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Abstract

The nuclear power sector has a history of challenges with its relative competitiveness against other

forms of electricity generation. The availability of low cost low natural gas, the Fukushima accident, and

the cancellation of the AP1000 V.C. Summer project has caused a considerable role in ending the short

lived “Nuclear Renaissance.” Historically, the nuclear industry has focused on direct cost reduction through

construction, increasing installed capacity, and improving efficiencies to capacity factors in the 1990s and

2000s as ways to maintain competitiveness against other forms of energy generation. With renewables serving

as an emerging low-carbon competitor, an added focus needs to be placed on indirect methods to increase

the competitiveness of nuclear power. This thesis focuses on establishing pathways where nuclear power can

be competitive with other forms of electricity generation given its advantages environmentally with Small

Modular Reactors (SMRs), socioeconomically with legacy nuclear power plants, and through passive safety

with SMRs.

In Chapter 2, I estimate the life cycle GHG emissions and examine the cost of carbon abatement

when nuclear is used to replace fossil fuels for the Westinghouse SMR (W-SMR) and AP1000. I created

LCA models using past literature and Monte Carlo simulation to estimate the mean (and 90% confidence

interval) life cycle GHG emissions of the W-SMR to be 7.4 g of CO2-eq/kwh (4.5 to 11.3 g of CO2-eq/kwh)

and the AP1000 to be 7.6 g of CO2-eq/kwh (5.0 to 11.3 g of CO2-eq/kwh). Within the analysis I find

that the estimated cost of carbon abatement with an AP1000 against coal and natural gas is $2/tonne of

CO2-eq (-$13 to $26/tonne of CO2-eq) and $35/tonne of CO2-eq ($3 to $86/tonne of CO2-eq), respectively.

In comparison, a W-SMR the cost of carbon abatement against coal and natural gas is $3/tonne of CO2-

eq (-$15 to $28/tonne of CO2-eq) and $37/tonne of CO2-eq (-$1 to $90/tonne of CO2-eq), respectively. I

conclude, with the exception of hydropower, the Westinghouse SMR design and the AP1000 have a smaller

footprint than all other generation technologies including renewables. Assigning a cost to carbon for natural

gas plant or implementing zero-emission incentives can improve the economic competitiveness of nuclear

power through environmental competitiveness. The retirement of small and medium-scale coal power plants

due the availability of natural gas can provide an opportunity for SMRs to replace that missing capacity.

This trade-off between higher costs but lower GHG emissions demonstrates that depending on the value

placed on carbon, SMR technology could be economically competitive with fossil fuel technologies

Following my environmental competitiveness analysis, I shift towards investigating socioeconomic com-

petitiveness of legacy large scale nuclear power plants compared to baseload coal and natural gas plants.

In Chapter 3, I utilize ANOVA models, Tukey’s, and t-tests to explore the socioeconomic characteristics

and disparities that exist within counties and communities that contain baseload power plants. My results
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indicate, relative to the home counties of nuclear plants, communities closer to nuclear plants have higher

home values and incomes than those further away. Conversely, communities near coal and natural gas have

incomes and home values that increase with distance from the plant. Communities near coal plants are

typically either in less wealthy parts of the county or have a similar socioeconomic makeup as county. It can

be suggested that equity issues regarding the community characteristics could be included in the discussion

of converting existing power plants to use other fuel sources. Communities near power plants are not created

equally and have different needs. While communities near nuclear power plants may benefit from the added

tax base and absence of emissions, this is not the case for communities near coal and natural gas. With

the impending retirement of large scale coal plants, the conversion of these plants to natural gas or small

modular reactors presents an opportunity where negative environmental externalities can be reduced while

also retaining some of the economic benefits.

In Chapter 4, I present a model for estimating environmental dose exposure in a post-accident scenario to

support scalable emergency planning zones (EPZs). The model includes calculating radionuclide inventory;

estimating the impact decontamination factors from the AP1000, NUREG-6189, and EPRI’s Experimental

Verification of Post-Accident iPWR Aerosol Behavior test will have on radioactivity within containment; and

estimate dose exposure using atmospheric dispersion models. This work aims to compare historical decon-

tamination factors with updated decontamination factors to outline the impact on containment radioactivity

and dose exposure relative to the Environmental Protection Agency’s Protective Action Guide (PAG) limits.

On average, I have found the AP1000, Surry, and iPWR produces 139, 153, and 104 curies/ft3 75 minutes

after a LOCA. The iPWR produces less radioactivity per volume in containment than the AP1000 and Surry

84% and 96% of the time, respectively. The AP1000 produces less radioactivity per volume than Surry 68%

of the time. On average, the AP1000, Surry, and iPWR produces 84,000, 106,000, and 7,000 curies/MWth

75 minutes after a LOCA. The lower bound 5 rem PAG limit is never exceeded for and does not exceeds

the 1 rem lower PAG limit for whole body exposure at the 5-mile EPZ using the mean value. Considering

this analysis uses a simple worst case Gaussian Plume model for atmospheric dispersion, the findings can

be used to in conjunction with the State-of-the-Art Reactor Consequence Analyses (SOARCA) to provide

accurate and realistic estimates for exposure. I believe this analysis can help to develop a regulatory basis

for technology-neutral, risk-based approach to EPZs for iPWRs.

Finally, in Chapter 5 I discuss historical challenges facing the nuclear industry, policy implications,

and recommendations. These policy implications and recommendations serve as pathways to frame an

new nuclear renaissance. I also recommend future work where I details opportunities for improvements

to nuclear competitiveness. Ultimately, this thesis can help policy and decision makers that can improve

competitiveness and minimize risk as it relates to the expansion of nuclear power sector.
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Chapter 1

Introduction

1.1 General Motivation

The early and mid-2000s ushered in a new era of optimism within the nuclear industry with what was

dubbed as “the Nuclear Renaissance.” This optimism was driven by increased concerns over greenhouse gas

(GHG) emissions, the rising costs of fossil fuels, increasing electricity demands, and financial incentives from

the Energy Policy Act of 2005. These financial incentives along with a new streamlined licensing process1

prompted utilities to submit 28 applications for combined construction and operating licenses (COL) to the

Nuclear Regulatory Commission (NRC) [2]. However, the optimism within the nuclear industry ended with

the abundance of economically recoverable shale natural gas, the Fukushima Daiichi nuclear disaster, and the

bankruptcy of Westinghouse [3]. This resulted in all but two AP1000 construction projects in the US being

cancelled and have stifled hopes of a nuclear revival. In the past, “the Nuclear Renaissance” was focused

soley on the promise of a new generation of reactors that would be economically competitive than fossil fuel

plants, renewables, and the previous generation of nuclear power plants. Assessing the success of nuclear

energy should expand beyond direct economic competitiveness. This thesis focuses on several analyses that

measure the competitiveness of nuclear based on environmental, socioeconomic, equitable, and risk-based

indicators. Understanding these indicators would aid in identifying attributes, trade-offs, and risk-mitigation

opportunities that would allow nuclear power plants to compete with fossil fuel plants economically.
1The Nuclear regulatory Commission (NRC) previously issued licenses under a two-step process via construction permits

and operating licenses. In 1989 to promote standardization in reactor designs, the NRC established combined construction and
operating licenses (COLs). These COLs served as an alternative licensing process that combined construction and operating
licensing processes [1].

1
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1.1.1 Historical Challenges

Historically, the nuclear industry has been plagued by numerous cost overruns on nuclear power plant

construction projects. The largest expansion of nuclear construction projects began in the late 1960s with the

inception of Generation II2 class of commercial nuclear power plants. Prior to Generation II, Generation I

plants served as non-commercial, early prototype or research reactors. The expansion of nuclear power plants

was largely driven by an enthusiasm in this new technology, a projected increased demand for electricity,

and the high price of coal [4]. Lovering et al. (2016) notes that for constructions that began between 1967

and 1972, 48 nuclear power plants were completed prior to the Three Mile Island accident (TMI) in 1979.

Pre-TMI the overnight construction cost ranged between $600-$2500/kW. During the construction period

between 1968 and 1978, only 51 nuclear power plants were completed post-TMI. Their overnight construction

cost were estimated to range between $1,800-$11,000/kW, with 38 reactors falling between $3,000/kW and

$6,000/kW [5]. Figure 1.1 shows the overnight capital costs and construction duration for US nuclear power

plants pre and post-TMI. Completed constructions pre-TMI typically took less than 10 years and most

plants had overnight construction costs of less than $3,000/kW. However, constructions post-TMI would

routinely take between 10 and 15 years, with overnight construction more than doubling. These delays and

cost overruns are due to larger, more complex reactor designs, and post-TMI safety requirements.

Figure 1.1: Overnight capital costs and construction duration for US nuclear power plants pre and post-
TMI [5].

By the late 1970s, the US began to move towards energy conservation and efficiency as part of its overall
2Generation I reactors are non-commercial, early prototype or research reactors. Generation II reactors are current nuclear

power plants in commercial operation built between 1965-1996. Generation III+ reactors are evolutionary improvements in
standardization, fuel technology, thermal efficiency, and passive safety systems over Generation II plants. Generation IV reactors
are designs generally not expected to achieve commercial maturity until 2030.
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energy strategy instead of building new capacity [6]. This strategy towards conservation and efficiency in

conjunction with TMI, an anti-nuclear movement, and lower than expected electricity demand resulted in

the cancellation of 120 new nuclear power plants. Figure 1.2 from Hultman and Koomey (2013) [7] shows

40% of these cancellations occurred pre-TMI indicating this new energy strategy curbed the need for new

nuclear capacity.

Figure 1.2: Reactor projects initiated, cancelled, in operation, and shut down (1960-2010) [7].

In addition to TMI, the cancellation of nuclear projects between 1972 to 1990 could be attributed to a

rapidly changing regulatory environment, reduced energy demands, environmental activism, and a shift in

the US energy strategy via the Public Utility Regulatory Policies Act of 1978 (PURPA). These factors made

investments in nuclear power plants politically challenging, cost prohibitive, and a financial risk. Many

Public Utility Commissions (PUCs) believed it was not justifiable to have ratepayers cover the cost of a

stranded asset, such as a failed nuclear project [8]. Regulatory hurdles and the lack of standardization plant

designs were viewed as a contributing factors for the large capital cost of nuclear power.

Despite the expansion of nuclear power in the 1960s and 1970s, the industry did not benefit from

learning-by-doing because each project was considered a one-of-a-kind design. These non-standardized con-

struction project may have contributed to negative learning rates [5, 9]. As part of the overall regulatory

structure, the Atomic Energy Act of 1954 originally outlined a two-step process for granting licenses [10].

Under these provisions, utilities were required to apply for licenses to construct and operate nuclear power

plants. First, utilities would perform a safety analysis as part of their application for a construction per-

mit, following project completion, utilities would then apply for an operating license to generate electricity.
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Post-TMI this created additional challenges for utilities, for example, projects that had already started

construction were faced with new regulatory design requirements. These design changes were required in

order for utilities to obtain operating licenses; causing rework and delays in construction. As a result, cost

overruns began to increase and interest in nuclear power began to dwindle. For the better part of 30 years

there were no new nuclear construction projects. While construction stagnated, the operating fleet became

increasingly efficient with capacity factors increasing from 56% in 1980 to 92% in 2015 [11] as utilities began

to consolidate their fleets and operational experience improved.

1.1.2 Renewed Optimism in Emerging Technologies

Post-TMI, nuclear construction projects have been considered a financial risk because or regulatory

hurdles and lack of design standardization. The emergence of Generation III+ designs hoped to solve the

problem of standardization, while the advent of COLs would streamline the application process and would

alleviate some of the regulatory hurdles that caused long construction times. Cooper (2014) [12] believes

cost escalation also stemmed from the inherent complexity in executing nuclear projects and the high bar

for nuclear safety. Standardization and COLs were perceived as vehicles to control capital cost of new

plant construction. Large light water Generation III+ reactors, such as the AP1000 featured modular

construction, passive safety systems, plant simplification, and standardized designs that were perceived to

reduce the capital cost of construction. The AP1000 was the first Generation III+ reactor to receive final

design approval from the NRC. The Southern Company and SCANA were expected to be the first utilities

to construct and operate an AP1000. With AP1000 COLs issued by the NRC, it was expected that V.C.

Summer Units 2&3 from SCANA would be fully operational by 2017 and 2018. However, numerous delays

and cost overruns revised the project’s completion date to 2020. After billions of dollars in cost overruns,

SCANA abandoned the construction effort in 2017.

Despite being a Generation III+ nuclear power plant and having a seemingly streamlined regulatory

process with COLs, the AP1000 construction projects are the most recent example of large-scale nuclear

projects that faced the same historical challenges of large capital costs and financial risks associated with

nuclear power. However, proponents view the deployment of Small Modular Reactors (SMRs) as a strategy

to control the high capital costs and long construction durations that have plagued older Generation II and

recent Generation III+ construction projects. The development and deployment of SMRs are driven by their

potential for higher levels of safety, siting and grid flexibility, reductions in construction duration, minimizing

cost overruns, and lower overall capital costs. Generation IV SMRs have added benefits, such as higher fuel

burnup rates, longer refueling cycles, enhanced safety features, and higher thermal efficiencies. Typically,
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most LWRs achieve a thermal efficiency of 33%, while Generation IV plants, such as sodium cooled fast

reactors and high temperature gas cooled reactors can achieve efficienes between 40-50% [13].

Light water and advanced SMRs can be utilized for commercial functions outside of electricity gener-

ation. Light water SMRs can be used for desalination in areas with limited access to drinking water and

provide district heating in remote locations. Advanced SMRs are able to operate at temperatures above

700°C. This allows them to supply heat for oil refineries, chemical, and hydrogen production; reducing the

need to use natural gas plants for these processes [13]. NuScale has issued a series of white papers indicating

the potential applications for their design, including desalination via Multi-stage flash distillation (MSF),

Multiple-effect distillation (MED), and Reverse osmosis (RO) as well as the ability to load-follow intermit-

tent renewables [14, 15, 16]. While SMR development in the US, with the exception of NuScale’s design, has

stagnated; the perceived advantages of SMRs have prompted their construction in other countries. NuScale’s

design is the only SMR that has it design certification3 pending by the NRC [17]. Despite this, China’s

HTR-PM and Argentina’s CAREM SMRs will be deployed in 2018 [18] and 2019 [19], respectively, while no

COL has been issued to NuScale’s SMR. While SMRs have electrical outputs of 300 MWe, many vendors

are exploring the deployment potential of Very Small Modular Reactors (vSMRs). With an electrical output

of ≤25 MWe and the capability generate electricity for 10 years without refueling using >5% enriched fuel,

vSMRs are designed to provide electricity and heat for decentralized energy systems and markets.

With large cost overruns and numerous delays during the construction of the AP1000, new commercial

plants are not seen as economically viable in the US. In the short term it is difficult for large-scale Generation

III+ economically competitive with fossil fuel plants in deregulated markets [20]. This is due the large capital

costs, the regulatory environment, and construction delays typically associated with nuclear power plant

projects [20, 21]. Ideally, the best and most cost effective option for utilities are to maintain the existing

nuclear fleet. However, this is not a long term solution. Of the 99 nuclear power plants currently in operation,

86% are over the age of 30 and 45% are over the age of 40 [22]. Generation II nuclear power plants were

originally designed to operate for 40 years. However, as more plants reach the end of their lifetime, utilities

are requesting licenses to extend the operating lifetime of their plants to 60 years from the NRC. With

nuclear power supplying 20% of the electricity in the US in 2015 and an aging nuclear fleet, a large portion

of low-carbon baseload installed capacity is at risk of being lost if they are not replaced. It is estimated

that if license renewals are not extended beyond 60 years, then 30% of the current nuclear fleet is estimated

to face retirement by 2035 [23]. Currently, the existing fleet is facing difficulty remaining economically

competitive against natural gas plants without the aid of zero-emission tax credits in some markets. SMRs

present an opportunity to replace aging units and expand nuclear capacity, while also reducing captial
3NRC design certification indicates the NRC staff has reviewed safety issues related to the proposed plant design.
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costs and minimizing financial risk. In 2015, nuclear power generated about 20% of electricity within the

US and was responsible for 62% of emission-free electricity [24]. Without the construction of new nuclear

power plants, this low-carbon installed capacity will be replaced with natural gas generation, resulting

in increased GHG emissions [25]. The survival of the nuclear industry largely depends on its ability to

compete with baseload fossil fuel plants. While nuclear energy is not suited to compete economically with

its fossil fuel counter parts, competitiveness can be measured with to other metrics. Competitiveness based

on environmental, socioeconomic, safety, and other risk-based indicators would aid in identifying attributes,

trade-offs, and risk-mitigation opportunities that would allow nuclear power plants to compete with fossil

fuel plants economically.

1.2 Research Aims and Questions

The aim of this research is to frame and develop new pathways for a new nuclear renaissance through

environmental competitiveness, community characteristics, and cost mitigation through passive safety using

SMRs, Generation II, and Generation III+ nuclear power plants. Nuclear power plays a vital role in the

future of reliable, low-carbon, baseload electricity generation in the US. These studies investigate pathways

where nuclear power can be competitive with other forms of electricity generation given its advantages

environmentally, socioeconomically, and through utilizing SMRs the cost of nuclear power plants can be

further managed. To develop this new framing, the research aims and questions for each chapter are outlined

here.

