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Atomic Energy Commission

American Electric Power
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Advanced Reactor Demonstration Program
Annual Radiological Environmental Operating Report
BWXT Advanced Nuclear Reactor

Boiling Water Reactor

BWX Technologies

Canada Deuterium Uranium
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Combined Cycle Gas Turbine

Carbon Capture and Sequestration

Code of Federal Regulations
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Combined Operating License

Combined Operating License Application
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Experimental Breeder Reactor |

Energy Information Administration (part of DOE)
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///4

Michigan Department of Environment, Great Lakes, and Energy
Emissions & Generation Resource Integrated Database (maintained by EPA)

Electromagnetic Field
U.S. Environmental Protection Agency
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Electric Power System Modeling (software created by Veritas Economics)

Emergency Planning Zones
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Early Site Permit
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GE-Hitachi Nuclear Energy

Greenhouse Gas

Gen IV International Forum
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High Temperature Gas Reactor
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ROW Right of Way (for transmission lines)
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SDC Seismic Design Category

SEIS Supplemental Environmental Impact Statement

SMR Small Modular Reactor

SOx Sulfur Oxides

Th-232 Thorium (Naturally Occurring Isotope of Thorium)

T™I Three Mile Island

TMI-2 Three Mile Island Unit 2

TVA Tennessee Valley Authority

U-233 Uranium (Isotope with Atomic Mass 233; Not naturally occurring)
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EXECUTIVE SUMMARY

Energy is vital to the functioning of the global economy. Goods cannot be produced nor
transported without energy. Modern communication networks, which are used ubiquitously
through everyday life for the vast majority of the population, cannot operate without energy inputs,
either for charging smartphones or operating the networks. Production of energy inevitably results
in impacts of various sorts, with particular focus on impacts to the environment. The impacts from
increased concentrations of greenhouse gases from human energy-related inputs has become
increasingly important for consideration by decision makers. The attributes of nuclear power,
being capable of producing substantial quantities of useful energy without associated carbon
dioxide emissions from its operation, make it a technology of particular interest as energy mixes
of the future are planned. As a result of this interest, Public Act 166 of 2022 [1] passed by the
Michigan state legislature directed the Michigan Public Service Commission (MPSC) to engage
an outside firm to examine the feasibility of nuclear power generation in the state of Michigan.
Parameters for the study were outlined by Public Act 218 of 2022 [2]. This study is the result of
those efforts.

A mapping of the study parameters and where the requested items are located within the report
is included in Section 1.2, with discussion about the study development process found in Section
1.3. Historical background on nuclear power within Michigan and more generally are included
within Sections 1.1 and 1.4 for contextual reference.

Advantages and Disadvantages

Section 1.5 discusses some primary advantages of nuclear power. Some of these advantages to
highlight include the emissions-free nature of nuclear power, relatively low land usage for nuclear
power facilities, the high reliability and capacity factors that nuclear power plants can achieve, low
fuel cost, and the substantial local economic benefits resulting from nuclear power facilities’
construction and operation. Section 1.6 discusses primary disadvantages of nuclear power. Key
disadvantages to highlight include high upfront capital costs and lengthy project development
timelines, lack of clarity on a final disposition plan for used nuclear fuel, concerns relating to
radiation from either normal operation or in the event of an accident, and concerns relating to
nuclear proliferation. Cost estimates for first of a kind (FOAK) and follow-on nuclear plant
installations are summarized within Section 1.6.a, including overnight capital costs and the
resulting levelized cost of electricity (LCOE) estimates, both considering the maximum tax credit
benefits from the Inflation Reduction Act and presuming no benefit from these tax credits.

