are also transportable
in primary form. Coal plants serve as baseload technologies, but the U.S. is shifting away
from coal to natural gas combined-cycle plants. Consequently, capacity factors for coal-
fired plants have decreased from 0.59 in 2013 to 0.48 in 2022, while capacity factors for
natural gas combined-cycle plants increased from 0.49 to 0.57 over that same period [68,69].
Combined-cycle plants are being increasingly used as baseload plants. Given that coal is an
onsite storable resource, and natural gas is a just-in-time flow resource subject to upstream
conditions, coal can be characterized as a more reliable resource than natural gas. However,
natural gas combustion turbines provide the necessary flexibility for load-following and
short ramp times compared with coal, which results in low capacity factors for combustion
turbines. Coal and natural gas plants are also affordable, mature technologies with generally
affordable fuel costs. However, while coal prices tend to be stable, natural gas prices
can be highly volatile. Coal and natural gas technologies, then, have unique reliability
characteristics and are affordable but are carbon-emitters [70].

Solar and wind are also abundant domestic resources, although the actual primary
resources are geographically fixed and cannot be transported in primary form. Moreover,
the daily, monthly, and seasonal intermittency and variability of solar and wind combined
with the lack of dispatchability for solar- and wind-generated electricity translate to lower
capacity factors. In 2022, the capacity factor for utility-scale solar PV in the U.S. was
0.25, and for the wind, it was 0.36. Solar and wind are zero-cost resources, and solar
PV and wind turbine construction costs continue to decrease in the U.S., making them
cost-competitive, with coal and natural gas at the margins. However, their low capacity
factors and intermittency are reliability concerns [71].

As is the case in most countries, U.S. nuclear power is a baseload technology with a
2022 capacity factor of 0.93. However, recent U.S. nuclear construction has proven to be a
high-cost prospect for LNPPs [72]. This is creating strong societal and economic headwinds
for consideration of new nuclear construction, given that natural gas combined cycle, solar
PV, and wind power have lower costs with shorter construction times. While nuclear is a
zero-carbon technology, the existing fleet of U.S. nuclear power plants have long ramping
times and, therefore, are not dispatchable or load-following.
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Table 2. Energy resource properties and operation characteristics for U.S. power plants. Capacity
factor data are sourced from the U.S. Energy Information Administration [68,69].

Energy

Resource, Technology

Energy Resource Properties & Power Plant Operation Characteristics

Abundant, domestic U.S. resource

Generally independent of weather conditions e  Fuel cost is market-based
Coal Resource is transportable and stored onsite e  Construction costs are low
(1-3 month supply) e  Carbon emissions high
Generation is baseload e  Capacity Factor: 0.48
Lifespan: 30-plus years
Abundant, domestic U.S. resource
f;;igln{ slﬂ;‘;f;fldem of local weather, subjectto - g, ot is market-based (can be
Natural Gas Resource is transportable, not stored onsite (just ‘éOIatltle) i + 1
Combined Cycle in-time delivery) CZ?;O?ZIL??S?(())ISISS}?;E ti’)l‘;,t of coal
Generation is flexible and increasingly used . )
as baseload Capacity Factor: 0.57
Lifespan: 30-plus years
Abundant, domestic U.S. resource
S;;\tizzlrlr): ;Ei;lf;ndent of local weather, subject to e  Fuel cost is market-based (can
. - be volatile)
Natural Gas Turbine iriiiiorﬁchellsi \t/re ir}ljportable, not stored onsite (just Construction costs are low
Generation is flexible and dispatchable Carbop emlssm?s lower than coal
for load-following Capacity Factor: 0.13
Lifespan: 25-plus years
Generally independent of weather conditions ¢ }cjlleleizf\(c)isetr:ts éivr{oilgo?;]:;’ii}; supplies
Resource is transportable, stored onsite P . PP
Nuclear (~1.5 year refueling) . Cons.tructlon costs for LNPP
Generation is baseload are high -
Lifespan: 60-plus years e  Zero carbon emissions
’ e  Capacity Factor: 0.93
Weather-dependent (daily, monthly, seasonally)
Resource is geographically fixed, not transportable, e  Fuel cost is zero
Utilitv-Scale Solar and not storable e  Construction costs are low
O};lshore Wind Generation is not dispatchable, cannot serve e  Zero carbon emissions
as baseload e  Solar: Capacity Factor: 0.25
Solar Lifespan: 30 years e  Wind: Capacity Factor: 0.36