1. Estimate the environmental competitiveness of SMRs, Generation II, and Generation

III+ nuclear power plants. The research objective of this study is to estimate the life cycle

GHG emissions produced by SMRs, Generation II, and Generation III+ nuclear power plants. This

work is, to the best of my knowledge, the first study to perform a prospective attributional life cycle

assessment of an SMR and investigate if generational improvements in nuclear power plant designs and

the key features of SMRs result in a reduction in life cycle GHG emissions. These emissions results are

compared to the life cycle GHG emissions from fossil fuel plants and renewables. The GHG emissions

from each nuclear power plant type is used to estimate the cost of carbon abatement for SMRs and

Generation III+ nuclear power plants to compete with fossil-fuel power plants. The research questions

for this study are listed below:

(a) What are the life cycle GHG emissions for an SMRs, Generation II, and Generation III+ nuclear

power plants? How do they compare?
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(b) How do the life cycle GHG emissions compare to fossil fuel plants and renewables?

(c) What is the cost of carbon abatement for SMRs and Generation III+ nuclear power plants?

(d) What are the policy implications of the emission results?

2. Estimate and compare the socioeconomic characteristics of communities surrounding

baseload power plants. The research objective of this study is to understand the characteristics

associated with communities near baseload nuclear, coal, and natural gas power plants. This study

explores utilizing socioeconomic indicators (population density, the percentage of black residents, the

percentage of residents with Bachelor’s degrees or above, household income, poverty rate, and home

value) as a metric, outside of cost and emissions, to explore the socioeconomic disparities (i) at the

county level, (ii) at the community level relative to the sited power plant county, and (iii) the evolution

of socioeconomic characteristics over time. This study will be used to understand the relationships

between power plant type, distance, and time using a set of census variables. The findings can be used

to suggest equity issues regarding the community characteristics should be included in the discussion

of the siting and conversion existing power plants to use cleaner fuel sources. The research questions

for this study are listed below:

(a) What types of socioeconomic disparities exist within counties and communities associated with

nuclear, natural gas, and coal power plants?

(b) Are negative externalities associated with community characteristics based on power plant type?

(c) How have socioeconomic indicators changed over time for communities near operating baseload

power plants?

3. Estimate the environmental dose exposure in a post-accident SMR scenario using de-

contamination factors to support scalable emergency planning zones (EPZs). The research

objective of this study is to quantify the risk of radioactive material being released into the environ-

ment relative to a representative Generation II PWR and a Generation III+ large light water reactor

in a post-accident scenario. This study will estimate the radioactive activity inside containment in a

post-accident scenario using decontamination factors produced from EPRI’s Experimental Verification

of Post-Accident iPWR Aerosol Behavior test, the AP1000, and NUREG-6189 to estimate the dose

exposure after a simulated core melt. The containment radioactivity can be used to calculate the

dose exposure after the radioactive material is released into the environment. The performance of

the decontamination factors can be used to establish regulatory considerations in establishing scalable

EPZs for SMRs via dose-based, risk-informed methods. The quantification of these risks can be used
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in conjunction with analytical methods presented in the NRC’s State-of-the-Art Reactor Consequence

Analyses to develop a basis for risk-based approach to establishing scalable EPZs for SMRs. The

research questions for this study are listed below:

(a) How do the decontamination factors from the AP1000, the iPWR aerosol behavior test, and

NUREG-6189 compare?

(b) How much radioactivity is present in containment after the decontamination factors have been

applied in a post-accident scenario?

(c) What is the dose exposure after radioactive material is released into the environment?

(d) What are the policy implications?



Chapter 2

The environmental competitiveness of SMRs,

Generation II, and Generation III+ nuclear

power plants1

This work conducts a prospective attribution life cycle assessment of an SMR. Monte Carlo simulation

and sensitivity analyses are used to account for the uncertainties in the analysis. The analysis finds that

the mean (and 90% confidence interval) life cycle GHG emissions of the Westinghouse SMR (W-SMR) to

be 9.1 g of CO2-eq/kwh (5.9 to 13.2 g of CO2-eq/kwh) and the Westinghouse AP1000 to be 8.4 g of CO2-

eq/kwh (5.5 to 12.1 g of CO2-eq/kwh). The GHG emissions of the AP1000 are 9% less than the W-SMR.

However, when the nuclear fuel cycle is not included in the analysis the GHG emissions for the W-SMR and

the AP1000 are effectively the same given the inherent uncertainties in the analysis. However, the analysis

finds that both types of plants stochastically dominate the Generation II 4 loop SNUPPS. The mean (and

90% confidence interval) life cycle GHG emissions of the SNUPPS is 13.6 g of CO2-eq/kwh (10.5 to 17.3 g

of CO2-eq/kwh). While the AP1000 has the benefits of economies of scale, the W-SMR’s modular ability

enables it to make up some of the difference through efficiencies in construction, operation and maintenance,

and decommissioning.

2.1 Introduction

In an effort to mitigate climate change, the United States (US) pledged to reduce their greenhouse

gas (GHG) emissions over the next 10 years by 26%-28% below 2005 levels [26]. To meet this goal the
1This work has been published in Energy as shown in the reference below:

Carless, T.S., Griffin, W.M., Fischbeck, P.S. (2016). “The Environmental Competitiveness of Small Modular Reactors: A
Life Cycle Study.” Energy 114:84-99

9
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US Environmental Protection Agency (EPA) finalized the Clean Power Plan regulation to reduce carbon

pollution by establishing GHG emission guidelines for existing fossil-fuel power plants [27, 28]. In 2013, the

EPA estimated that electricity generation accounted for 37% of all CO2 emissions in the United States [29].

In this calculation the EPA accounted for an additional 5.5 GWe of nuclear capacity that is currently under

construction in Georgia, South Carolina, and Tennessee [30]. With the early retirement of Vermont Yankee,

Crystal River, San Onofre, Kewaunee, FitzPatrick, and Pilgrim nuclear power facilities, there will roughly

be no net gain of installed nuclear capacity. It is estimated that if license renewals are not extended beyond a

60-year lifetime, 30% of installed capacity will be lost by 2035 [23]. In the Clean Power Plan regulation, the

EPA assumes that nuclear power plants will continue to run and does not account for any early retirements

due to low natural gas prices and large maintenance costs.

The US Energy Information Administration (EIA) estimates that the demand for electricity in the

United States will increase by 29% between 2012 and 2040 [31]. While the EIA estimates that the natural

gas (NG) share of total generation will increase [31], NG plants are not well suited to reduce GHG emissions

as a bridge fuel. Though NG plants produce roughly half the GHG emissions as a coal-fired plant, fugitive

emissions from upstream operations may negate the GHG emission reductions gained [32, 33]. It is estimated

that renewables will contribute 16% of total US electrical generation by 2040 [31]. However, though wind

and solar produce no GHG emissions during operation, their intermittency and capacity factors, 35% and

25% [34], respectively are unable to provide reliable baseload energy. NG power plants often times serve

as backup to intermittent renewable energy sources, such as wind and solar. To meet the estimated 29%

increase in electricity demand, an increase in nuclear power using small modular reactors (SMRs) may help

meet future energy needs and provide affordable low-carbon electricity.

The capital cost associated with nuclear power is a major deterrent in the expansion of nuclear capacity.

Federal loan guarantees authorized by the Energy Policy Act of 2005 can be allocated to projects that help

reduce greenhouse gases by employing new technologies [35]. These loan guarantees can save utilities billions

in financing charges. The lower capital cost of SMRs allows federal loan guarantees to be spread across more

utilities or may provide options for firms to find financing options outside of the US federal government.

The intermittency of renewables, their significant land use needed per MW, and their reliance on fossil fuels

as backups or energy-storage technology that is still in its infancy make SMRs a viable option. To help

accelerate development of SMRs, the US Department of Energy has appropriated $452 million for the Small

Modular Reactor Licensing Technical Support program over a six-year period. To date, funding has been

provided to mPower American and NuScale Power in support of this goal.

There has been work in estimating the levelized cost of electricity (LCOE) of SMRs [36], to date there are

no studies that estimate their life cycle GHG emissions. This study estimates the life cycle GHG emissions
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of SMRs. SMRs have the potential to be competitive with renewables and fossil fuels as the “middle option”

if SMRs can be shown to be (i) more available and cost effective than renewables and (ii) generate less GHGs

than fossil fuels. Estimates indicate that large gigawatt scale Generation III+ nuclear power plants will have

a lower LCOE than solar, offshore wind, and biomass [34].

When considering the GHG emissions produced over the lifetime of a nuclear power plant (NPP),

nuclear power generally falls between renewables (e.g. wind and solar) and fossil fuels (e.g. natural gas and

coal) [37]. In the past there have been several LCAs [38, 37, 39] on the GHG emissions from generation II

1,000 MWe NPPs. Warner and Heath (2012) performed a harmonization of life cycle assessments (LCAs)

for light water reactors to find that the median life cycle emissions could be 9 to 110 g of CO2-eq/kwh. The

wide variation in estimates are attributed to the primary energy mix, the uranium ore grade used during

mining, the LCA method, and assumptions made by each author, such as including an alternate scenario

where global decrease in the availability of current average uranium ore grades. These studies do not give

a clear indication to where SMRs will fall in terms of cost and life cycle GHG emissions relative to other

sources of electricity.

While there are many commonalities between Generation II and III+ nuclear plants and SMRs, there

are key differences inherent in the design of SMRs, such as:

• Longer refueling cycles

• Increased thermal efficiency

• Improved construction efficiency through modularity

• Shorter, more efficient supply chain

• Lower operation and maintenance costs

• Reduction in construction time and mass production

• Simpler decommissioning

The costs and benefits of these differences are explained in further detail in Appendix A.1. The operating

licenses of the current nuclear fleet are expected to begin expiring in 2029. Nuclear power plants that cannot

compete economically or too expensive to maintain will face early retirement. Some NPPs incur the added

risk of early retirement because of the sheer age of these plants and inability to compete financially with NG

plants. Additional investments in new capacity can explored to replace the capacity that maybe lost, meet

future energy demand, and reduce GHG emissions.
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This paper estimates the life cycle GHG emissions of a Westinghouse iPWR SMR (W-SMR), an AP1000,

and a 4-Loop Standardized Nuclear Unit Power Plant System (SNUPPS) across the nuclear fuel cycle,

construction, operation and maintenance, and decommissioning stages of each plant. These estimates are

used to show generational improvements in NPPs and to determine if the key features of an SMR result in

a reduction in life cycle GHG emissions. These findings are used to estimate the cost of carbon abatement

needed for SMRs to compete with fossil fuel power plants.

2.2 Methods

The guidelines and framework presented in ISO 14044 provide a basis for our life cycle assessment.

Process chain analysis (PCA) was primarily used when inventory data was available for each stage, such

as mining and milling, conversion, fuel fabrication and enrichment. In the event that inventory data was

not available, an environmentally extended economic input output method (EIOLCA) [40] was utilized. It

is common practice to utilize the EIOLCA method for the operation and maintenance stage [41, 42]. The

construction stage utilized a combination of methods from PCA and EIOLCA. A PCA was used to calculate

the production of materials, equipment use, and employee transportation. The EIOLCA method was used

to calculate the emissions generated from the production of the Instrumentation and Control system (I&C).

Inventory data for the I&C system of an NPP was not available; therefore, the cost of the system was used

to determine emissions. The combination of PCA and EIO has been discussed in several LCA review papers

(e.g., Sovacool (2008) [37], Beerten et al. (2009) [38], Warner and Heath (2012) [39]). The input data for

this study were sourced from literature on the nuclear fuel cycle, modular construction methods, and LCA

on Generation II NPPs.

2.2.1 Goals and Scope Definition

The goal of this study is to estimate the cradle-to-grave US-centric life cycle GHG emissions of an

nth of a kind SMR for comparison to Generation II and III+ NPPs. This study encompasses mining,

milling, conversion, enrichment, fuel fabrication, construction, operation, maintenance, and decommissioning

of each NPP. Currently, the US does not recycle or reprocess spent nuclear fuel; as a result, a once-through

nuclear fuel cycle is assumed. There are uncertainties in each stage of our LCA. To account for this, Monte

Carlo simulations and sensitivity analysis were implemented. While the stages related to the nuclear fuel

cycle are similar in each reactor,2 there are differences in the construction, operation, maintenance, and
2In this study the Generation II, Generation III+, and SMR are enriched to 3.60%, 4.55%, and 4.95% respectively. Lower

enrichment levels produces additional uranium needed for fuel fabrication, which produces additional emissions.
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decommissioning stages. Many Generation II NPPs in the US were constructed in the 1970s and are non-

standardized products. Generation III+ NPPs benefit greatly by the introduction of standardization and

modularity. While proposed SMRs are designed to provide around 20% of the power of a 1,000 MWe unit

plant and on the surface may seem to lose economic leverage on the basis of economies of scale [43], SMRs

are based on the idea of modularity by allowing for 100% of the plant to be built in factories and assembled

onsite. Because of this added modularity, SMRs can offset the loss in economies of scale and for some metrics

may perform better than 1,000 MWe units. This study aims to determine the environmental competitiveness

of SMRs when including the value of modularity, size, standardization, and their ability to be fully fabricated

in a factory and assembled on-site.

Within the US, there are two types of commercial NPPs, Pressurized Water Reactors (PWRs) and

Boiling Water Reactors (BWRs). PWRs are the most common type of commercial reactor operating in the

US, making up 66% of the total fleet and represent the 5.5 GWe future installed capacity. Most generation

III+ designs including the Advanced CANDU Reactor, the AP1000, the European Pressurized Reactor, the

APR-1400, and the VVER-1200/1300 are PWRs. Because PWRs are more common and are the technology

of choice for most generation III+ reactors, the SNUPPS, AP1000, and W-SMR PWRs were analyzed here.

The Westinghouse designed Sizewell B NPP (SNUPPS) sited in Suffolk, England, UK was selected as

the representative Generation II reactor because of data availability. The Westinghouse AP1000 was selected

as the base model for the Generation III+ reactor because of data availability on construction (i.e., four

reactors under construction in Georgia and South Carolina).

The SMR modeled is an integrated PWR (iPWR). An iPWR SMR is considered a Generation III+

plant based on its evolutionary design and technological maturity. However, Generation IV SMR designs

do not use water as a neutron moderator and are not expected to achieve commercial maturity until 2030.

By definition SMRs produce an electrical output of 300 MWe. The iPWR design was selected because it is

generally accepted that it will be the SMR technology that will face the least amount of regulatory hurdles

[44], as it is based on current technology, which reduces uncertainty in a conservative nuclear industry. The

Westinghouse designed 225 MWe SMR (W-SMR) was selected as the base model for SMRs because its

design is based on the AP1000, reducing the complexity in estimating construction methods and material

needed during construction; however, this similarity to the AP1000 may reduce differences between the two

designs.
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2.2.2 Functional Unit

A functional unit of kwh of electricity generated by each NPP was used. The life cycle inventory results

are reported in g of CO2-eq/kwh for NPP comparison.

2.2.3 System Boundary

The system boundary defines the stages and components as well as flows of energy, waste and materials

within the NPP life cycle in this analysis (Figure 2.1). Each stage, process, and flow is common among all

three power plants. The life cycle stages and sub-processes include:

• Nuclear Fuel Cycle

– Uranium mining and milling

– Conversion

– Enrichment

– Fuel fabrication

• Construction

– Construction material production

– Construction worker travel

– Equipment use

• Operation and Maintenance

– Power plant employee travel

– Repair, replacement, and refurbishment

• Decommissioning

– Facility and building deconstruction

– Radioactivity measurements

– Cutting and decontamination

– Interim storage
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Figure 2.1: Life cycle Process and Material Flow of the Modeled Nuclear Power Plants.
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2.2.4 Assumptions

As with any LCA, assumptions of plant performance and input data are necessary. The assumptions

for each power plant, the uranium fuel needed per year, and the associated nuclear fuel cycle are shown in

Table 2.1. Gas centrifugation is assumed to be the only enrichment method used (see Appendix A.2). The

W-SMR capacity factor, construction duration, and lifetime electricity produced are uncertain parameters.

The capacity factor is estimated using the W-SMR refueling outage duration distribution. As such, the W-

SMR uranium mass balance parameters vary based on the W-SMR refueling outage distribution duration

outlined in Table 2.3.

Table 2.1: Nuclear Power Plant Specification Parameters.