Economic Impacts

Section 2 provides a summary of studies conducted to estimate the impacts to Michigan’'s
workforce and economy that would result from a hypothetical new nuclear installation within the
state. These studies are detailed within Sections 2 and 4 of Appendix 1. Section 2 of Appendix 1
also includes a table illustrating potential portions of a nuclear project supply chain which could
be sourced from Michigan. The estimated lifetime economic impact of building a new nuclear
plant within Michigan was estimated to be a value added of $3.6 billion for a hypothetical plant
built in Ottawa County in western Michigan with an addition of 719 long-term jobs created for the
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duration of the plant’'s operation or $3.7 billion for a hypothetical location in Monroe County in
eastern Michigan with an addition of 773 long-term jobs created for the duration of the plant's
operation. Substantially more jobs would be created for the estimated 4-year duration of
construction for either hypothetical new plant location. These evaluations include direct, indirect,
and induced impacts. It must be noted that this report does not endorse or recommend either of
these hypothetical locations for a new nuclear build, but these locations were selected to allow
illustrative modeling of what the economic impacts of a new nuclear build would be. A further
disclaimer applicable to this report as a whole is included in the footnote below?.

Emissions Reductions

Sections 3 and 5 of Appendix 1 describe detailed power system modeling that has been
conducted in support of this study for two different hypothetical locations for nuclear power
facilities within Michigan. The associated emissions reduction impacts for these hypothetical new
plants as compared to a status quo power system model has been calculated. Inclusion of a
hypothetical new nuclear plant within the DTE Electric territory was found to result in annual
emissions reductions for the applicable service area of approximately 365,000 tons of CO;, 62
tons of SO,, and 140 tons of NOx as compared to a baseline power system model without the
new nuclear plant. The reductions for a hypothetical new nuclear plant within the Consumers
Energy territory was found to reduce annual emissions by approximately 1.2 million tons of CO2,
6.2 tons of SO2, and 197 tons as compared to a baseline power system model.

Existing Nuclear

Section 3 of this report describes the existing and historic nuclear power plants within Michigan.
Section 3.3 provides an overview of the environmental aspects of these plants. Section 3.2
provides a brief description of nuclear plant decommissioning processes, while Section 3.4
describes the process of obtaining NRC license extensions.

New Nuclear

Section 4 describes new nuclear technologies and siting considerations for new plants. Section
4.1 describes new nuclear technologies, with explanations of some commonly-used terminology
such as Small Modular Reactors (SMRs), Advanced Reactors, and microreactors, while also
providing descriptions of the progress of some of the developments of these technologies. Section
4.2 includes detailed information regarding siting considerations for new nuclear plants. Section
4.3 includes brief notes about relevant recent announcements for new nuclear development

1 Disclaimer

This report was prepared at the direction of the Michigan Legislature. Neither the Michigan Public Service Commission, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the Michigan
Public Service Commission. The views and opinions of authors expressed herein do not necessarily state or reflect those of the
Michigan Public Service Commission.
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activities to provide a snapshot as these technologies develop. New information continues
evolving in real-time.

Nuclear Development Timeline
Section 5 provides a look at the timelines that would be expected for a new nuclear development
project to aid energy planning decision-makers.

Nuclear Technology Integration

Section 6 summarizes how nuclear energy can coordinate with other technologies. Section 6.1
focuses on the possibility of re-purposing retiring coal-fired power plant sites with nuclear power
plants as a replacement heat source. Section 6.2 explores the potential for nuclear power beyond
solely electricity generation. Nuclear-generated hydrogen is a significant focus in this regard, as
hydrogen is being considered as an option to be utilized for a number of purposes.

Nuclear Policies

Section 7 explores nuclear power-related policies. These include a look at historical national
policies in Section 7.1, a summary of recent policy actions in Section 7.2, a look at federal
incentives for nuclear power in Section 7.3, and a look at proposed updates to nuclear regulation
in Section 7.4. Section 7.5 summarizes some state policies relating to nuclear, both for Michigan
specifically with the recently passed Michigan Clean Energy Future Bill and for a quick look at
some policy actions from other U.S. states. Section 7.6 provides a quick description of Declaration
to Triple Nuclear Energy by 2050, signed by a number of countries in conjunction wtih COP28.
Section 7.7 provides a policy summary and some recommendations for policies that the State of
Michigan could consider regarding nuclear power.