Wind Lifespan: 30 years

In all, natural gas and coal plants offer reliability and affordability but have carbon
emissions. Solar PV and wind offer affordability and zero carbon but lack 24 /7 reliability.
Large nuclear plants provide reliable, zero-carbon baseload power but currently are not
economically competitive at the margins with inexpensive natural gas plants or with solar
and wind technologies, particularly if solar and wind are subsidized. As such, each energy
resource and power plant technology has unique benefits and limitations with respect
to reliability, affordability, and carbon emissions (Figure 4). At question here is whether
advanced nuclear reactors can occupy the intersection of all three, particularly given the
cost challenges of recent U.S. nuclear projects.
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Figure 4. Venn diagram of three key objectives for power generation technologies. Carbon emission,
reliability, and affordability. A key question for this paper is, “Can advanced nuclear reactors meet
all three?”.

3.2.2. The Insufficiency of Levelized Cost of Electricity for Nuclear Power

Levelized cost of electricity (LCOE) is a standard metric for comparing power genera-
tion technologies on an economic basis. LCOE is defined as the average revenue required
per unit of electricity to recover the cost of constructing and operating a power plant. The
simplified general calculation of LCOE is given by the following equation:

n 0 Ci+0;
_ =t=0 144
t=0 T4¢f

where t is the year of construction or operation, with ¢ = 0 being the first year of con-
struction; # is the lifetime of plant operation; C; is capital investment costs in year t; O; is
operation and maintenance costs in year t; E; is electricity generated in year t, and r is
the discount rate [73-75]. A sale price above LCOE generates a monetary gain, and a sale
price below LCOE incurs a monetary loss. The intent of LCOE is to provide a metric for
comparing costs across resources and technologies. However, this simplified version of
LCOE treats all kWhrs as equal and fungible even though the technologies that generate
those kWhrs are operationally different. As given by this equation, LCOE is a quantitative
metric, but it is also subjective in that it does not distinguish or account for qualitative
operational characteristics and differences across energy resources and technologies, such
as baseload, resource availability and storability, ramping time, and load-following capabil-
ities, nor does it account for low- and zero-carbon attributes (Table 2). These constitute non-
monetized benefits, and attributes are unaccounted for in the simplified LCOE calculation of
Equation (1); yet, they underpin grid reliability. Nonetheless, these benefits could be mon-
etized through incentives that reward baseload capacity, flexibility, and load-following
capabilities and penalize carbon emissions. Some markets attempt to adjust for this through
capacity markets and other mechanisms [76-82]. The Lazard analysis of levelized costs for
the most common power generation technologies includes an unsubsidized analysis, as
well as analyses for LCOE sensitivity to federal tax subsidies, fuel prices, carbon pricing,
cost of capital, and cost of firming intermittency. Ranges for unsubsidized LCOE are given
in Table 3.
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Table 3. Unsubsidized, levelized costs for common power generation technologies, as analyzed and
reported by Lazard [83].

Technology Unsubsidized LCOE ($/MWhr)

Solar PV--Residential Rooftop 117-282
Solar PV--Commercial & Industrial 49-185
Solar PV--Utility-Scale 2496
Geothermal 61-102
Wind (Onshore) 24-75

Wind (Offshore) 72-140

Gas Peaking 115-221

Nuclear 141-221

Coal 68-166

Natural Gas Combined Cycle 39-101

While the simplified LCOE accounts for the amortization period, it does not explicitly
account for the technical lifetime of a power plant. For a nuclear power plant, this can be
60-plus years, which is at least twice as long as for other plants [84]. This means that, in the
second half of a nuclear plant’s expected lifetime, recapitalization will be required to replace
the generation lost from other power plants retiring after having reached their technical end
of life, but prior to the nuclear plant reaching its technical end of life. The value prospect for
nuclear is long-term. With LCOE as the dominant metric for determining energy resource
and power plant technology portfolios, nuclear technology will have difficulty standing up
to short-ter