Description SNUPPS AP1000 W-SMR
Current Status Existing Under Construction Proposed
Reactor Type PWR PWR iPWR
Electrical Output (MWe) 1,200 1,117 225
Thermal Output (MWt) 3,500 3,415 800
Thermal Efficiency 34% 33% 28%
Core Power Density (MWt/t U)3 39.3 40.4 30.4
Total Core Load (tonnes U) 89.1 84.5 26.3
Fuel Assemblies 193 157 89
Feed Assemblies 80 64 36
Lifetime (years) 60 60 60
Capacity Factor 90% 90% 97%
Refueling Cycle (months) 18 18 24
Construction Duration (months) 96 60 24
Lifetime Electricity Produced (TWh) 568 520 114
Concrete (million tonnes) 1.24 0.24 0.08
Rebar (thousand tonnes) 65 12 4
Note: The capacity factor, construction duration, and the amount of concrete and rebar for
the W-SMR are the reported means from Monte Carlo simulation. The parameters for the
distributions used are defined in Table 2.3.

3The core power density of the Westinghouse AP1000 and W-SMR is assumed to be 40.4 and 30.4 MWt/t U, respectively
[45].
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Table 2.2: Uranium Mass Balance.

Description SNUPPS AP1000 W-SMR
Average Discharge Fuel Burnup (GWd/t U) 49 51 51
Required Uranium (tonnes/year) 296 274 75
Uranium Enrichment (Product Assay)[45] 4.60% 4.50% 4.90%
Tails Assay % 0.30% 0.30% 0.30%
Uranium Mill (tonnes of U3O8) 296 274 75
Uranium Mill (tonnes of U) 251 233 63
Conversion Uranium Loss 0.50% 0.50% 0.50%
Conversion (tonnes UF6 natural) 369 342 93
Conversion (tonnes U natural) 250 231 63
Enrichment Energy Consumption (GWhe) 7.2 7.3 2.5
Enrichment Separative Work Units4 (thousand SWUs) 153 141 39
Enrichment (tonnes UF6 enriched) 35.1 33.2 8.3
Enrichment (tonnes UF6 depleted) 334 309 84.9
Enrichment (tonnes U) 23.8 22.4 5.6
Fuel Fabrication Uranium Loss 1% 1% 1%
Fuel Fabrication (tonnes UO2) 26.7 25.2 6.3
Fuel Fabrication (tonnes U) 23.5 22.2 5.6
Note: The gas centrifuge enrichment energy consumption is based on mean of 63 kwh/SWU
derived from a triangular distribution (40, 50, 100 kwh/SWU). The uranium mass balance
of the W-SMR is based on a capacity factor of 97%.

2.2.4.1 W-SMR Capacity Factor and Construction Duration

Recently, capacity factors for NPPs in the U.S. have improved to 90% [47], from an average of 55% in

the 1980s. This is due to a reduction in the amount of days required for a refueling outage. Today, typical

regular maintenance runs concurrently with refueling for NPPs. Based on data from 2000-2013 (see Table

A.1), the average refueling outage duration for a 1,000 MWe NPP is 40 days. A linear extrapolation of

refueling outage duration of the 1,000 MWe plant based on the electrical output of a 225 MWe W-SMR is

9 days. The historical and linear extrapolated estimates for each year can be seen in Appendix A.2.1.

Normal distribution statistics from Table A.1 are used to model refueling uncertainty for the W-SMR.

As an upper bound, it is assumed that the refueling of a W-SMR will not take longer than a traditional

1,000 MWe NPP. As a lower bound, it is assumed, at minimum, on average, 9 days will be needed to refuel

a W-SMR regardless of the plant size. In comparison, it is estimated that at minimum, 7 to 10 days are

needed to refuel a large NPP [48]. This is because it is estimated that SMRs use about 20% of the fuel of

a large NPP. The refueling duration can also be reduced based on a reduction in maintenance requirements

for factory-fabricated modules. To account for the W-SMR refueling outage duration uncertainty, a uniform
4Separative work units (SWUs) are “The standard measure of enrichment services. The effort expended in separating a

mass F of feed of assay xf into a mass P of product assay xp and waste of mass W and assay xw is expressed in terms of the
number of separative work units needed, given by the expression SWU = W × V(xw) + P × V(xp) - F × V(xf), where V(x)
is the value function, defined as V(x) = (1 - 2x) × ln((1 - x)/x) [46].”
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distribution was implemented using the normal distribution of linearly extrapolated values of the W-SMR as

the minimum and the normal distribution of the historical values of the 1,000 MWe plant as the maximum.

Table 2.3 outlines the parameters for the W-SMR refueling outage duration uniform distribution.
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2.2.5 Uranium Mining and Milling

The uranium mining and milling stage is where uranium ore is extracted from the earth and processed

into triuranium octoxide (U3O8) or “yellowcake.” (see Appendix A.3) Three primary methods of mining

are considered: in situ leaching, underground, and open pit mining. The World Nuclear Association esti-

mates that 46%, 37%, and 17% of uranium mining is done by in situ leaching, underground, and open pit,

respectively [49].

The ore grade of a uranium deposit has a large impact on energy use in the mining and milling stage

of the uranium fuel cycle. The grade indicates the concentration of uranium within the ore. Lower ore

grades require more material ore to be mined and processed to get the desired amount of uranium resulting

in higher GHG emissions (see Appendix A.3). Table 2.4 outlines the mines, ore grades and emissions per

tonne of (U3O8) recovered from the mining and milling process [50, 51, 52].

Table 2.4: Mining & Milling Ore Grades and Emissions [50, 51, 52].

Ore Grade % of World Emissions Standard
Uranium Mine Mining Method (%U3O8) Uranium (t CO2/t U3O8) Deviation

Production (+/-t CO2/t U3O8)
Ranger Open Pit 0.28 - 0.42 4% 14.1 2.3
Olympic Dam Underground 0.064 - 0.114 6% 50.4 13
Rossing Open Pit 0.034 - 0.041 3% 45.7 4.2
Beverley In-Situ Leaching 0.18 1% 10.3 3
McArthur River Underground 14.24 14% 9.6 N/A

The Ranger, Olympic Dam, Rossing, Beverley, and McArthur River uranium mines represent 28% of

the world’s total uranium production. The lack of data for other mining operations resulted in the use of

these mines as a representative sample of total uranium production. Table 2.3 provides the mining and

milling triangular distribution using the lowest available estimate from the Beverly mine (+/- 3 t CO2/t

U3O8 standard deviation) and the Olympic Dam (+/- 13 t CO2/t U3O8 standard deviation) mine for the

highest available estimate. A weighted average of the GHG emissions from mining calculated by emissions

from each mine, the world uranium production, and the mining method distributions (see Equation A.2)

was used as the best estimate.

2.2.6 Conversion

The uranium conversion stage is where the U308 is stripped of all remaining impurities and converted

to hexafluoride (UF6). This three-step phase is detailed in Appendix A.4. Table 2.3 provides the parameters

used in the electrical and thermal energy requirement triangular distributions to account for uncertainty

among the estimates in Table A.2. An emission factor of 560 g CO2-eq/kwh was assumed for the US



CHAPTER 2. THE ENVIRONMENTAL COMPETITIVENESS OF SMRS, GENERATION II, AND
GENERATION III+ NUCLEAR POWER PLANTS 21

electrical grid [53]. This is used to convert the electrical energy needed during the conversion process to kg

CO2-eq. A high-efficiency boiler running at 80% efficiency is assumed for the thermal energy requirements

to calculate the amount of CO2-eq/tonnes U.

2.2.7 Enrichment

The enrichment stage is where the uranium in UF6 from the conversion stage becomes enriched to 3

to 5%. There are two methods of enriching uranium, gaseous diffusion and gas centrifuge with the former

being 40 times more energy intensive than the latter. Warner (2012) outlines previous studies where a

combination of diffusion and centrifuge methods were used to enrich the uranium. Energy requirements for

each enrichment method can be found in Appendix A.5. This study only includes the centrifuge method,

because sole diffusion plant in Paducah, KY closed in May 2013. Table 2.3 provides the parameters in a

gas centrifuge triangular distribution to account for the energy requirement uncertainty. Table 2.2 outlines

annual enriched uranium needed by each NPP. This is calculated from the UF6 obtained from the conversion

stage and an assumed product (enrichment %) and tails assay. Typically, the higher the product assay, the

less enriched UF6 is produced during the nuclear fuel cycle. The amount of enriched UF6 is used to calculate

the Separative Work Units (SWUs) needed in the enrichment process. The total lifetime emissions are

calculated by multiplying the lifetime SWUs by the energy requirements of the centrifuge method.

2.2.8 Fuel Fabrication

The final stage in the nuclear fuel cycle is fuel fabrication where the enriched UF6 is converted to uranium

dioxide (UO2) in a powder form. The UO2 powder is then processed into pellets. Table 2.3 provides the

parameters used in the electrical and thermal energy fuel fabrication triangular distributions5 among the

estimates in Table A.3. Like the conversion process, the U.S. electrical grid emissions and 80% efficiency is

assumed for the thermal energy requirements to calculate the amount of CO2-eq/t U.

2.2.9 Construction6

The construction of each successive generation of 1,000 MWe NPP has become increasingly more ef-

ficient, using less concrete and less steel without sacrificing safety. Generation III+ plants, such as the

AP1000, employ modular construction methods that can lead to additional reduced construction time, ma-

terials, and waste generation. The AP1000 is estimated to use about 20% of the amount of concrete and
5The reported mean is used as the best estimate for the triangular distribution.
6Emission factors of 0.4 kg CO2-eq/kg of concrete, 4.4 kg CO2-eq/kg of rebar, and 3.3 kg CO2-eq/kg of steel were assumed.

Steel is assumed to be non-structural steel. Rebar is assumed to be structural steel.
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rebar as a SNUPPS given the about the same electrical output. The AP1000 is able to use “60% fewer

valves, 75% less piping, 80% less control cable, 35% fewer pumps, and 50% less seismic building volume than

in a conventional reactor [54],” because it utilizes advanced modular construction methods with about 350

modular components. This reduces the total amount of construction material required to build the AP1000.

While the W-SMR is considered 100% modular, there are no SMRs under construction or in commercial

operation. As such, there is no data on the amount of concrete and steel required to build an SMR so these

values were estimated by calculating the volume of concrete and steel in AP1000 containment building and

scaling to the size of a W-SMR for the upper bound. Peterson et al. (2005) [55] estimated the physical

dimensions and the amount of steel and concrete needed to construct a General Atomics 286 MWe Gas Tur-

bine Modular Helium Reactor (GT-MHR) SMR. A lower bound was calculated by scaling the containment

volume to the size of a W-SMR (see Appendix A.7).

There are no data available on the benefits of modularity to a NPP. In a case study, Quale et al. [56]

estimates the emissions from the construction of modular homes and traditional homes built on-site (see

Appendix A.7.1). The modularity reduction from the SNUPPS in concrete, rebar, and steel was used to

set the minimum of the modular reduction factor uniform distribution in Table 2.3. The maximum was set

based on the percent change from the scaled W-SMR estimate from the AP1000 to the scaled up estimate

from the GT-MHR (see Appendix A.7.1).

These modularity reductions were factored into the scaled W-SMR estimates from the AP1000 for a

best estimate. Table 2.5 outlines the utilization of a triangular distribution to account for uncertainty among

the amount of concrete, rebar, and steel needed for a W-SMR.

Table 2.5: W-SMR Material Distribution.

Scaled From Modular Scaled From
Desciption GT-MHR Reduction AP1000

(Min) (Best Estimate) (Max)
Concrete Triangular Distribution
(Million kg)

52.3 71.2 114.5

Rebar Triangular Distribution
(Million kg)

2.5 3.5 5.7

Steel Triangular Distribution
(Million kg)

5.1 9.5 17.8

Note: The modular reduction column contains the reported mean values from Monte Carlo
simulation. The parameters are uncertain variables based on random draws from uniform
distributions defined in Table 2.3.

Chapman et al. (2012) [57] provides estimates for the emissions from the construction workforce and

equipment usage for a 1,000 MWe reactor. Table A.8 outlines the carbon emissions generated from trans-

portation of the workers over the period of construction for each type of power plant. Additional details can
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be found in Table A.9. Table 2.3 outlines the W-SMR construction workforce emissions reduction from a

typical 1,000 MWe NPP using a uniform distribution. The minimum is 0% assuming there is no additional

reduction from the estimate in Table A.8. The maximum is 73% based on the worker reduction in Table

A.6.

The estimated annual carbon emissions generated from equipment usage during construction for a

traditional 1,000 MWe NPP [57] and a scaled estimate of a W-SMR are 3.34 and 0.64 million kg CO2-

eq respectively (see Table A.9). Table 2.3 outlines the W-SMR construction equipment emissions reduction

uniform distribution. The minimum is 0% assuming there is no additional reduction from the scaled estimate

from equipment usage. The maximum is 20% based on the worker reduction in Table A.6.

The GHG emissions generated from the production of I&C equipment for each NPP was estimated

using EIOLCA [40]. Assuming low-end and high-end cost estimates of $25 million and $100 million [58] and

all equipment falls in sector 3341117 for electronic computer manufacturing, the estimated GHG emissions

from I&C production for a SNUPPS is between 7.1 and 28.4 million kg of CO2-eq. Table 2.3 outlines the

uniform distribution used to estimate the emissions from SNUPPS I&C production. The AP1000 and W-

SMR GHG emissions are estimated by multiplying the percentage of component steel in an AP1000 and

W-SMR compared to a SNUPPS (See Section 2.2.10).

2.2.10 Operation and Maintenance

The operation and maintenance (O&M) is the stage where the GHG emissions from tasks, such as

operating diesel generators during an outage, employee travel to work, and repair, replacement, refurbish-

ment, or upgrades that take place during each plant’s lifetime are captured. A PCA analysis was used to

estimate employee travel based on the methodology in Chapman et al. (2012) [57], whereas an EIOLCA

was implemented for the other tasks [42, 59]. Chapman et al. (2012) [57] provides estimates for the emis-

sions from employees traveling to work during the operation of a 1,000 MWe NPP. Table A.10 outlines the

carbon emissions generated from transportation from the employees over the lifetime for each power plant.

The commuting trips for the W-SMR were scaled based on the electrical output. To account for staffing

uncertainty, a uniform distribution is used with the same parameters as the workforce reduction uniform

distribution in Table 2.38.

A triangular distribution is used to estimate the GHG emissions from maintenance, repair, and refur-

bishment for the SNUPPS. White and Kulcinski’s (2000) [42] estimate of 0.0022 kg CO2-eq/kwh is used as
7Sector 334111 of the North American Industry Classification System (NAICS) is used to classify economic activity of

electronic computer manufacturing.
8Current regulations and staffing requirement ensure that one reactor operator and one senior reactor operator are required

for the operation of one nuclear unit. The inherent simplicity of a W-SMR could reduce the support staff significantly.[60]
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the minimum, Fthenakis and Kim’s (2007) [59] estimates of the average and maximum, 0.0039 and 0.0108

kg CO2-eq/kwh, are used as the best estimate and maximum respectively. Table 2.3 outlines the parameters

for the standard maintenance, repair, and refurbishment triangular distribution.

The AP1000 uses about 20% of the non-structural steel as a SNUPPS. It is assumed components in

NPPs, such as the reactor vessel, steam generator, and other equipment use non-structural steel in their

production. Because these components generally require standard maintenance over time, the reduction in

the amount of non-structural steel needed was used to estimate a reduction in maintenance, repair, and

refurbishment. Table 2.3 shows a uniform distribution where the minimum is the fraction of non-structural

steel in an AP1000 and a W-SMR compared to a SNUPPS, respectively. The maximum value is 100%,

and assumes the AP1000 or W-SMR requires the same maintenance as a SNUPPS. The values from the

standard maintenance, repair, and refurbishment triangular distribution were multiplied by the “AP100

Steel / SNUPPS Steel” and a “W-SMR / SNUPPS Steel” uniform distributions in Table 2.3 resulting in

an estimate for kg of CO2-eq/kwh needed for maintenance, repair, and refurbishment of the AP1000 and

W-SMR.

2.2.11 Decommissioning

The decommissioning stage involves dismantling, decontaminating, and removing the NPP. Additional

details on decommissioning can be found in Appendix A.9. There is little data available on GHG emis-

sions from NPPs in the U.S. Seier and Zimmerman (2014) [61] is used as the basis for estimating GHG

emissions from decommissioning of the Greifswald nuclear power station (KGR) in Germany because of

the transparency and availability of data. For decommissioning stage, Seier and Zimmerman (2014) [61]

estimated KGR produced 11.27 g CO2-eq/kWh. The reported GHG emissions are higher than other studies

primarily because KGR operated for about 17 years with a capacity factor of about 77%. While Seier and

Zimmerman’s (2014) [61] analysis contained final storage, this was not included in our study because there

is uncertainty with long-term storage solutions in the US. Typically, dry interim storage casks are housed in

an outdoor storage area requiring a minimal amount of electricity compared to the electricity generated by

the host NPP over its lifetime.

The KGR 1,760 MWe NPP required 1.5 million tonnes of concrete during construction, and a SAFSTOR

strategy was utilized for the decommissioning. The energy required to decommission a SNUPPS, AP1000,

and a W-SMR are scaled relative to each reactor’s concrete use compared to the KGR. The majority of

parts and components of an NPP are not radioactive and as a result most parts can be recycled [62]. Seier

and Zimmerman’s (2014) [61] estimate for 100% recycling of residual materials results in a 13% reduction
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in GHG emissions. Table 2.3 outlines the recycling emissions uniform distribution. The minimum is a 100%

recycling scenario where 87% of the emissions are produced from the 0% recycling scenario. The maximum

is a 0% recycling scenario during decommissioning. Table 2.6 outlines the emissions for the decommissioning

process for each plant for the 0% recycling scenario.