Section 8 provides summaries of various studies relating to nuclear power. Input from some of
these studies is also included throughout other areas of the report. The overall conclusion is that
nuclear power is feasible within the State of Michigan, though siting and cost considerations will
play a significant factor in any decision-making regarding future new nuclear plants within
Michigan.

1. INTRODUCTION

1.1 Overview of Nuclear Power Generation in Michigan

In the state of Michigan, commercial nuclear power reactors have operated at four different sites
since the first of these began operating in 1962: Enrico Fermi Nuclear Generating Station, Donald
C. Cook Nuclear Plant (DC Cook), Palisades Nuclear Generating Station, and Big Rock Point
Nuclear Power Plant. These sites have included the following individual reactors: Fermi 1 and
Fermi 2, DC Cook Units 1 and 2, and single units at Palisades and Big Rock Point. Big Rock Point
was shut down in 1997 and is fully decommissioned, though the spent fuel remains stored at the
on-site Independent Spent Fuel Storage Installation (ISFSI), while Palisades shut down in 2022
with the intent to decommission but is now seeking to re-enter operation following a process for
reinstating its operating license. Additionally, the Midland Cogeneration Venture was originally

Powerful People. Powerful Solutions.
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planned to be a 2-Unit nuclear power plant, until the construction of the nuclear plant was
abandoned in 1984 and subsequently converted to a natural gas-fired facility still operating today,
providing both electricity and process steam. These nuclear power plants provided approximately
28% of the electricity within the state of Michigan from 2011 to 2021 (averaging ~31 million of
~111 million MW-hrs annually during this period) [3]. A more detailed discussion of current and
recent nuclear power in Michigan follows in Section 3 of this report.

1.2 Study Objective and Overview

Public Act 166 of 2022 [1] of the Michigan state legislature directed the Michigan Public Service
Commission (MPSC) to engage an outside firm to examine the feasibility of nuclear power
generation in the state of Michigan. Parameters for the study were outlined by Public Act 218 of
2022 [2] [4]. This study is the result of those efforts.

Per the Public Acts referenced above, the Nuclear Feasibility Study will consider the following,
with verbiage from the Acts themselves bold and italicized with references to the sections of the
study addressing each aspect.

¢ The advantages and disadvantages of nuclear energy generation in Michigan,
including, but not limited to, the economic and environmental impact. Advantages
and disadvantages are discussed within Section 1. Detailed discussions of the economic
impacts are included primarily in Section 4 of Appendix 1, with summary information
included in Section 2. Environmental discussions are included primarily within Sections 3
& 4.

e Ways to maximize the use of workers who reside in Michigan and products made
in Michigan in the construction of nuclear energy generation facilities. This is
addressed within Appendix 1 Sections 2 and 4.

e Evaluations, conclusions, and recommendations on all of the following:
o Design characteristics. This information is included within Sections 1, 3, and 4.

o Environmental and ecological impacts. This information is included within
Sections 1, 3, and 4.

Land and siting criteria. This information is included within Sections 1, 3, and 4.
Safety criteria. This information is included within Sections 1, 3, and 4.

Engineering and cost-related criteria. This information is included within
Sections 1 and 4.

o Small cell nuclear reactor capability. This information is included within
Sections 4 and 6.

e Socioeconomic assessment and impact analysis, including, but not limited to, the
following:
o Workforce education, training, and development. This information is included
in Appendix 1 Section 2.
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o Local and state tax base. This information is included within Appendix 1 Section
4.

Supply chains. This information is included primarily Appendix 1 Section 2.

Permanent and temporary job creation. This information is included within
Appendix 1, with summary information in Section 2.

e Thetimeline for development, including areas of potential acceleration or
efficiencies and leveraging existing nuclear energy generation facilities in
Michigan. This information is included within Section 5 along with some description in
Appendix 1.

o Additional efficiencies and other benefits that may be gained by coordinating with
other advanced, clean energy technologies, including, but not limited to,
hydrogen, direct air capture of carbon dioxide, and energy storage. This
information is included within Section 6.

e Literature review of studies that have assessed the potential impact of nuclear
energy generation in supporting an energy transition. This information is included
within Section 8.

e Analysis of national and international studies of cases where development of
nuclear energy is supported and adopted. This information is included within Section
8.

e Assessment and recommendation of current and future policies that may be
needed to support or accelerate the adoption of nuclear energy generation or may
improve its cost-effectiveness. This information is included primarily Section 7.

1.3 Stakeholder Engagement

During the development of this study, a series of public meetings were held to provide an
opportunity for stakeholders to provide input to the study. All stakeholder input was considered,
and when applicable to the legislatively determined scope of the study, the input has been
included in the report. An initial stakeholder meeting was held on May 3, 2023, a second
stakeholder meeting was held on September 8, 2023, and a third stakeholder meeting will occur
after a draft version of this study has been posted to the Study website [4]. As questions and
comments fit within the scope of this study, additional detail has been included within the report.
Additions as a result of stakeholder feedback includes the following:

¢ Information from historical nuclear construction projects in the U.S. and around the world
has been included. A chart documenting construction durations from historical builds is
included in Section 5.

o Efforts have been made to ensure that all acronyms used within the report have been
defined, with an acronym list included within the report.

e Information relating to coordination with other technologies has been included within
Section 6.

e Reference has been included to ongoing efforts to ensure that the Nuclear Regulatory
Commission (NRC) will have sufficient capacity to review upcoming applications. The
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question of NRC staffing and capacity for completing reviews was raised during a
Stakeholder meeting.

e Environmental impacts relating to nuclear power plants are covered in detail, both relating
to the existing nuclear plants in Michigan within Section 3 and considerations that will be
necessary for siting any new plants within Section 4.

e To the degree of fidelity possible, information regarding approximate costs as well as
projected timelines for new nuclear plants has been included. This information is found
within Section 1.6.a as well as within Section 2 of Appendix 1.

e Information regarding repowering coal plants and the cost savings that could be achieved
from doing so has been included within Section 6.

1.4 Brief History of Nuclear Power

The power of the atom was initially demonstrated with the assembly of the Chicago Pile-1 reactor
under the viewing stands of Stagg Field at the University of Chicago. This first human-made self-
sustaining nuclear chain reaction occurred on December 2, 1942, as part of the Manhattan Project
during World War II. Nuclear energy was first used to produce electricity, on December 20, 1951,
with the illumination of four 200-watt lightbulbs near Arco, Idaho, from electricity generated via
power from the Experimental Breeder Reactor | (EBR-1) at the National Reactor Testing Station,
part of Argonne National Lab’s western installation (now Idaho National Lab). The first commercial
scale nuclear power plant was the Shippingport Atomic Power Station in Shippingport,
Pennsylvania, which achieved criticality (a sustained nuclear chain reaction) on December 2,
1957 (15 years to the day after the first human-made self-sustaining nuclear chain reaction at
Chicago Pile-1) and first started supplying power to the Duquesne Light Company grid 16 days
later. The Shippingport reactor was developed as part of the Atoms for Peace? program and was
based on the reactor designs developed for powering the U.S. Navy’'s nuclear-powered
submarines.

Nuclear power is generated by sustained nuclear fission. Fission is the splitting of large atomic
nuclei® into smaller atomic nuclei, which releases energy as well as neutrons. The neutrons
released sustain the process by causing further fission (atom-splitting) events. Due to the need
to have neutrons collide with a fissile nucleus to continue a chain reaction, spacing, geometry,
and concentration* of fissile nuclei is a key factor in nuclear reactor core designs. The
concentration of fissile material also plays a substantial role in determining the amount of time a
given reactor core can operate without the need for refueling. For example, U.S. naval reactors

2 The Atoms for Peace program began in 1953, highlighted by a speech from U.S. President Dwight D. Eisenhower given December
8, 1953. The program included developing nuclear/atomic technologies for purposes such as energy production, rather than solely
for development of nuclear arsenals.