Table 2.6: Facility Decommissioning Emissions.

KGR SNUPPS AP1000 W-SMR
(Million kg CO2-eq)

Facility and Building Deconstruction 728 589 113 34
Radioactivity Measurements 44 36 7 2
Cutting and Decontamination 111 90 17 5
Interim storage 979 3 3 1
Total 1,861 718 140 42

SMRs are designed with simplicity in mind therefore, the equipment used in the decommissioning phase

will use less energy compared to a 1,000 MWe NPP. The GHG emissions generated from equipment use of

a W-SMR scaled by the electrical output from a 1,000 MWe NPP. A uniform distribution representing the

reduction in GHG emissions due to a reduction in equipment use with a lower bound of 0% and a higher bound

of 20% is utilized. The lower bound parameter assumes there are no additional GHG emissions reductions

from the modularity of SMRs, while the higher bound assumes a 20% reduction based on modularity (see

Appendix A.7.1). This is applied by multiplying the W-SMR total facility decommissioning emissions with

the difference between 100% and the Construction Equipment Use Reduction distribution.

Chapman et al. (2012) [57] estimates emissions from employees traveling to work during decommission-

ing at 1,000 MWe NPP. Table A.12 outlines the carbon emissions generated from transportation for these

employees. Commuting trips for the W-SMR were scaled down based on the plants’ electrical outputs. The

decommissioning duration for the W-SMR is a uniform distribution where the minimum is scaled down based

on the construction time of the AP1000 and the maximum is 10 years based on decommissioning workforce

duration in (see Appendix A.9).

2.3 Results

A Monte Carlo simulation of 100,000 samples using the risk analysis software package @Risk was used

with a chi-square binning arrangement of equal intervals to estimate the stochastic mean GHG emissions

per kwh for each NPP. Figure 2.2 outlines the mean and 90% confidence interval emissions for the nuclear

fuel cycle, construction, O&M, decommissioning, and non-fuel related (construction, O&M, and decommis-

sioning) stages for each type of plant. The error bars in Figure 2.2 represent the 90% confidence interval.
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Figure A.3 identifies the distributions that have the most influence on the life cycle GHG emissions for the

W-SMR.

Figure 2.2: Mean and 90% confidence interval CO2-eq emissions for W-SMR, AP1000, and SNUPPS from
Monte Carlo sampling.

Figure 2.3: W-SMR, AP1000, and SNUPPS Cumulative Distribution Function Life Cycle Emissions.

Figure 2.3 shows the cumulative distribution function produced by @Risk. The stochastic means,

standard deviations, 90% confidence intervals of the distributions, and coefficient of variations (COVs) are

shown for each power plant in Table 2.7. COVs are used as an important metric in this analysis because it

illustrates the extent of variability in relation to the sample mean.
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The W-SMR produces 9% more life cycle GHG emissions than the AP1000. Because there is less

than a 20% difference between the means and 90% confidence intervals, the difference is not significant

in the real world [63]. As a result, their estimated life cycle GHG essentially the same. The differences

between the Generation II and Generation III+ power plants are due to the construction, operation and

maintenance, and decommissioning stages. The AP1000 and W-SMR, the SNUPPS and W-SMR, and the

SNUPPS and AP1000 have a mean difference of -0.8, 4.5, and 5.2 g of CO2-eq/kwh, respectively. Given the

added estimated modularity, the W-SMR produces less GHG emissions than the AP1000 (AP1000 emissions

- W-SMR emissions) 34% of the time. On average the AP1000 and W-SMR produces 61% and 67% of the

lifetime GHG emissions, respectively, compared to the SNUPPS. AppendixA.10 outlines the contribution

each stage makes toward the total emissions. The SNUPPS generates the most GHG emissions per kwh of

all the power plants within the construction, O&M, and decommissioning stages. On average, the W-SMR

produces less GHG emissions per kwh than the AP1000 in the O&M stage while the AP1000 produces less

GHG emissions per kwh during the construction and decommissioning stages.

When examining the non-fuel related stages, on average the W-SMR produces about the same GHG

emissions per kwh as the AP1000 and less than the SNUPPS. In the scenario where the nuclear fuel is

not considered, the AP1000 and the W-SMR, have a mean difference of 0.2 g of CO2-eq/kwh while the

SNUPPS and W-SMR have a mean difference of 5.4 g of CO2-eq/kwh. The W-SMR is estimated to produce

less GHG emissions per kwh than the AP1000 50% of the time. On average the AP1000 and W-SMR is

estimated to produce 47% and 45% of the non-fuel related GHG emissions, respectively, of the SNUPPS.

The W-SMR can reduce its life cycle GHG emissions by improving its thermal efficiency. By increasing its

installed capacity to 260 MWe, matching the thermal efficiency of the AP1000, the W-SMR improves its

life cycle GHG emissions to a mean (and 90% confidence interval) of 8.3 g of CO2-eq/kwh (5.2 to 12.3 g of

CO2-eq/kwh).

In a low-carbon scenario where the emission factor of the U.S. electrical grid is 10 g of CO2-eq/kwh, the

life cycle GHG emissions of the W-SMR and AP1000 shifts to 7.6 and 7.2 g of CO2-eq/kwh, respectively.

Using a high-carbon scenario of coal only at about 980 g of CO2-eq/kwh we see the life cycle GHG emissions

of the W-SMR and AP1000 shifts to 10.3 and 9.3 g of CO2-eq/kwh, respectively.

2.3.1 Nuclear Fuel Cycle

The nuclear fuel cycle calculations are common to all three designs. Table 2.7 shows a similar COV

amongst all three NPPs because the distributions for the nuclear fuel cycle for all three plants are similar.

Typically, the higher the enrichment percentage, the less enriched UF6 is produced during the nuclear fuel
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cycle (See Table 2.2 and Section 2.2.7). The AP1000 is estimated to have a burnup rate (fuel utilization) of

around 50 GWd/ tonnes of U. It is assumed the W-SMR will have a similar burnup rate as the AP1000. This

is possible due to the lower power density of the W-SMR. As a result, the W-SMR does not have as many

safety related core design constraints as larger NPPs. Though the W-SMR and the AP1000 are estimated

to have similar burnup rates, a lower thermal efficiency requires additional uranium to produce electricity.

This results in the W-SMR producing more GHG emissions per kwh than the AP1000 and SNUPPS in the

nuclear fuel cycle.

2.3.2 Construction

The amount of concrete and rebar in the SNUPPS and AP1000 is fairly certain based on the assumptions

made in Table 2.1. The non-structural steel in an AP1000 was estimated from the distribution in Table

2.3. The non-structural steel of the SNUPPS was calculated by multiplying the non-structural steel in an

AP1000 by 5. This is based on the ratio of about 5:1 when comparing the amount of rebar and concrete in

a SNUPPS to AP1000 (See Table 2.1). As such the uncertainty represented by the COV shown in Table

2.7 for the AP1000 and SNUPPS is small compared to the W-SMR. The AP1000 and W-SMR achieve first

order stochastic dominance over the SNUPPS with lower construction emissions. Although the construction

duration for AP1000 Unit 2 and 3 in South Carolina is expected to be, on average, about 6.5 years, the

overall results are relatively insensitive to this parameter (See Appendix A.10).

2.3.3 Operation and Maintenance

The estimates for operation and maintenance share the same initial uncertainty of the distributions

found in White and Kulcinski (2000) [42] and Fthenakis and Kim (2007) [59]. Though the reduction in

non-structural steel reduces the mean emissions, the uncertainty around the amount of steel produces a

larger COV for the W-SMR and AP1000 compared to the SNUPPS. Figure A.3 identifies the Standard

Maintenance, Repair and Refurbishment and the ratio of W-SMR:SNUPPS steel distributions as the most

influential for the W-SMR. The SMR / SNUPPS uniform distribution feeds directly into the Standard

Maintenance, Repair and Refurbishment modularity factor.

2.3.4 Decommissioning

The energy needed to decommission each plant is scaled by total concrete of the KGR plant. Because

the amount of concrete in W-SMR is uncertain, the emissions generated during decommissioning are also

uncertain. The emission estimates for decommissioning are assumed to have minimal uncertainty for the
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AP1000 and SNUPPS based on the assumptions in Seier and Zimmerman (2014) [61] and Chapman et al.

(2012) [57]. Though the 100% recycling scenario distribution is the same for each plant, the uncertainty

surrounding the amount of construction materials needed for the W-SMR contributes to the larger COV

compared to the AP1000 and SNUPPS. The AP1000 outperforms the W-SMR in this stage because there is

less uncertainty for the AP1000 than the W-SMR and the AP1000 generates more electricity over its lifetime

than the W-SMR.

2.3.5 Non-Fuel Related (Construction, O&M, and Decommissioning)

The non-fuel related emissions are estimated by removing nuclear fuel cycle stages for the three types of

NPPs. The COVs for the SNUPPS, AP1000, and W-SMR are 0.19, 0.38, and 0.43. It is during the operation

and maintenance stage where the W-SMR achieves its marginal superiority over the AP1000.

2.4 Discussion

To illustrate the overall competitiveness of the W-SMR, LCOE estimates from Abdulla and Azevedo

(Revised and Resubmitted) [36] and the EIA [34] are combined with life cycle GHG emissions estimates

presented here to determine if the W-SMR can be utilized as the best “middle option” for current PWR

technologies. LCOE estimates for the nth of a kind W-SMR and AP1000 sited in the southeastern US

are from Abdulla and Azevedo (Revised and Resubmitted) [36] using expert elicitation with a 3% discount

rate [36]. The LCOE estimates for the nth of a kind W-SMR and AP1000 exclude owner’s costs for site-

work, transmission upgrades, etc. The EIA estimates transmission investment cost of $1.1/MWh (2012$)

for advanced nuclear power plants [34]. GHG emission estimates for the SNUPPS falls within the estimated

range of 9 to 110 g CO2-eq/kwh for Generation II PWRs in the Warner and Heath (2012) [39] harmonization

study. Because of this, the SNUPPS is used to represent Generation II PWRs. Warner and Heath (2012)

[39] attributes the large variation in estimates to the primary source energy mix, the uranium enrichment

method, the LCA method, and the future of uranium ore grade markets. LCOE estimates for the SNUPPS

are based on the assumption that typically existing plants have paid off their initial capital cost [64]. Figure

2.4 shows that on average, the W-SMR and AP1000 outperform Generation II NPPs in life cycle emissions.

All LCOE estimates are in 2012 dollars.

Figure 2.5 compares the NPPs outlined in Figure 2.4 to other types of power plants. The life cycle

GHG emission estimates are shown in log scale. Non-nuclear power plant GHG emission data points are

sourced from the Intergovernmental Panel on Climate Change (IPCC) special report on renewable energy
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Figure 2.4: Nuclear Power Life Cycle GHG Emissions and LCOE Comparison. AP1000 and nth of a kind
W-SMR LCOE estimates (estimates are adjusted to 2012$ using the US Bureau of Labor Statistics CPI
Inflation calculator) exclude owner’s costs for site-work, transmission upgrades, and etc. [36]. SNUPPS
LCOE estimates cost [64].

sources and climate change mitigation [65]. The LCOE estimates for the other non-nuclear energy sources

entering service in 2019 are from the EIA’s annual energy outlook [31].

The W-SMR and the AP1000 on average perform the best for life cycle GHG emissions against all

forms of energy generation except for hydropower plants. The AP1000 on average performs better than the

W-SMR for LCOE and slightly for life cycle GHG emissions.

Using the data presented in Figure 2.4 and Figure 2.5; it is possible to estimate the cost of carbon

abatement by substituting coal and natural gas generation with nuclear generation. Assuming that coal

and natural gas fired power plants produce lifetime GHG emissions of 1001 and 469 g of CO2-eq per kwh

[65], the cost of carbon abatement with an AP1000 against coal and natural gas is $2/tonne of CO2-eq

(-$13 to $26/tonne of CO2-eq) and $35/tonne of CO2-eq ($3 to $86/tonne of CO2-eq), respectively. In

comparison, a W-SMR the cost of carbon abatement against coal and natural gas is $3/tonne of CO2-eq

(-$15 to $28/tonne of CO2-eq) and $37/tonne of CO2-eq (-$1 to $90/tonne of CO2-eq), respectively. To put

these into perspective, the EPA estimates the social cost of carbon to be between $16 and $73/tonne of CO2

by 2030 using a 5% and 2.5% discount rate in 2007 dollars, respectively [67].
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Figure 2.5: Electricity Generation Life Cycle GHG Emissions and LCOE Comparison. Non-nuclear LCOE
data [31]. Non-nuclear Emission data [65]. The LCOE for non-nuclear power sources represent plants
entering service in 2019. The LCOE for conventional coal does not include a $15 adder. This adder
represents the cost of financing new coal plants without carbon capture technology to reflect the uncertainty
of greenhouse gas legislation. A 3-percentage point adder is similar to a $15 per metric ton emissions fee [66].
AP1000 and nth of a kind W-SMR LCOE estimates (estimates are adjusted to 2012$ using the US Bureau
of Labor Statistics CPI Inflation calculator) exclude owner’s costs for site-work, transmission upgrades, and
etc. [36]. SNUPPS LCOE estimates cost [64].

2.5 Conclusions and Policy Implications

Nuclear power is a critical part of the US medium-term plan to reduce future carbon emission. To

inform this discussion, this research is the first to complete LCAs for two designs of future nuclear power

plants, the Generation III+ (AP1000) and the SMR (W-SMR). In terms of life cycle GHG emissions, both

new designs have smaller footprints than existing SNUPPS. These benefits are achieved by the reduction in

building materials and the extensive use of factory-fabricated components.

Differences between the two new designs result in similar footprints. While the AP1000 has the benefits

of economies of scale, the W-SMR’s modular ability enables it to make up some of the difference through

efficiencies in construction, operation and maintenance, and decommissioning. Compared to the AP1000, the

relatively low thermal efficiency of the W-SMR is a major contributor to its life cycle GHG emissions. The

strength of the case for the W-SMR achieving similar life cycle GHG emissions as the AP1000 depends on

the resolution of uncertainties in the construction, operation and maintenance, and decommissioning phases

of the plants. With the exception of hydropower, the W-SMR and the AP1000 have a smaller footprint than

all other generation technologies including renewables.

Estimates from the EIA [31] and expert elicitation show that the AP1000 and W-SMR have a higher
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LCOE than natural gas and conventional coal. This trade-off between higher costs but lower GHG emis-

sions demonstrates that depending on the value placed on carbon, SMR technology could be economically

competitive with fossil fuel technologies (i.e., Generation III+ plants and SMRs can be viewed as a suitable

middle option for climate-mitigation strategies).

Though this study does not include a long-term solution for final storage of spent nuclear fuel, nuclear

power can be viewed as a reliable, low-carbon, baseload energy solution. With the early retirement of four

nuclear power plants since 2012, the eventual retirement of older units in the nuclear fleet, and the United

States pledging to reduce GHG emissions by 26%-28% over the next decade, installing new capacity using

Generation III+ plants and SMRs creates an alternative for states and firms looking to comply with GHG

emission regulation while providing baseload power to customers.



Chapter 3

The socioeconomic characteristics of

communities surrounding baseload power

generation facilities1

This work estimates and compares the socioeconomic characteristics that exist within counties and

communities 0-5, 5-10, and 10-15 miles away from nuclear, coal, natural gas power plants. This work

explores the socioeconomic disparities (i) at the county level, (ii) at the community level relative to the

sited power plant county, and (iii) the evolution of socioeconomic characteristics over time. These estimates

provide evidence that socioeconomic characteristics of home counties and communities near power plants

differ by generating technology. The findings can be used to suggest equity issues regarding the community

characteristics should be included in the discussion of the siting and conversion existing power plants to use

cleaner fuel sources.

3.1 Introduction

In 2015 energy from coal, natural gas, and nuclear power plants produced approximately 3,500 TWh

of electricity and accounted for 85% of total net generation in the US [68]. Coal and natural gas power

plants each contributed about 33% of all generation in the US, while Generation II nuclear power plants

accounted for about 19% and produced 62% of the emission-free electricity [24]. Communities surrounding

power plants are exposed to different and varying levels of environmental hazards. As a byproduct of
1An early version of his work has been published in Transactions of the American Nuclear Society as shown in the reference

below:
Carless, T.S. and Fischbeck, P.S. (2016). “The Economic and Societal Impact of Baseload Power Generation on Local
Communities.” Transactions of the American Nuclear Society, Vol. 115, Las Vegas, NV November 6-10, 2016. A full version
of this work has been submitted to Risk Analysis in March 2018.