3 Nuclei is the plural form of the word nucleus, which is the inside portion of an atom, containing protons and neutrons.

4 Concentration of fissile nuclei is generally determined by the enrichment level of a given nuclear fuel form. Enrichment processes
increase the percentage of uranium-235 (U-235) in nuclear fuels.
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utilize highly enriched uranium (HEU) fuel and are designed to operate for roughly 30 years
without the need for refueling®.

Prior to the Atoms for Peace program, atomic/nuclear® technology developments were kept in
strict secrecy and were restricted from the private sector. Subsequent to the opening up of
opportunities to the private sector, During the era of the Atomic Energy Commission (AEC), the
roles of both regulating and promoting nuclear power technologies were shared by a single
agency, the AEC. The Energy Reorganization Act of 1974 established the Nuclear Regulatory
Commission (NRC) “as an independent agency to ensure the safe use of radioactive materials
for beneficial civilian purposes while protecting people and the environment" [5]. The promotional
role of the AEC was moved to the Energy Research and Development Administration, which
subsequently became the Department of Energy (DOE).

many different reactor designs were built, tested, and demonstrated during the initial nuclear era
from the mid-1950s into the mid-1960s, including gas-cooled reactors, metal-cooled reactors
(mostly sodium or lead-bismuth, including Fermi Unit 1 in Michigan), and the molten salt reactor
experiment (MSRE) at Oak Ridge National Lab. The testing of different reactor types sought to
determine the best characteristics for different applications. Many different concepts had been
postulated during the earliest days of nuclear development, such as with the New Piles Committee
that met in 1944 [6]. Many early designs focused on the capability to breed fissile fuel from fertile”
materials (natural thorium occurring as almost entirely Th-232 or the predominant uranium
isotope, U-238), as the availability of natural uranium and enrichment capabilities were not (and
still are not) equally dispersed across the globe. A key aspect of nuclear power plant designs is
the choice of coolant, as the heat generated by the reactor must be transferred out of the reactor
core to be utilized for electrical power generation. While several designs utilizing different coolants
were conceived and developed to varying degrees, ultimately, the boiling water reactor (BWR)
and pressurized water reactor (PWR) won out commercially. These two designs, known
collectively as light water reactors (LWRs) ended up accounting for the vast majority of
commercial nuclear power plants operating around the world from the 1970s through the early
2020s.

BWRs make up 31 of the 93 currently operating commercial nuclear reactors in the U.S. In a
BWR, the water coolant is designed to boil in the reactor core and then travel to a steam turbine,
where work is extracted to rotate the turbine that is connected to the rotor of an electric generator.
The rotor rotates within a stator, generating electricity, which is then transferred to the electric grid
as 3-phase alternating current (AC) power through a set of transformers that steps up the voltage

5 Detailed information about Naval reactors is not publicly available.

6 The words “atomic” and “nuclear” are generally used interchangeably in regards to fission-related items, with the word atomic
having been used predominantly within the early days after the discovery of fission and nuclear being much more commonly used in
more recent years. Definitionally, atomic refers to atoms and nuclear refers specific to the nuclei of atoms, where protons and
neutrons reside.

7 Fertile materials are atoms that can become fissile after capturing neutrons from prior fissions. U-233 and Pu-239 are the
predominant fissile isotopes that can conceivably be produced from fertile materials.
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to the grid voltage. The low-pressure steam that has passed through the turbine then passes
through a condenser, where it is condensed back into a liquid state, and then pumped back to the
reactor via a series of condensate and feedwater pumps.

REACTOR BUILDING

Primary Electricity to
Containment Switchyard

TURBINE BUILDING

Reactor
Vessel

Reactor
Core

Recirculation
Pumps

Figure 1 Diagram of a BWR from Wikimedia Commons [7]

PWRs make up 62 of the 93 currently operating commercial nuclear reactors in the U.S. In a
PWR, the reactor core is pressurized to maintain the water coolant as a liquid through its entire
path through the reactor core and associated reactor coolant system. After flowing through the
reactor core and capturing the heat generated, the coolant system water inventory flows into
steam generators (specialized heat exchangers which allow for a separation of water loops and
for boiling to occur outside of the reactor core), traveling through numerous tubes (while remaining
in the liquid phase due to the pressurization of the system), boiling the feedwater on the shell side
of the steam generators. The steam then travels to the steam turbine, where it provides the energy
to spin the turbine, which is connected to the generator via a shaft. The spinning generator creates
electricity and the low-pressure steam exiting the turbine is condensed to a liquid state. The liquid
water is returned to the shell side of the steam generators in a similar manner as BWRs. The
main difference between PWRs and BWRs is the presence of steam generators in a PWR plant
as opposed to boiling of reactor coolant water occurring within the core of a BWR.
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Figure 2 Diagram of a PWR from Wikimedia Commons [8].

BWR and PWR reactors, which have been the world’s most prominent commercial power reactor
designs, have typically used fuel enriched to 3-5% U-235. Current efforts underway to extend
BWR and PWR fuel cycles from 18 to 24 months, for plants that have not already made such
extensions, will likely result in use of fuel at enrichment levels greater than 5% [9]. Most operating
nuclear reactor designs require the enrichment of the U-235 isotope above the 0.7% level present
in natural uranium.

In addition to LWRs, there have also been some commercial-scale gas-cooled reactors, primarily
of UK design, Canada Deuterium Uranium (CANDU) pressurized heavy water® reactors of
Canadian design, and metal-cooled reactors of various national origins. Reactor design selections
have been heavily influenced by the capabilities and resources available within the given regions
of design origin. As previously discussed, reactor types can contain various amounts of fissile
material, U-235, which determine the operational capabilities of a reactor. A primary advantage
of CANDU reactors is the lack of necessity of enrichment for the reactor’s fuel (enrichment to 3-
5% U-235 is required for other LWRS), being able to use natural uranium with 0.7% U-235 due to
the moderation characteristics of the heavy water used as their coolant/moderator. Gas-cooled
reactors present a higher thermal efficiency than their water-cooled counterparts due to higher
operating temperatures.

8 “Heavy water” is water made up of hydrogen atoms with both a neutron and proton in the nucleus (known as deuterium), whereas
“light water” is made up of hydrogen atoms with no neutrons (hydrogen atoms containing 2 neutrons and 1 proton are known as
tritium).
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1.5 Primary Advantages of Nuclear Power Generation

1.5.a High Capacity Factors

Nuclear power possesses useful attributes as a primary energy source. For example, nuclear
power plants can operate continuously between scheduled refueling outages, resulting in high-
capacity factors®. In the U.S., the nuclear industry’s operating capacity factor has steadily
increased since the initial plants began operating. This is due to numerous factors, including
knowledge sharing of operational experience, improvements in the reliability of individual
components and systems, and decreases in refueling outage durations due to detailed activity
scheduling. The combination of many factors (beyond the few mentioned) has led to U.S.-based
nuclear power plants averaging over a 90% capacity factor for the past two decades [10, 11]. This
increase in capacity has allowed for more electricity generation from nuclear reactors and has
increased the resilience of the electricity supply leading to a more stable grid. The resilience of
nuclear reactors has served as the backbone of clean electricity generation in the U.S. through
both extreme weather events and the pandemic in 2020. Despite the worldwide constraints
resulting from both extreme weather and from the pandemic, nuclear power plants continued to
operate safely and reliably, experiencing less than 0.1% capacity factor loss due to weather
events [12]. As of 2019, only four out of 98 operating reactors within the U.S. were operating at a
capacity factor between 60%-80%, while over 60 reactors were all operating above a 90%
capacity factor [13]. Amongst U.S. utility-scale generators primarily using non-fossil fuels, 2022
capacity factors were as follows: 69.0% for geothermal, 36.3% for hydroelectric, 92.7% for
nuclear, 60.2% for other biomass, 61.6% for other gas, 24.4% for solar photovoltaic generation,
23.1% for solar thermal, 35.9% for wind generation, and 57.9% for wood [14].