34
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electricity, combustion fossil fuel plants release emissions, such as CO2, N2O, NOx, SO2, and particulate

matter. The compounds CO2, CH4, and N2O are major greenhouse gases (GHGs) that have been linked to

global climate change. The release of NOx and SO2 has been shown to have a negative impacts on human

health and contribute to smog and acid rain [69]. Communities near power plants are often subjected to

negative externalities, such as pollution, noise, undesirable visuals, and safety concerns. Though nuclear

power plants do not produce air emissions, there are concerns of nuclear waste, radiation leaks into the

environment [70], and Fukushima-level accidents. Residents living within 10 miles of a nuclear power plant

are also within the plume exposure pathway Emergency Planning Zone (EPZ).

With electricity generation, there are economic, safety, and environmental trade-offs between nuclear,

coal, and natural gas power plants. Comparisons between power plants are typically made using the levelized

cost of electricity (LCOE) and life cycle GHG emissions; however, the presence of power plants can have

both positive and negative impacts on surrounding communities. There have been several works published

on hedonic pricing methods, health effects, housing and labor markets on communities near power plants.

Davis (2011) [71] found that communities living within 2 miles of fossil fuel power plants experience a 3-7%

decrease in housing values using a hedonic pricing method. There is further evidence that those that live

closer experience larger decreases [71].

Bezdek and Wendling (2006) [72] analyzed the effects that nuclear waste disposal facilities and power

plants have on property values, economic growth, tax revenues, public services, community development,

employment, and schools. Their analysis inferred nuclear facilities are responsible for as much as 20-30% of

the total employment within their counties and up to 35% of the local incomes. Taxes and fees from nuclear

facilities fund about half of county and school district budgets. Bezdek and Wendling (2006) also reviewed

the work done by Nelson (1981) [73], Gamble and Downing (1982) [74], and Galster (1986) [75]. Nelson

(1981) [73] investigated the impact on property values following the Three Mile Island accident in 1979 with

a hedonic price model2 and found there was no statistically significant decrease in homes near Three Mile

Island.

Within the environmental justice space, Bullard (2000) [76] explored pollution and stressors from in-

dustrial expansion on black communities in the South. Similarly, Pastor et al. (2004) [77] and Mohai et

al. (2009) [78] investigate socioeconomic disparities in communities near industrial facilities. Both found

communities of color significantly more likely to live within a mile of a polluting facility. While past studies

have investigated the effects, disparities, and the siting related to power plants and industrial sites on sur-

rounding communities, this study investigates the socioeconomic characteristics and disparities that exist

within counties and communities that have nuclear, coal, natural gas power plants. This explores the so-
2A hedonic price model is a method for determining the price or value of a good based on internal or external factors.
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cioeconomic disparities (i) at the county level, (ii) at the community level relative to the sited power plant

county, and (iii) the evolution of socioeconomic characteristics over time.

Outside of the typical cost and emissions metrics, this work serves as an extension by investigating

and comparing the socioeconomic disparities of counties and communities 0-5, 5-10, and 10-15 miles within

baseload nuclear, coal, or natural gas power plants at a national level over time using census data. To

accomplish this, the study is divided into two analyses.

Socioeconomic Analysis

(i) County-level analysis: Investigate the socioeconomic differences that currently exist in counties with

nuclear, coal, and natural gas power plants.

(ii) Community-level analysis: Investigate the socioeconomic differences that currently exist in communities

0-5, 5-10, and 10-15 miles away from nuclear, coal, and natural gas power plants as well as examining

the relationship between the communities near these power plants and their home counties.

Socioeconomic Trend Analysis

(i) Community-level analysis: Investigate the evolution of the socioeconomic differences in communities

0-5, 5-10, and 10-15 miles away from nuclear, coal, and natural gas power plants over time after the

power plants begin generating electricity.

The socioeconomic indicators examined are population density, the percentage of black residents, the per-

centage of residents with Bachelor’s degrees or above, household income, poverty rate, and home value.

3.2 Methods

3.2.1 General Data Sources

The Emissions & Generation Resource Integrated Database (eGrid) 9th edition [53] is used to capture

detailed power plant data and characteristics, such as county, state, geographic coordinates, nameplate

capacity, and capacity factor. US Census county-level data are from the US Census Bureau [79] and The

Social Explorer [80]. Community data are from the US Census 2007-2011 American Community Survey

(ACS) block group-level data [81] and 1970-2010 US Census tract-level data from Geolytic’s Neighborhood

Change Database (NCDB). While many variables in the ACS and NCDB are the same, there are differences.

The ACS block group level data uses median household income and median home values, while the NCDB

uses average household income and average home values.
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3.2.2 Spatial Data Management

Spatial analysis is performed using ArcGIS in conjunction with eGrid, Census, and NCDB data with the

“WGS_1984_Web_Mercator_Auxiliary_Sphere projected coordinate system and Mercator_Auxiliary_Sphere”

projection. Figure 3.1 shows an example of the three primary investigation areas (0-5, 5-10, and 10-15 miles)

for each nuclear, coal, and natural gas plant created in ArcGIS. Each power plant is located at the centroid

of each investigation area.

Figure 3.1: Sample image of the three investigation areas for each power plant type. Block groups contain
the highest level of socioeconomic data resolution.

The classification for each power plant is based on the “Plant Primary Fuel Generation” category from

eGrid. In total, there are over 2,000 power plant sites. These studies focus on larger operating plants

with nameplate capacities ≥500 MWe and capacity factor ≥20%. Overall, 490 power plants (235 coal, 190

natural gas, and 65 nuclear power plants) meet these constraints. To eliminate community overlap between

technologies, power plant sites that are within 30 miles of each other (i.e., overlapping 15-mile circles) are

removed from the analysis. With these restrictions, there are 184 coal, 137 natural gas, and 35 nuclear

power plant sites. Figure 3.2 shows the location of the power plants included in the study. Because of

data limitations in historical censuses (e.g., lack tract-level data in the 1970 and 1980 census), some of the

analysis in this paper use a subset of the power plant data.

3.2.3 Socioeconomic Analysis

This analysis provides an indication of the socioeconomic conditions of communities near power plants

using descriptive statistics and cross-sectional 2007-2011 ACS census data. As shown in Figure 3.2 there are
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Figure 3.2: Locations of nuclear, coal, and natural gas power plants within the continental United States.

184, 137, and 35 communities investigated near coal, natural gas, and nuclear power plant sites, respectively.

This study analyzes characteristics at the county-level and community-level using their socioeconomic indica-

tors. The county-level analysis uses one-way ANOVA models to estimate the statistical significant differences

between counties with nuclear, natural gas, and coal power plants for each socioeconomic indicator. Tukey’s

tests are used to compare their socioeconomic indicators. The Community-level analysis uses a two-way

ANOVA models to estimate the statistical significant differences by power plant type and distance from the

baseload power plant for each socioeconomic indicators. Tukey’s tests are used to compare their socioeco-

nomic indicators by power plant type and distance. A paired t-test is also used examine the relationship

communities near power plants have with their home counties.

3.2.3.1 County-level Analysis

3.2.3.1.1 County-level Data Sources and Methods

County-level socioeconomic data on population density, percent of black residents, percent of residents

with Bachelor’s degrees or above, median household income, poverty rate, and median home value are sourced

from the 2007-2011 ACS [81]. For the county-level analysis, one-way ANOVA tests by power plant type are

used to quantify significant differences between power plant types for the home county-level values. The

independent variable, Plant Type, is a categorical variable, while the socioeconomic indicators are dependent

variables for separate ANOVA models. As a follow on, a post-hoc Tukey test is used to identify statistical

significant differences in pairwise comparisons.
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3.2.3.1.2 County-level Results

Table 3.1 shows the results from the one-way ANOVA models. There are power plant type main effects

at the 0.001 significance level for all county-level socioeconomic indicators with the exception of %poverty

at the 0.05 significance level.

Table 3.1: County-level one-way ANOVA tests of plant type effects summary statistics for the six socioe-
conomic indicators.

term df Sum of Mean F Statistic p valueSquares Square
Population Plant Type 2 7.13E+06 3.28E+01 32.85 0.000***
Density Residuals 1065 1.16E+08

%Black Plant Type 2 3.95E-01 1.05E+01 10.53 0.000***
Residuals 1065 1.99E+01

%Bachelor’s Degree Plant Type 2 6.93E-02 3.10E+01 31.03 0.000***
or Above Residuals 1065 1.19E+00

%Poverty Plant Type 2 1.75E-02 3.26E+00 3.26 0.039*
Residuals 1065 2.86E+00

Average Median Plant Type 2 4.77E+09 1.84E+01 18.43 0.000***
Income Residuals 1065 1.38E+11
Average Median Plant Type 2 6.58E+11 4.75E+01 47.47 0.000***
Home Values Residuals 1065 7.38E+12

Follow-on post-hoc Tukey pair-wise comparison tests are utilized to outline the specific differences for

each indicator and power plant type (see Table 3.2). Figure 3.3 shows boxplots for each socioeconomic

indicator at the county level for each power plant type with the numeric values representing the means. The

means provided in Figure 3.3 can be used to calculate the mean differences shown in Table 3.2.
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Figure 3.3: Current county-level boxplots for the six socioeconomic indicators with the numeric values
representing the means.

Counties with natural gas power plants have significantly larger population density compared to counties

with nuclear (mean difference = 176 pop./sq. mile, adjusted p < 0.001) and coal (mean difference = 166

pop./sq. mile, adjusted p < 0.001) power plants. The average share of black residents at the county level is

significantly larger at the in counties with nuclear (mean difference = 4.4%, adjusted p = 0.008) and natural

gas (mean difference = 3.7%, adjusted p < 0.001) power plants compared to coal plants. Counties with

natural gas power plant have a significantly larger share of residents with Bachelor’s degrees or above than

counties with coal (mean difference = 1.2%, adjusted p < 0.001) and nuclear power plants (mean difference
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Table 3.2: County-level post-hoc Tukey’s tests for plant type for the six socioeconomic indicators.

term Comparison mean 2.5% 97.5% adjusted
difference level level p value

Population Plant Type Natural Gas-Coal 166 116 217 0.000***
Density Plant Type Nuclear-Coal -9 -92 73 0.961
(pop./sq. mile) Plant Type Nuclear-Natural Gas -176 -260 -91 0.000***

%Black
Plant Type Natural Gas-Coal 3.70% 1.60% 5.80% 0.000***
Plant Type Nuclear-Coal 4.40% 0.90% 7.80% 0.008**
Plant Type Nuclear-Natural Gas 0.70% -2.80% 4.20% 0.897

%Bachelor’s Plant Type Natural Gas-Coal 1.70% 1.20% 2.20% 0.000***
Degree or Plant Type Nuclear-Coal 0.70% -0.10% 1.50% 0.117
Above Plant Type Nuclear-Natural Gas -1.00% -1.90% -0.20% 0.016*

%Poverty
Plant Type Natural Gas-Coal 0.20% -0.60% 1.00% 0.82
Plant Type Nuclear-Coal -1.20% -2.50% 0.10% 0.065
Plant Type Nuclear-Natural Gas -1.40% -2.80% -0.10% 0.030*

Average Plant Type Natural Gas-Coal $4,469 $2,729 $6,209 0.000***
Median Plant Type Nuclear-Coal $2,744 -$100 $5,587 0.061
Income Plant Type Nuclear-Natural Gas -$1,725 -$4,646 $1,195 0.348
Average Plant Type Natural Gas-Coal $51,724 $38,995 $64,453 0.000***
Median Plant Type Nuclear-Coal $39,161 $18,360 $59,962 0.000***
Home Values Plant Type Nuclear-Natural Gas -$12,563 -$33,927 $8,800 0.352

= 1%, adjusted p = 0.016). The average median household income is significantly larger for counties with

natural gas plants than coal plants (mean difference = $4,469, adjusted p < 0.001). Average median home

values are also significantly larger in counties with natural gas (mean difference = $51,724, adjusted p <

0.001) and nuclear power plants (mean difference = $39,161, adjusted p < 0.001) than for counties with

coal plants.

3.2.3.2 Community-level Analysis

3.2.3.2.1 Community-level Data Sources and Methods

The 2007-2011 ACS block group level data [81] is utilized to measure and identify various socioeconomic

indicators from communities 0-5, 5-10, and 10-15 miles from each generating station. The ACS block group

data are used to represent the current community. The 2007-2011 ACS block group dataset was selected

for this study because block groups provide the most detailed publicly available information from the US

Census surveys at the highest resolution. Community-level analyses uses two-way ANOVA tests to measure

the statistical significance of the power plant type and distance main effects of the nominal community

values and community-to-power plant county ratios for the six socioeconomic indicators. The ratio between

the community and the respective county the power plant is located serves as way to control for regional

differences for each socioeconomic indicator (e.g., if the average home value for communities 0-5 miles away
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from a nuclear power plant is $110,000 and the associated average county home value is $100,000; then the

community-to-power plant county ratio is 1.1. This indicates the average home value the community 0-5

miles away from this nuclear power plant is 10% higher than its associated county). Following the two-way

ANOVA test, a post-hoc Tukey’s test is used to identify where the statistical significant differences lie in

a pairwise comparison. Tukey’s tests correct for Type I errors during multiple comparisons by requiring a

more conservative significance threshold. The current community ANOVA model is presented in Equation

3.1.

Ys,3,3 = µs + PlantTypes,3 +Distances,3 + (PlantType×Distance)s,3,3 + εs,3,3 (3.1)

Where Y is the dependent variable, s refers to the socioeconomic indicator of interest, Plant Type is an

independent categorical variable with 3 levels that denotes the type of power plant (nuclear, coal, and natural

gas) and Distance is an independent categorical variable with 3 levels used to describe the investigation area

(0-5 miles, 5-10 miles, and 10-15 miles).

For comparisons between each community and the power plant home county, paired t-tests are used

to measure the statistical significance. Paired t-tests are used to reduce intersubject variability since the

objective is to make the comparison between the same subjects.

3.2.3.2.2 Community-level Results

The community-level two-way ANOVA statistical analysis provides comparative descriptive statistics

for the current societal and economic demographics of communities near nuclear, coal, and natural gas

power. The power plant type and distance main effects and interaction effects using nominal values for each

community socioeconomic indicator are shown in Table 3.3 (See Table for full summary statistics). Table 3.3

contains the degrees of freedom, p-values, sum of square and mean square values, residuals, and F-statistics

of each socioeconomic indicator from the two-way ANOVA model shown in Equation 1. Table 3.3 shows

power plant main effects for all socioeconomic indicators and distance main effects for percentage of residents

with Bachelor’s degrees or above. There are no significant interactions effects.

Figure 3.4 shows boxplots and means for each socioeconomic indicator at the county and community

level for each power plant type using the nominal socioeconomic values. Table 3.4 and Figure 3.4 provides

an indication of the community socioeconomic indicators based on power plant type and distance. Post-hoc

Tukey pair-wise comparison tests are used to determine the statistical significant differences between groups

(e.g., 0-5 miles Nuclear vs 0-5 miles Coal) in the current community analysis to determine where specific

differences lie. Table 3.4 shows the mean differences, adjusted p-values, and the 95% confidence interval
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Table 3.3: Community-level two-way ANOVA tests of plant type effects summary statistics with nominal
values for the six socioeconomic indicators.

term df Sum of Mean F Statistic p valueSquares Square
Population Plant Type 2 1.37E+07 6.87E+06 29.54 0.000***
Density Residuals 1059 2.46E+08 2.33E+05

%Black Plant Type 2 3.12E-01 1.56E-01 8.06 0.000***
Residuals 1059 2.05E+01 1.93E-02

%Bachelor’s Plant Type 2 2.93E-01 1.47E-01 16.5 0.000***
Degree or Distance 2 1.46E-01 7.28E-02 8.18 0.000***
Above Residuals 1059 9.42E+00 8.89E-03

%Poverty Plant Type 2 9.17E-02 4.58E-02 11.62 0.000***
Residuals 1059 4.18E+00 3.95E-03

Average Plant Type 2 1.03E+10 5.14E+09 27.1 0.000***
Median Income Residuals 1059 2.01E+11 1.90E+08
Average Median Plant Type 2 8.68E+11 4.34E+11 50.95 0.000***
Home Values Residuals 1059 9.02E+12 8.52E+09

from the post-hoc Tukey’s test for each socioeconomic indicator. The means provided in Figure 3.4 can be

used to verify the mean differences shown in Table 3.4.