1.5.b Small Footprint (High Power Density)

Nuclear power plants require relatively small land areas for generating large amounts of
electricity. For a comparison between solar, wind, hydro, and nuclear land usage, as non fossil-
fuel based generation sources with substantial installed capacities within the U.S., the selection
of three solar power and three wind power installations at advantageous latitudes are used. Three
solar power plants located in the southwestern U.S., Topaz Solar Farm, Solar Star Solar Farm 1
& 2, and Crescent Dunes Solar Energy Farms generate on average 3,410 GW-hr annually and
take up a land area of 9,506 acres [15, 16, 17, 18, 19] for approximately 0.36 GW-hr/acre. Atla
Wind Energy Center, Los Vientos Wind Farm, and Shepherds Flat Wind Farm generate on
average 7398 GW-hr [20] annually and take up a land area of 99,084 acres [21] for approximately
0.075 GW:-hr/acre. Hydropower varies greatly on the topography and source of water but
according to a Landsat estimate, hydropower has a power to land usage ratio of 0.57 GW-hr/acre
(using the adjust land occupation value) [22]. Conversely, considering DC Cook, Sequoyah
Nuclear Plant, owned by the Tennessee Valley Authority (TVA), and Fermi Unit 2, these three

° Capacity factor is the percentage of electricity generated by a power plant compared to its ability to operate at 100% of nameplate
capacity for 24 hrs/day 365 days/year.
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plants respectively have averaged 17,249 GW-hr [23], 6,194 GW-hr [24], and 7,966 GW-hr [25]
annually of electricity production from sites taking up 650 [26], 432 [27], and 1260 [28] acres,
respectively, for approximately 13.4 GW-hr/acre. From this comparison, the production of energy
per acre is over 35 times larger for nuclear plants compared to solar plants and over 180 times
larger as compared to wind farms (note that this average contains a small sample size). Thisis a
substantial advantage in terms of location management, area of maintenance, and impact on the
surrounding environment. Additional global information is also provided within Section 4.4.d. A
graph of land use efficiency values for different energy sources was included within the recently-
published DOE report “Pathways to Commercial Liftoff: Advanced Nuclear” [29] and has been
included here as Figure 3.

Land use efficiency of energy for different energy sources,
MWh/year per acre, direct and indirect land use

57,000
9,000
3,100 3,100
970 610 410 210 200 34
Nuclear Geothermal Wind Residue Natural gas Hydroelectric Coal Natural gas Solar Wind
(footprint)  biomass  (footprint) (spacing) (spacing)

Figure 3 Land-use efficiency of electricity sources as determined by the inverse of total land-use
required [29].

An additional land consideration for reactors is the area occupied by the emergency planning
zones (EPZ) which vary in shape and size due to the geographic location [30]. The land within
the EPZ beyond the specific land used for plant operations can still be used for farming, residential
usage, industrial, and other purposes, but plans need to be developed for residents and
businesses that reside in this area to take shelter and evacuate during potential extreme events
at nuclear facilities. For current reactor systems, the NRC defines two types of EPZs. The first is
a ten-mile radius which buffers the exposure of the public to inhaled radioactive contamination
through plume exposure pathways. The second is a 50-mile radius which accounts for ingestion
of radioactive contamination through food and water [31]. These standards are set for the current
fleet of nuclear systems in the U.S. but do not consider the potential enhanced safety or
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decreased source terms'® of advanced reactor systems. Studies for advanced reactor systems
take into account radiation protection regulation, reactor and plant design, site characteristics,
and public behavior to determine the needed EPZs. Through a review of five separate small
modular reactor (SMR) technologies and previously approved early site permits by the NRC, their
EPZ was reduced to a two to five mile radius, while still ensuring the public’s safety [32]. This is
a considerable decrease, a quarter of the land required, from the land usage for the current fleet
of operating nuclear reactors and should allow for easier land management and siting of these
future nuclear power plants.

Many advanced reactor vendors have suggested that they anticipate being able to justify limiting
the EPZ for their designs to the site boundary, but this remains to be proven through the NRC'’s
licensing processes. In August 2023, the NRC announced plans to issue a final rule and regulatory
guide relating to emergency preparedness requirements for SMR and other new reactor
technologies. This new guidance will be risk-informed and performance-based and should be
published later in 2023 [33], and should generally allow for EPZs of a size smaller than the
previously prescribed, one-size-fits-all ten-mile radius.

1.5.c Greenhouse Gas (GHG) Emission-Free Operation

The operations of nuclear power plants do not emit any carbon dioxide (CO-) nor require pipeline
delivery of natural gas (primarily CH4) which contribute to the greenhouse effect!l. The main
emissions toll paid by reactors comes from its initial construction and mining of steel, uranium,
and concrete resources as well as uranium enrichment and fuel fabrication. However, these
emissions are only a fraction of the carbon emissions produced by the lifetime operation of any
natural gas, oil, or coal power plant lacking carbon capture technology. As a comparison, the life
cycle generation of greenhouse gases for natural gas combined cycle plants produces 486
gCO.e/kWh?'? while nuclear power plants produce 13 gCO.e/kWh, a difference of roughly 97%
from inception to their respective decommissioning. The production of lifecycle greenhouse gas
emissions by solar is more than three times that of nuclear power plants at 42 gCO.e/kWh, and
wind farms have approximately the same 13 gCO.e/kWh lifecycle emissions footprint as nuclear
power plants [34]. Over the past 50 years it is estimated that the operation of nuclear reactors
globally has avoided CO; emissions by over 60 Gigatons (GT, 1 GT = 1,000,000,000 Metric Tons)
[35]. In the U.S. alone, nuclear power generated 772 million MWh in 2022 which would equate to
areduction in emissions of ({486 kgCO./MWh - 13 kgCO,/MWh} x 772 x 108 MWh) 365 Megatons
(MT, 1 MT = 1,000,000 Metric Tons) of CO, when considering the replacement of electricity
produced by natural gas combined cycle plants [36]. This has been the average production value
for the past two decades, accounting for roughly 7.3 GT of CO, emissions prevented from U.S.

10 source term is the amount of radioactivity within a nuclear power reactor’s core. Lower power reactors have lower total amounts
of radioactivity and thus lower source terms.

11 The greenhouse effect is a shifting of the balance of solar energy that is absorbed versus what is emitted back out into space.
Methane (CH,) can leak from pipelines and is a greenhouse gas.

12 yCc0O,e/kWh is grams of carbon dioxide equivalent per kilowatt-hour of electricity generated.
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reactor operation over the past 20 years [36]. Nuclear reactors typically have emergency diesel
generators which operate infrequently either for scheduled periodic testing or under
circumstances that the power plant loses power from the grid (loss of offsite power) as a safety
measure for powering various plant systems. Since station blackout happens infrequently, with a
predicted median frequency of occurrence every 34 years, [37]operation of nuclear power plant
emergency diesel generators produce a negligible amount of emissions.

1.5.d Air Pollutant-Free Operation

Operation of nuclear power plants does not emit NOx, SOx, particulate matter, or mercury, in
contrast to coal-fired power plants lacking modern emissions control technologies (flue gas
desulfurization, selective catalytic reduction, and other technologies that have been retrofitted
onto many older coal-fired plants). Modern fossil fuel-combusting plants have undergone
substantial efforts to reduce their sulfur- and nitrogen-oxide emissions over the past two decades,
mainly resulting from enforcement through the Environmental Protection Agency (EPA) [38].
Substantial reductions in these pollutants have come from the reduction in coal usage and
switching over to natural gas, however, natural gas on average emits 0.6 lbs/106 SCF* of