Nominally, communities near natural gas plants have overall have a statistically significantly larger

population densities than communities near coal (mean difference = 221, adjusted p < 0.001) and nuclear

(mean difference = 281, adjusted p < 0.001) power plants. The mean difference between for populations

densities increases within closer distances. Overall, the percentage of black residents near natural gas plants

are significantly larger than coal (mean difference = 3.5%, adjusted p < 0.001) plants. The percentage of

residents with Bachelor’s degrees or above for communities near nuclear (mean difference 4.8%, adjusted

p < 0.001) and natural gas (mean difference 2.7%, adjusted p < 0.001) power plants generally are higher

than communities near coal plants. The poverty rates for communities near nuclear power plants generally

are significantly lower than communities near coal (mean difference = 2.8%, adjusted p < 0.001) and natural

gas (mean difference = 3.3%, adjusted p < 0.001) plants. With the 0-5 mile comparison, the mean difference

in poverty rates increases for coal (4.2%) natural gas (4.9%). The average median incomes for communities

near nuclear (mean difference $8,000, adjusted p < 0.001) and natural gas (mean difference $5,000,

adjusted p < 0.001) power plants are generally larger than communities near coal plants. While at all

distance the mean difference between natural gas and coal are around the $5,000 range, at the 0-5 mile

range the mean difference between communities near nuclear and coal increases to $10,000. Overall, the

average median home values for communities near nuclear (mean difference $71,000, adjusted p < 0.001)

and natural gas (mean difference $52,000, adjusted p < 0.001) power plants are larger than communities
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near coal plants. Within the natural gas-coal comparison, with an increase in distance the mean difference

increases from $48,000 to $57,000. However, with the nuclear-coal comparison with an increase in distance

the mean difference decreases from $86,000 to $62,000.

While the nominal ANOVA and post-hoc Tukey’s test investigates whether there are significant differ-

ences between communities associated with specific types of power plants, the paired t-test can provide a

measurable indication for the difference that exist between the communities and counties. Table 3.5 shows

the results of a paired t-test and correlation coefficients between the community and county by power plant

type and distance for each socioeconomic indicator. Figures 3.5-3.7 shows scatter plots of the percentage of

black residents, average median household income, and average median home value by community and home

county. Figures B.1-AB.3 show the scatter plots of population density, educational attainment, and poverty

rates. The x-axis represents the home county socioeconomic indicator values and the y-axis represents the

communities 0-5, 5-10, and 10-15 miles away from each respective power plant. The solid line and the dashed

line represents the reference line and the best fit line, respectively.

The power plant community-to-home county paired t-test shows communities near nuclear power plants

are significantly different compared to their home counties relative to natural gas and coal plants. Table 3.5

shows there are significant differences for every socioeconomic indicator for every distance associated with

nuclear power plants except population density at 5-10 and 10-15 miles; and percentage of black residents

and poverty rates at 10-15 miles. All communities around coal have significantly higher rates of educational

attainment that their counties. At 5-10 and 10-15 miles, communities around coal have significantly larger

average median incomes and home values than their counties. Similar to communities near coal plants,

communities at all distances near natural gas plants have higher rates of educational attainment compared

to their home counties. Communities 0-5 miles from natural gas plants have significantly larger population

densities than their home counties. At all distances, communities near natural gas plants have significantly

larger average median incomes than their home counties. However, there are only significantly larger average

median home values for communities 10-15 miles from natural gas plants when compared against their home

counties.

It can be seen in Figure 3.5 that between 71% and 97% of communities near nuclear power plants have a

lower percentage of black residents than their home counties, while communities near fossil fuel plants range

between 44% and 66%. Table 3.5 shows the percentage of black residents are significantly less than the home

counties for communities 0-5 (mean difference = -5.7%, p value < 0.001) and 5-10 (mean difference = -4.4%,

p value < 0.001) miles away from nuclear power plants. In comparison there are no significant differences

in the between the communities and counties for natural gas and coal power plants. The percentage of

black residents in communities near coal and natural gas plants are similar to their counties. However, for
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Table 3.5: Paired t-test Summary Statistics and correlation coefficients of each power plant community
and home county.

0 - 5 Miles

mean 2.5% 97.5% p value corr.difference level level

N
uc

le
ar

Population Density (pop./sq. mile) -53 -100 -7 0.024* 0.52
% Black -5.7% -8.3% -3.2% 0.000*** 0.92
% Bachelor’s Degree or Above 6.4% 2.6% 10.1% 0.001** 0.36
% Poverty -3.6% -4.6% -2.6% 0.000*** 0.9
Average Median Household Income $8,831 $3,057 $14,606 0.004** 0.53
Average Median Home Value $46,348 $11,743 $80,953 0.010* 0.91

C
oa
l

Population Density (pop./sq. mile) 20 -17 58 0.279 0.55
% Black -1.0% -2.5% 0.4% 0.174 0.7
% Bachelor’s Degree or Above 2.1% 1.0% 3.2% 0.000*** 0.49
% Poverty -0.7% -1.5% 0.1% 0.104 0.55
Average Median Household Income $1,179 -$174 $2,532 0.087 0.68
Average Median Home Value -$957 -$5,796 $3,882 0.697 0.83

N
at
ur
al

G
as Population Density (pop./sq. mile) 145 21 270 0.023* 0.54

% Black -0.5% -2.0% 1.1% 0.539 0.81
% Bachelor’s Degree or Above 2.8% 1.2% 4.3% 0.001*** 0.49
% Poverty -0.2% -1.3% 0.9% 0.732 0.5
Average Median Household Income $2,329 $28 $4,630 0.047* 0.56
Average Median Home Value -$4,419 -$14,701 $5,863 0.397 0.84

5 - 10 Miles

N
uc

le
ar

Population Density (pop./sq. mile) -22 -67 23 0.334 0.57
% Black -4.4% -6.7% -2.0% 0.001*** 0.94
% Bachelor’s Degree or Above 7.4% 4.5% 10.4% 0.000*** 0.66
% Poverty -1.8% -2.9% -0.6% 0.003** 0.85
Average Median Household Income $7,428 $4,326 $10,531 0.000*** 0.77
Average Median Home Value $29,679 $7,315 $52,043 0.011* 0.89

C
oa
l

Population Density (pop./sq. mile) 24 -16 65 0.233 0.58
% Black 0.4% -0.8% 1.6% 0.537 0.79
% Bachelor’s Degree or Above 3.6% 2.6% 4.6% 0.000*** 0.62
% Poverty -0.6% -1.3% 0.1% 0.092 0.61
Average Median Household Income $2,310 $1,136 $3,484 0.000*** 0.77
Average Median Home Value $4,560 $321 $8,799 0.035* 0.87

N
at
ur
al

G
as Population Density (pop./sq. mile) 61 -24 145 0.157 0.62

% Black 0.2% -1.0% 1.3% 0.799 0.88
% Bachelor’s Degree or Above 4.6% 3.3% 6.0% 0.000*** 0.6
% Poverty -0.2% -1.0% 0.7% 0.717 0.7
Average Median Household Income $3,286 $1,491 $5,081 0.000*** 0.69
Average Median Home Value $4,413 -$3,793 $12,619 0.289 0.9

10 - 15 Miles

N
uc

le
ar

Population Density (pop./sq. mile) -22 -60 17 0.263 0.69
% Black -2.7% -5.6% 0.1% 0.061 0.9
% Bachelor’s Degree or Above 8.9% 5.7% 12.2% 0.000*** 0.65
% Poverty -1.0% -2.3% 0.4% 0.16 0.8
Average Median Household Income $6,717 $3,289 $10,145 0.000*** 0.81
Average Median Home Value $30,811 $12,316 $49,306 0.002** 0.95

C
oa
l

Population Density (pop./sq. mile) 9 -23 41 0.569 0.65
% Black 0.2% -0.9% 1.4% 0.685 0.79
% Bachelor’s Degree or Above 4.8% 3.7% 5.8% 0.000*** 0.57
% Poverty -0.4% -1.1% 0.3% 0.242 0.58
Average Median Household Income $3,064 $1,787 $4,340 0.000*** 0.71
Average Median Home Value $8,044 $3,047 $13,040 0.002** 0.81

N
at
ur
al

G
as Population Density (pop./sq. mile) 12 -55 78 0.733 0.68

% Black -0.5% -1.9% 0.9% 0.469 0.82
% Bachelor’s Degree or Above 5.9% 4.5% 7.3% 0.000*** 0.64
% Poverty -0.4% -1.2% 0.4% 0.313 0.67
Average Median Household Income $3,883 $2,140 $5,626 0.000*** 0.7
Average Median Home Value $13,411 $5,613 $21,210 0.001*** 0.91
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communities 0-5 and 5-10 miles from a nuclear power plant there are smaller shares of black residents. There

is some selection bias present for the share of black residents as nuclear power plants are typically sited in

more rural and less diverse areas compared natural gas and coal power plants.

Figure 3.5: Scatter plot of Home County percentage of Black residents vs 0-5, 5-10, and 10-15 mile
Community percentage of Black residents with solid reference line and dotted best fit line.

Figure 3.6 shows between 20%-26% of communities near nuclear power plants have lower average median

household incomes than their counties. In comparison communities near fossil fuel plants range between 30%

and 50%. Table 3.5 shows average median household income are significantly larger for communities 0-5

(mean difference = $8,800, p value = 0.004), 5-10 (mean difference = $7,400, p value < 0.001), and 10-15

(mean difference = $6,700, p value < 0.001) miles from nuclear power plants relative to their counties.

Similarly for natural gas plants, communities 0-5 (mean difference = $2,300, p value = 0.047), 5-10 (mean

difference = $3,300, p value < 0.001), and 10-15 (mean difference = $3,900, p value < 0.001) miles have

significantly larger average median household incomes than their counties. There are significantly larger

average median household incomes for communities 5-10 (mean difference = $2,300, p value < 0.001) and

10-15 (mean difference = $3,000, p value < 0.001) miles from coal plants relative to their counties. At the

0-5 miles, the income of the community is similar to the county. With an increase in distance, statistically

significant mean differences in incomes for coal and natural gas plants can increase from $2,300 and $3,900.
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Conversely, incomes from communities near nuclear power plants decrease from $8,800 to $6,700 with an

increase in distance.

Figure 3.6: Scatter plot of Home County Average Median Household Income vs 0-5, 5-10, and 10-15 mile
Community Average Median Household Income with solid reference line and dotted best fit line.

Figure 3.7 shows between 20% and 26% of communities near nuclear power have lower average median

home values than their counties. Fossil fuel plants typically range between 33% and 55%. Table 3.5 shows

average median home values are significantly larger for communities 0-5 (mean difference = $46,000, p

value = 0.010), 5-10 (mean difference = $30,000, p value < 0.011), and 10-15 (mean difference = $31,000,

p value = 0.002) miles from nuclear power plants compared to their counties. There are significantly larger

average median home values for communities 5-10 (mean difference = $5,000, p value = 0.035) and 10-15

(mean difference = $8,000, p value = 0.002) miles from coal plants relative to their counties. There are

significantly larger home values for communities 10-15 (mean difference = $13,000, p value = 0.001) miles

from natural gas plants relative to their counties. Average median home values for communities 0-5 miles

from coal plants; and communities 0-5 miles and 5-10 miles from natural gas plants are similar to their

counties.

As a follow-on, the community-level two-way ANOVA model, specified in Equation 3.1, is also used to

perform a comparative analysis using the ratio between communities around power plants with the county

the power plant is located to control for regional differences. Table 3.6 shows power plant main effects for

all socioeconomic indicators and distance main effects for population density, %Bachelor’s degrees or above,

and average median home values. There are no significant interactions.
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Figure 3.7: Scatter plot of Home County Average Median Home Value vs 0-5, 5-10, and 10-15 mile
Community Average Median Home Value with solid reference line and dotted best fit line.

Figure 3.8 is similar to Figure 3.4; however, the socioeconomic indicators presented by the boxplot are

the ratios of communities 0-5, 5-10, and 10-15 miles to the home county for each power plant type. The

relationship between Figure 3.8 and Table 3.7 is similar to the relationship between Figure 3.4 and Table

3.4.

Communities near nuclear power plants tend to have a lower average population density compared to

communities near fossil fuel plants. While moving to investigation areas further from the power plant, the

population density trends upwards for communities around nuclear power plants while the opposite is true

for fossil fuel plants. The plant type (F(2,2) = 4.82, p = 0.008, η2 = 0.009) and distance (F(2,2) = 3.13,

p = 0.044, η2 = 0.006) main effects show a statistical significant difference, however there is a weak effect

size. A Tukey’s test shows statistical significant differences between the natural gas-coal (mean difference

= 0.52, adjusted p = 0.023) and nuclear-natural gas (mean difference = -0.82, adjusted p = 0.039). The

average share of black residents with respect to distance is fairly flat for communities near natural gas and

coal plants, while communities near nuclear power plants see an increasing share of black residents over

distance. There are statistically significant differences in main effects for the plant type (F(2,2) = 5.73, p

= 0.003, η2 = 0.011), though there is a small effect size for distance. A Tukey’s test shows statistically

significant differences in the overall nuclear-coal (mean difference = -0.70, adjusted p = 0.003) comparison.
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Table 3.6: Community-level two-way ANOVA Tests of plant type and distance effects summary statistics
using the ratios of communities-to-power plant counties for the six socioeconomic indicators.

term df Sum of Mean F Statistic p value η2Squares Square
Population Plant Type 2 88.8 44.40 4.82 0.008** 0.01
Density Distance 2 57.56 28.78 3.13 0.044* 0.01

Residuals 1059 9,751 9.21

%Black Plant Type 2 45.58 22.79 5.73 0.003** 0.01
Residuals 1053 4,189 3.98

%Bachelor’s Plant Type 2 5.27 2.64 11.05 0.000*** 0.02
Degree or Distance 2 5.59 2.80 11.72 0.000*** 0.02
Above Residuals 1059 253 0.24

%Poverty Plant Type 2 2.81 1.41 9.05 0.000*** 0.02
Residuals 1059 165 0.16

Average Median Plant Type 2 0.93 0.46 10.72 0.000*** 0.02
Income Residuals 1059 46 0.04
Average Plant Type 2 1.66 0.83 12.07 0.000*** 0.02
Median Distance 2 0.84 0.42 6.07 0.002** 0.01
Home Values Residuals 1059 73 0.07

Figure 3.8: Community-level boxplots and means of 0-5, 5-10, and 10-15 community-to-power plant county
ratios for the six socioeconomic indicators with the numeric values representing the means.
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Communities near all power plants, with respect to distance, trend upwards in average share of popu-

lation with Bachelor’s degrees or higher. There are statistically significant differences in main effects for the

plant type (F(2,2) = 11.05, p = 0.000, η2 = 0.020) and distance (F(2,2) = 11.72, p = 0.000, η2 = 0.022).

A Tukey’s test shows statistically significant differences in the overall nuclear-coal (mean difference = 0.24,

adjusted p = 0.000), nuclear-natural gas (mean difference = 0.22, adjusted p = 0.000), 10-15 vs. 0-5 mile

(mean difference = 0.18, adjusted p = 0.000), and 5-10 vs. 0-5 mile (mean difference = 0.10, adjusted p

= 0.024) comparisons as well as the interaction between coal 10-15 mile and 0-5 miles (mean difference =

0.18, adjusted p = 0.013). Average poverty rates for communities near fossil fuel plant remain fairly flat

and around the county average with respect to distance, however poverty rates for communities near nuclear

power plants trend upwards. There are statistically significant differences in main effects for the plant type

(F(2,2) = 9.05, p = 0.000, η2 = 0.017). A Tukey’s test shows statistically significant differences in the

overall nuclear-coal (mean difference = -0.16, adjusted p = 0.000) and nuclear-natural gas (mean difference

= -0.18, adjusted p = 0.000) comparison. There are statistical significant differences in interactions between

the nuclear-coal (mean difference = -0.28, adjusted p = 0.004) and the nuclear-natural gas (mean difference

= -0.33, adjusted p = 0.000) comparison within the 0-5 mile investigation area.

While average median household incomes increase steadily for communities near fossil fuel plants with

added distance from the plant, the opposite is shown for communities near nuclear power plants. The

plant type (F(2,2) = 10.72, p = 0.000, η2 = 0.020) main effects show a statistical significant difference,

however there is a weak effect size. A Tukey’s test shows statistical significant differences between the

overall nuclear-coal (mean difference = 0.10, adjusted p = 0.000) and nuclear-natural gas (mean difference

= 0.08, adjusted p = 0.001) comparisons as well as the interaction between nuclear and coal plants at the

0 - 5 mile investigation area (mean difference = 0.15, adjusted p = 0.004).

The average median home values increase has a similar relationship with the power plant types and

distances. As distance increases, the home values of communities near nuclear power plants decreases, while

communities near fossil fuels experience an increase in home values. The plant type (F(2,2) = 12.07, p =

0.000, η2 = 0.022) and distance (F(2,2) = 6.07, p = 0.002, η2 = 0.011) main effects show a statistical

significant difference, however there are small effect sizes for plant type and distance. A Tukey’s test shows

statistical significant differences between the overall nuclear-coal (mean difference = 0.14, adjusted p =

0.000), nuclear-natural gas (mean difference = 0.12, adjusted p = 0.000), and the 10-15 vs. 0-5 mile (mean

difference = 0.07, adjusted p = 0.001) comparisons. There are also statistical significant differences in

interactions between the nuclear-coal (mean difference = 0.22, adjusted p = 0.000) and the nuclear-natural

gas (mean difference = 0.20, adjusted p = 0.002) comparison within the 0-5 mile investigation area.
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3.2.4 Socioeconomic Trend Analysis

The socioeconomic trend analysis uses three (nuclear, coal, and natural gas) two-way ANOVA and post-

hoc Tukey tests to understand the relationship between distance and generation technology over time from

1990-2010. This analysis is used to show the how socioeconomic indicators evolve over time with respect

to distance and power plant type. The trend ANOVA study only includes power plants built before 1990

limiting the power plant sites to 176 coal, 26 natural gas, and 34 nuclear power plants.

3.2.4.1 Community-level Socioeconomic Trend Data Sources

US Census 1990-2010 tract level data from the NCDB are utilized in analysis of socioeconomic indicators

from communities 0-5, 5-10, and 10-15 miles from each generating station over time. While the NCDB does

not have the same data resolution as the ACS, the NCDB normalizes historical tracts to 2010 boundaries.

This normalization of boundaries allow the comparison of community socioeconomic indicators over time.

Past studies from Davis (2011) [71] and Olsen (2014) [82] have also used the NCDB as a data source.

3.2.4.2 Community-level Socioeconomic Trend Methods

The trend socioeconomic analysis examines the evolution in socioeconomic indicators over time. Two-

way ANOVA models for each power plant type are used to measure main and interaction effects of distance

and the census decade, while a post-hoc Tukey test is used for distance and census decade comparisons. The

trend ANOVA is expressed in Equation 3.2.

Ys,p,3,3 = µs,p +Distances,p,3 + Y ears,p,3 + (Distance× Y ear)s,p,3,3 + εs,p,3,3 (3.2)

Where p refers to the power plant type if interest, Year is an independent categorical variable with 3 levels

used to describe the census decade (1990, 2000, and 2010). Distance maintains the same definition outlined

in section 3.2.3.2.

3.2.4.3 Community-level Socioeconomic Trend Results

The socioeconomic trend analysis is used to determine if there are measurable differences after operating

across 3 decades. By 1990 the US became fully tracted and as a result the socioeconomic indicators are

more representative of each community. Figure 3.9 shows the means and 95% confidence interval overall

(distances collapsed) trends for each power plant type and socioeconomic indicator between 1990 and 2010.

Figure B.4 shows the means and 95% confidence interval for all socioeconomic indicators by distance, power

plant type, and decade. There are wide 95% confidence interval bands in Figure 3.9 and Figure B.4 for
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population density, %black, and %poverty wide. These wide bands are caused by the home county of a

power plants having low or high population densities, %black, and % poverty while the pre-normalized rates

for communities near these power plants have high rates (or vice-versa). Figure 3.9 and Figure B.4 visualizes

the pairwise comparison shown in Table B.6.
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The distance and year main and interaction effects for each community socioeconomic indicator are

quantified for each power plant type to investigate the relationship between distance and time for each

respective community near coal, natural gas, and nuclear power plants. For the trend analysis, the Year

main effects is the variable of interest as many of the previous relationships between distance and power

plant type remain consistent. The two-way ANOVA shows there are only Year main effects for poverty rates.

Table 3.8 shows the summary statistics of the two-way ANOVA model presented in Equation 3.2 for poverty

rates.

Table 3.8: Community-level two-way ANOVA 1990-2010 socioeconomic trend summary statistics by power
plant type.

%Poverty
term df Sum of Squares Mean Square F Statistic p value

Nuclear Year 2 8.22 4.11 26.02 0.000***
Residuals 297 47 0.16

Coal Year 2 55.3 27.65 102.19 0.000***
Residuals 1,575 426 0.27

Natural Gas Year 2 38.03 19.02 11.6 0.000***
Residuals 225 369 1.64

Table 3.9 contains the mean differences, adjusted p-values, and the 95% confidence interval from the

post-hoc Tukey’s test poverty rates by power plant type. Poverty rates are statistically significantly larger

during the 2010 census compared to the 2000 and 1999 census. This can be seen further within the pairwise

comparisons for distance and year. As shown in Table 3.8 there are year main effects for poverty rates in

communities near natural gas and nuclear power plants. Specifically, within Table 3.9 there are statistically

significantly larger poverty rates during the 2010 census compared to the 2000 and 1990 census. This can

be seen further within the pairwise comparisons for distance and year for communities near nuclear power

plants. Within communities near nuclear power plants there are statistically significantly larger rates of

poverty with communities 10-15 miles compared to those within 0-5 miles.
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Table 3.9: Post-hoc 1990-2010 socioeconomic trend Tukey’s tests for distance and year by power plant
type.

%Poverty

term comparison mean 2.5% 97.5% adjusted
difference level level p value

N
uc
le
ar

Distance × Year 0-5 Miles × 2010 - 0-5 Miles × 1990 0.15 -0.15 0.45 0.819
Distance × Year 0-5 Miles × 2010 - 0-5 Miles × 2000 0.29 -0.01 0.59 0.070
Distance × Year 5-10 Miles × 2010 - 5-10 Miles × 1990 0.37 0.07 0.67 0.005**
Distance × Year 5-10 Miles × 2010 - 5-10 Miles × 2000 0.37 0.07 0.68 0.004**
Distance × Year 10-15 Miles × 2010 - 10-15 Miles × 1990 0.44 0.14 0.75 0.000***
Distance × Year 10-15 Miles × 2010 - 10-15 Miles × 2000 0.44 0.14 0.74 0.000***

C
oa
l

Distance × Year 0-5 Miles × 2010 - 0-5 Miles × 1990 0.37 0.2 0.54 0.000***
Distance × Year 0-5 Miles × 2010 - 0-5 Miles × 2000 0.36 0.19 0.53 0.000***
Distance × Year 5-10 Miles × 2010 - 5-10 Miles × 1990 0.42 0.24 0.59 0.000***
Distance × Year 5-10 Miles × 2010 - 5-10 Miles × 2000 0.41 0.24 0.58 0.000***
Distance × Year 10-15 Miles × 2010 - 10-15 Miles × 1990 0.41 0.24 0.59 0.000***
Distance × Year 10-15 Miles × 2010 - 10-15 Miles × 2000 0.41 0.23 0.58 0.000***

N
at
ur
al

G
as Distance × Year 0-5 Miles × 2010 - 0-5 Miles × 1990 0.95 -0.16 2.06 0.165

Distance × Year 0-5 Miles × 2010 - 0-5 Miles × 2000 0.92 -0.19 2.03 0.199
Distance × Year 5-10 Miles × 2010 - 5-10 Miles × 1990 0.78 -0.34 1.89 0.417
Distance × Year 5-10 Miles × 2010 - 5-10 Miles × 2000 0.73 -0.39 1.84 0.515
Distance × Year 10-15 Miles × 2010 - 10-15 Miles × 1990 0.90 -0.21 2.01 0.224
Distance × Year 10-15 Miles × 2010 - 10-15 Miles × 2000 0.86 -0.25 1.97 0.276

3.3 Discussion

There are benefits to having a power plant in a region. While, they can promote economic activity and

create a larger tax base for both the local community and county; power plants have also produce negative

externalities. This analysis provides evidence that based on Census data, the home county and surrounding

communities of power plants differ by the technology of the plant. The reasons for these differences are

varied, but they can be related to the availability of fuel, cooling water, externalities, and age of plant.

Nuclear power plants were typically constructed on rural sites with low population densities and with

direct access to major water sources needed for plant cooling. Nearby waterfront locations have been sought

after by high-income residents with high-end homes. Compared to their home counties, immediate nuclear

plant communities are wealthier than those further away. This has led to immediate communities having the

highest income and home values. This is dramatically different than the coal and natural gas, where income

and home values increase with distance from the plant. This is despite the fact that nuclear power plants

have specific regulatory constraints that other generating technologies are not subject to. These constraints

can play a factor in socioeconomic characteristics for these communities. Specifically, the 10-mile EPZ

surrounding all nuclear power plants would be expected to create negative externalities for communities

especially for those states, such as California, that require realtors to disclose the immediacy of the power
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plant [83]. However, this research shows an association between communities near nuclear power with higher

household incomes, home values, and levels of educational attainment despite safety concerns from potential

nuclear accidents.

Coal plants require access to major transportation networks, such as 120 rail cars supplying 10,000 tons

of coal per day and cooling water. Coal plants have the largest and visible impacts on local communities;

coal plants have a large footprint with pollution-emitting smokestacks towering hundreds of feet and acres

of coal piles. While communities that are not in the immediate area and the county can benefits from the

economic activity and tax base created by coal plants, the highest negative externalities and are generally

not sited in wealthy parts of the county. Typically, these communities are in the less wealthy parts of the

county or have a similar socioeconomic makeup as the county receive most of the negative externalities that

are common with industrial facilities that generates pollution. Relative to their counties, communities near

coal power plants contain vulnerable populations that have lowest average household incomes, home values,

and highest percentages of black residents compared to nuclear and natural gas plants. These findings are

similar to those of Mohai and Saha (2015) [84] who find that communities near hazardous waste facilities

are lower-income and communities of color. Their findings also show these communities have less political

power to resist siting which can explain the reason behind the disparity between the siting coal power plants

compared to nuclear and natural gas.

Unlike coal and nuclear power plants, natural gas plants do not have an aging fleet and their facility

has the smallest footprint. While they require access to natural gas pipelines, these can be underground

with minimal visible impact. The small footprint, allows them to be built in counties with higher population

densities. From a siting perspective, natural gas plants do not have the same environmental and safety

concerns as nuclear (accidents) and coal (pollution from SOx, NOx, and PM2.5) power plants. Without

these concerns, natural gas plants have more flexibility in siting, construction, and operations relative to

coal and nuclear power plants.

There are significant differences for population density, percentage of Black residents, percentages of

residents with Bachelor’s degrees or above, poverty rates, household income, and home values in counties

and communities with nuclear, coal, and natural gas power plants based on the findings from the county

and community-level analysis. It is expected that natural gas power plants are associated with communities

with large population densities because they are located in densely populated counties and are near large

population centers, such as cities and metropolitan statistical areas. Conversely, coal and nuclear power

plants are located in more rural areas. Comparatively, coal and nuclear power plants have similar siting and

population characteristics. Both generating technologies are in close proximity to large bodies of water and

have similar population densities at the county and community level. While it is typical that homes near
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large bodies of water see an increase in home values, this is only true for homes near nuclear power plants.

At the community-level between 1990-2010, there were no significant changes in population density,

the percentage of black residents, the percentage of residents with Bachelor’s degrees or above, household

income, and home value for each power plant type. After power plants begin operation, the associated

socioeconomic indicators stay relatively the same. While this study does not infer causality, the community-

level relationships and differences between power plants persist over three decades. Further analysis is needed

to determine if the county and community-level relationships existed before the operation of these power

plants and whether they differ based on power plant type.

With an aging fleet of nuclear and coal power plants, it is expected many will face retirement in the

near future. The average ages of nuclear and coal power plants in the socioeconomic analysis are 32 and

41 years, respectively, while the average age of natural gas power plants are 14 years. Rode et al. (2017)

[85] finds 86% of all power plants ever built were still in operation in 2014. This rapidly aging fleet will

likely lead to a growth in power plant retirements after 2030. Regulatory emissions uncertainty, economic

factors, and license renewals are the largest factors for determining the timing of the retirements. About

30% of installed nuclear capacity will be lost by 2035 if the operating licenses for nuclear power plants are

not extended beyond 60 years [23]. Industry has largely replaced its retiring capacity with natural gas due

to it availability and low price. Utilities are moving towards converting coal plants to use natural gas as a

primary fuel. For example, AEP’s Clinch River coal power plant completed its conversion to natural gas in

2016 [86]. Communities and counties that dealt with the externalities of large coal facility in the past are

now the site of smaller capacity natural gas plants.

Moving forward, many large baseload coal and nuclear power plants have the potential to be replaced

with smaller capacity natural gas plants or small modular reactors. There is a legacy of older plant tech-

nologies and surrounding communities that most likely will not hold going forward. During this conversion

it will be important to understand the change in relationships that will occur between power plants and

their communities in the future. With the conversion from coal to natural gas, communities with existing

coal plants have the opportunity to reduce the worst of the negative externalities and yet retain some of the

economic benefits. The worst outcome for a community surrounding a large coal plant is retirement. The

community is left with the environmental stigma, loss of jobs, and loss of tax revenue.

It can be seen that there are disparities in communities surrounding power plants. The relationship

between power plant types and their respective home counties are explored and the risks related to the

current demographics associated with power plants and their power plant siting are quantified. However,

Davis (2017) [87] finds that US residential consumption of electricity significantly decreased in 2012 and has

remained flat. Should this trend continue, the replacement of large gigawatt scale coal and nuclear power
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plants with smaller capacity natural gas plants and small modular reactors can result in the preservation of

economic activity, reduce negative externalities, and ultimately change the relationships and risks between

socioeconomic indicators.



Chapter 4

Risk and regulatory considerations for SMR

emergency planning zones based on passive

decontamination potential

This work estimates and compares the environmental dose exposure in a post-accident scenario using

decontamination factors from EPRI’s Experimental Verification of Post-Accident iPWR Aerosol Behavior

test to the AP1000 and historical decontamination factors derived from NUREG-6189. On average, the

AP1000, Surry, and iPWR produces 139, 153, and 104 curies/ft3 75 minutes after a LOCA. The iPWR

produces less radioactivity per volume in containment than the AP1000 and Surry 84% and 96% of the

time, respectively. The AP1000 produces less radioactivity per volume than Surry 68% of the time. On

average, the AP1000, Surry, and iPWR produces 84,000, 106,000, and 7,000 curies/MWth 75 minutes after

a LOCA. The iPWR has stochastically less radioactivity per unit of thermal power than the AP1000 and

Surry. The lower bound 5 rem PAG limit is exceeded between 2 to 3 miles for thyroid exposure using the dose

exposure means for the AP1000 and Surry. In comparison, the 5 rem PAG thyroid limit is never exceeded for

the iPWR. The 1 to 5 rem PAG limit for whole body exposure is not exceeded at the 10-mile EPZ using the

mean estimates for the AP1000 and Surry. The iPWR does not exceeds the 1 rem lower PAG limit for whole

body exposure at the 5-mile EPZ using the mean value. These findings can be used in conjunction with the

improved analytical methods, found in the SOARCA study, to provide accurate and realistic estimates for

exposure. This will help create a pathway to develop a regulatory basis for technology-neutral, risk-based

approach to EPZs for iPWRs.

62



CHAPTER 4. RISK AND REGULATORY CONSIDERATIONS FOR SMR EMERGENCY PLANNING
ZONES BASED ON PASSIVE DECONTAMINATION POTENTIAL 63

4.1 Introduction

The relative uncertainty of new construction in the US has called into question the economic viability

and competitiveness of large-scale nuclear power plants [88, 89]. Construction of the two V.C. Summer

AP1000 units in South Carolina have ceased as a result of numerous delays and cost overruns [89]. The

development and deployment of SMRs are driven by their potential for higher levels of safety, reduction in

construction time, improved construction efficiency through modular construction methods, minimizing cost

overruns, and lower overall capital cost. Ultimately within the nuclear industry, the goal for the deployment

of SMRs is to maintain a high level of safety, reduce the financial risks that have burdened large-scale nuclear

power plants, and provide flexibility for installed capacity.

There are a variety of designs and types of Generation III+ and Generation IV SMRs. Thermal reactors

rely on neutron moderators to reduce the speed of fast neutrons to maintain the nuclear chain reaction. Fast

reactors rely on fast neutrons to maintain the nuclear chain reaction and do not require a neutron moderator.

SMR classifications are listed below:

• Thermal Rectors

– Pressurized Water Reactors (PWRs)

∗ Integrated PWRs (iPWRs)

– High Temperature Gas-cooled Reactors (HTGRs)

– Molten Salt fueled Reactors (MSRs)

– Fuel fabrication

• Fast Reactors

– Liquid Metal Fast Reactors (LMFRs)

– Gas-cooled Fast Reactors (GFRs)

– Equipment use

Within these classifications, PWRs and iPWRs are considered generation III+ reactors, while HTGRs,

MSRs, LMFRs, and GFRs are considered generation IV reactors. As a subset of PWRs, iPWRs differ because

all major components are located inside the reactor vessel. While there are many types of conceptual SMR

designs from many vendors around the world, the NuScale iPWR design is the only SMR to submit an

Nuclear Regulatory Commission (NRC) design certification. Based on this, the near term deployment of

commercial iPWR SMRs in the US are more likely than the generation IV designs. With the NRC accepting
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the Tennessee Valley Authority’s application for an early site permit, there have been questions regarding

tying SMRs to the same regulatory framework as large-scale nuclear power plants. This includes staffing

and security requirements, the size of emergency planning zones (EPZs), and the licensing process [90].

It has been argued that a risk and performance-based approach to licensing would be appropriate for

SMRs because they have a much different risk profile than large-scale reactors [91, 92]. This is based on

several factors including their limited electrical capacity of 300 MWe, the below grade reactor vessel, and

passive safety features, and lower radioactive material on-site. One design feature that can significantly

reduce accident severity is the larger lateral surface area-to-volume (A/V) ratio of SMRs [93, 94]. This

larger A/V ratio can increase the removal of particles due to natural phenomena compared to traditional

LWRs [93, 94].

Figure 4.1: Diagram of generic iPWR SMR [93].

The size of EPZs for SMRs are viewed as one of the most pressing issues regarding the regulatory

framework for SMRs. EPZs are currently 10 and 50-mile buffer zones around nuclear power plants. They

are designed to facilitate protective actions in the event of a nuclear incident. Protective actions, such as

sheltering, evacuation, and using potassium iodide within the 10-mile buffer plume exposure pathway EPZ

is designed to reduce exposure of radioactive material through inhalation [95]. Protective actions, such as

prohibiting the consumption of contaminated food and liquid within the 50-mile ingestion exposure pathway

EPZ is designed to reduce the ingestion of radioactive materials [95]. EPZs can be determined on a case-

by-case basis for gas-cooled reactors or reactors with thermal power of <250 MWth [96], however they are

still governed by emergency response guidance in NUREG-0396 [97].

One of the first protective measures implemented to protect the public in the event of an accident

was the establishment of a low population zone in 1962 as part 10 CFR Part 100. Though emergency

preparedness had been a requirement for nuclear facilities, previous guidance was not specified for the
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distance of planning zones until 1970 with 10 CFR 50 Appendix E. Despite these efforts, there were still

questions regarding emergency planning recommendations based on the characteristics and the magnitude

of nuclear accidents. In response, a task force made up of NRC and EPA representatives in 1976 were

assembled to determine the appropriate level of emergency planning at the local, state, and federal levels. In

1978 the task force produced a report in the form of NUREG-0396 [97]. This report established the concept

of a generic EPZ to protect the public and environment in the event of an accident.

As part of the NRC licensing process for any nuclear facility, emergency response plans must be devel-

oped in coordination with state and local agencies to protect the public health end environment in the event

of the release of radioactive material. Other forms of power generation are not required to establish and

maintain EPZs. As a result, they are not subject to their associated costs. Figure 4.2 shows the estimated

cost for establishing and maintaining a 10-mile, 5-mile, 2-mile, and site boundary EPZ. On average, it is

estimated that it costs approximately $10 million to establish an EPZ and an additional $2.25 million per

year to maintain. This estimation assumes the EPZ is for a single unit plant with a nominal 40-year lifetime

[98]. Reducing the 10-mile plume exposure pathway EPZ can reduce offsite emergency preparedness lifetime

costs by between 68% - 84% for a 5-mile EPZ, 89% - 92% for a 2-mile EPZ, and 94% at the site boundary

EPZ with a 3% discount rate.

Figure 4.2: Estimated lifetime costs of emergency planning zones [98].

With a relatively strong safety record and the high costs of maintaining EPZs, the nuclear industry

is lobbying the NRC to move towards using more risk-informed approaches when establishing EPZs for

iPWR SMRs. From a cost perspective, there are opportunities to reduce the financial risk based on the
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inherent attributes of iPWR SMRs compared to large-scale Light Water Reactors (LWRs). Typically, a

large emphasis is placed on the capital cost and the LCOE for iPWR SMRs [99, 100, 101, 102, 103]. Instead

of focusing on costs related to overnight construction and the LCOE, shifting the focus to safety can create

opportunities to reduce cost. Specifically, using dose exposure in a post-accident scenario as a risk and

performance-based metric that can be used to reduce the size of EPZs for iPWR SMRs.

In 2011 the NRC concluded EPZ designation could employ a technology-neutral, dose-based, risk-

informed approach for SMRs [104]. In response the NEI produced a white paper on methods and criteria for

establishing a technical basis for risk-informed scaling EPZs for SMRs based on associated dose characteristics

[105]. NRC Regulatory Guide 1.183 [106] permits the use of natural deposition correlations to determine

nuclear containment decontamination factors (DFs) after an accident for large-scale nuclear power plants.

Specifically, natural processes, such as gravitational settling,1 diffusiophoresis,2 and thermophoresis3 during

accident conditions for large-scale LWRs developed in Powers et al. (1996) [107]. However, these correlations

have not been quantified for iPWRs. In the past Sandia National Laboratories produced a report [93] that

evaluated aerosol deposition experimental data since 1993. These could prove relevant to iPWRs and assist in

developing the experimental framework needed to evaluate aerosol depositions for an iPWR given their A/V

ratios and post-accident transient containment conditions. In their analysis, two iPWR accident containment

conditions were considered; An early release, within 1 hour of an accident with a pressure of 45-700 psig

and temperature of 290°F-500°F. As well as a late release, within an hour to 7 days of an accident with a

pressure of 20-190 psig and 230°F-380°F. A nuclear power plant assessment tool, MELCOR (typically used to

model the progression of accidents in LWRs) was used to model the aerosol deposition rates for gravitational

settling, diffusiophoresis, and thermophoresis. The Sandia National Laboratories report found deposition

velocity for gravitational settling is important for dry environments and diffusiophoresis is the dominant

process in determining DFs for iPWR expected containment conditions. Thermophoresis was shown to be

an unimportant factor for iPWR in expected conditions.

While the report by Sandia National Laboratories identified phenomena significant during post-accident

scenarios, there is a research gap in quantifying DFs for iPWR designs. The Electric Power Research Institute

(EPRI) with support from Department of Energy (DOE) has funded a research program to fill this research

gap by conducting a set of experiments and developing a Computational Fluid Dynamics (CFD) model

to estimate the aerosol behavior for an iPWR under accident conditions [94, 108]. EPRI’s Experimental

Verification of Post-Accident iPWR Aerosol Behavior test simulated the release of particles ranging from 2
1A phenomena where particles settle to the bottom of containment due to gravity.
2The process where particles travel from a higher to a lower steam concentration due to the movement of steam to the

walls.
3A phenomenon where a high to low temperature gradient causes particles within containment to move towards the surface.
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to 10 µm in size into the containment environment following an assumed pipe break to better understand

aerosol behavior inside containment in a post-accident scenario for iPWRs. The technical report indicates

the inclusion of convective flow significantly increases the decontamination (reduction in airborne radioactive

particles within containment) in the CFD models. The report also indicates an increase in lateral A/V results

in faster deposition rates. The goal of this work is to uses the DFs found in EPRI’s iPWR Aerosol Behavior

test to estimate dose exposure rates to the public after an accident. From a regulatory standpoint, reduced

exposure to radionuclides in the environment can be credited towards dose savings in support of a Level 3

Probabilistic Risk Assessment (PRAs)4 during licensing.

To establish scalable EPZs for iPWR SMRs; a dose-based, risk-informed approach can be incorporated

by estimating the environmental dose exposure in a post-accident scenario with the DFs produced from

EPRI’s Experimental Verification of Post-Accident iPWR Aerosol Behavior test. The estimated dose ex-

posure can be used as a metric for risk-informed EPZ scaling decisions. RASCAL is used to estimate the

radioactivity present after a simulated core melt of the reactor vessel where radionuclides are released into

the containment structure (ex-vessel release phase). The estimated DFs are used to estimate radioactivity

within containment and dose exposure in the enviornment. The calculated dose and DFs will be compared to

the AP1000 and Surry Unit 1. The AP1000 was selected to represent Generation III+ nuclear power plants

because Vogtle units 3&4 are currently under construction in Georgia and its aerosol removal coefficients

are well documented. Surry was selected because it was used to model a typical PWR in safety studies

NUREG-1150 and the State-of-the-Art Reactor Consequence Analyses (SOARCA). With this comparison,

the risks of radioactive material being released into the environment relative to large LWR can be quanti-

fied. The calculated dose of the AP1000 and the iPWR Aerosol Behavior test will be evaluated against the

EPA Protective Action Guide (PAG) limits of 1 to 5 rem for whole body dose and 5 to 25 rem for thyroid

dose [109] at the proposed site boundary, 2 mile, 5 mile, and 10 mile EPZ. Regulatory framework decisions

made by the NRC regarding reactor safety can be influenced by the advice of subject matter experts on

the Advisory Council on Reactor Safeguards (ACRS). The recommendations that the ACRS provides to

the NRC includes initiating reviews of nuclear facility safety-related items. The comparative results can be

used to quantify the risks to regulatory acceptance by including additional considerations to the Level 3

PRA based on recent research in aerosol behavior for iPWRs. This approach includes the inherent passive

safety features present in iPWR SMRs that were not present in legacy PWRs. NRC regulations and design

certifications are considered the international “gold standard” in nuclear safety [90], however organizations

feel the regulatory burden may have a negative economic impact on growth for a fragile industry. This work
4Level 1 PRAs estimate the frequency of accidents that cause core damage. Level 2 PRAs estimates the frequency of

accidents that release radionuclides into the environment. Level 3 PRAs estimate the consequences related exposure to the
public after the release of radionuclides into the environment.
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can ultimately be used to quantify the risks related to the release of radionuclides into the environment and

offsite consequences to support Level 3 PRAs for iPWRs.

4.2 Methods

To estimate the dose from the release of radionuclides following a LOCA, a collection of methods are

used to estimate the core inventory of radionuclides, calculate the DFs, and estimate the dispersion of

radionuclides after the containment vessel leaks material or fails. The current regulatory basis for EPZ

are based on atmospheric dispersion models and methodology that is over 40 year old [110]. This analysis

uses updated aerosol behavior methodology for iPWRs and simple atmospheric dispersion models. Figure

4.3 outlines a simplified diagram of the major steps in this study. First, the inventory of the radionuclides

are assumed using the values presented in NUREG-1940 [111]. NUREG-1465 [112] is used to estimate

the radioactivity during each release phase. Second, to account for inherent uncertainties, Monte Carlo

simulations are used in instances with multiple DF estimates. The DFs will be applied to the radionuclide

inventory while in containment before an assumed containment vessel failure or leakage. DFs are sourced

from the natural process described in Powers et al. 1996 [107], the AP1000 passive containment cooling

via the natural process as described in the AP1000 Design Control Document (DCD) Appendix 15B5 [113],

and EPRI’s iPWR Aerosol Behavior technical report [108]. Finally, a straight-line Gaussian plume model is

used to estimate the dispersion of material over a proposed site boundary, 2 mile, 5 mile, and 10 mile EPZ

to determine if the dose falls within PAG limits. Because of limited iPWR DF data, the dose estimation is

limited to 80 minutes following a LOCA.

Figure 4.3: Core Inventory, Containment Decontamination, and Atmospheric Process Flow. Core inventory
radioactivity is estimated using the NRC code, RASCAL. Then decontamination factors from the AP1000
Design Control Document Appendix 15B, NUREG-6189, and EPRI’s aerosol behavior test is used to estimate
the containment radioactivity. Finally, a straight-line Gaussian Plume model is used to estimate the dose
exposure from the radioactive material exiting containment.

5It is assumed that the AP1000 does not apply convective flows as an in-containment vessel aerosol removal natural process
[108].



CHAPTER 4. RISK AND REGULATORY CONSIDERATIONS FOR SMR EMERGENCY PLANNING
ZONES BASED ON PASSIVE DECONTAMINATION POTENTIAL 69

4.2.1 Radionuclide Inventory and Plant Specifications

The AP1000, Surry, and a hypothetical 160 MWth iPWR are used as test cases to evaluate the per-

formance of DFs in relation to dose rates following a post-accident scenario. Table 4.1 shows key plant

parameters for the AP1000, Surry, and the hypothetical 160 MWth iPWR are used as input for RASCAL6

to establish the radionuclide inventory for each model.

Table 4.1: AP1000, Surry, and iPWR Plant Parameters.7

Parameters AP1000 Surry iPWR
Thermal power (MWth) 3,415 2,587 160
Average burnup (MWd/MTU) 30,000 30,000 30,000
Containment Volume (ft3) 2,060,000 1,800,000 10,537
Surface area-to-volume ratio (ft-1) 0.04 0.03 0.60

0.67
0.75

Design leak rate (%/d) 0.1 0.1 0.1
Assemblies in core 157 157 37
Assumed stack height (m)8 10 10 0-10

Table 4.2 shows the initial core inventory and the percentage of each radionuclide group for each power

plant. Table 4.3 shows the fraction of radionuclides that are released for each phase following a LOCA [111]

and the percentage of radioactivity attributed to each radionuclide group after the ex-vessel stage. While a

majority of the radioactivity is attributed to the Cerium group and Lanthanides in Table 4.2, noble gases

and halogens make up a combined 86% of the radioactivity by the ex-vessel stage in Table 4.3. This is due to

100% of the nobles gases, 40% of halogens, 30% of alkali metals, and 5% of the tellurium’s group’s inventory

are released into containment by the end of the in-vessel stage. NUREG-0396 [97] considers I-131, I-132,

I-133, I-134, I-135, Te-132, Kr-88, Xe-133, Xe-135, Cs-134, and Cs-137 to have significant contributions to

whole body and thyroid exposure to the public. Within the ex-vessel phase, 100% and 65% of the initial

inventory of noble gases, Halogens and Alkali metals will be released into containment, respectively. While

in containment, the natural process is expected remove the fission products with the exception of noble gases

via natural convective flows, gravitational settling, diffusiophoresis, and thermophoresis. The DFs are used

to quantify how well the natural process can remove the fission materials.
6NUREG-1940 [111] outlines the core inventory of radionuclide during operation by thermal capacity
7The iPWR is assumed to have the same thermal power as the NuScale SMR. The PWR surface area-to-volume ratio

presented in Rochau et al. (2014) [93] is the assumed value for Surry
8Typically, the nuclear island and containment vessel are below grade for SMRs. A uniform distribution is used to model

the stack height range. The stack height for Surry and the AP1000 are based on Regulatory Guide 1.145 [114]
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Table 4.2: Power Plant Initial Core Radioactivity.

Total Radioactivity
AP1000 Surry iPWR % of Total

Radioactivity
(Million Curies)

Noble Gases (Kr, Xe) 568 431 27 9%
Halogens (I, Br) 790 598 37 12%
Alkali Metals (Cs, Rb) 26 20 1 0%
Tellurium group (Te, Sb, Se) 230 174 11 3%
Barium, Strontium (Ba, Sr) 544 412 25 8%
Noble metals (Ru, Rh, Pd, Mo, Tc, Co) 732 554 34 11%
Cerium group (Ce, Pu, Np) 2,362 1,789 111 35%
Lanthanides (La, Zr, Nd, Eu, Nb, 1,421 1,077 67 21%
Pm, Pr, Sm, Y, Cm, Am)
Total Radioactivity 6,674 5,055 313 100%

Table 4.3: Fraction of Core Radioactivity Inventory Released for PWRs. [111, 112]

Gap Early In-Vessel Ex-Vessel Late In-Vessel Ex-vessel
0.5 Hours 1.3 Hours 2 Hours 10 Hours Radioactivity

Noble Gases (Kr, Xe) 0.05 0.95 0 0 45%
Halogens (I, Br) 0.05 0.35 0.25 0.1 41%
Alkali Metals (Cs, Rb) 0.05 0.25 0.35 0.1 1%
Tellurium group (Te, Sb, Se) 0 0.05 0.25 0.005 5%
Barium, Strontium (Ba, Sr) 0 0.02 0.1 0 5%
Noble metals (Ru, Rh, Pd, Mo, Tc, Co) 0 0.0025 0.0025 0 0%
Cerium group (Ce, Pu, Np) 0 0.0005 0.005 0 1%
Lanthanides (La, Zr, Nd, Eu, Nb, 0 0.0002 0.005 0 1%
Pm, Pr, Sm, Y, Cm, Am)

4.2.2 iPWR Aerosol Behavior Test and CFD Model Design

The iPWR Aerosol Behavior test [94, 108] estimates the deposition rates for convective flows, grav-

itational settling, diffusiophoresis, and thermophoresis inside a iPWR containment using Phase Doppler

Particle Analyzers (PDPAs). PDPAs are used to measure particle size, velocity, density and volume flux.

The iPWR Aerosol Behavior test containment structure contains three vertical locations with 3 pairs of

sample points for the PDPAs to measure particle behavior. Sample points 1&2, 3&4, and 5&6 are 24 inches,

28 inches, and 72 inches from the top of the containment vessel, respectively.

For each A/V scenario the iPWR Aerosol Behavior test is run three times with a temperature range

between 250°F and 500°F to capture the early and late release scenarios in the Sandia National Laboratories

study. The iPWR Aerosol Behavior test assumes the ex-vessel release phase because it is representative

of the post-pressurization aerosol depletion period. This will allow the two PDPAs to capture the aerosol

behavior data for each pair of sample points. The deposition velocities are outlined by Friedlander (2000)

[115] and Powers et al. (1996) [107]. Figure 3 shows the physical containment structure has cylindrical

inserts with diameters of 4 inches, 26 inches, and 36 inches that correspond to A/V ratios of 0.60 ft-1, 0.67

ft-1, and 0.75 ft-1 with containment vessel diameters of 80 inches and a reactor vessel height of 8 ft. The CFD
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Figure 4.4: iPWR Containment Structure with Reactor Vessel Cylindrical Inserts [94].

model, developed by Biwalker and Satbir (2017) [116], performs simulations using CONVERGE CFD codes

with user defined functions while transient flow simulations are performed with Reynolds-Averaged Navier-

Stokes (RANS). The model is made up of a condensation, deposition velocity, and drift-flux models [116].

The CFD model was verified against the Sandia National Laboratories report for deposition velocities and

literature for prediction of condensation and phoretic phenomena [116]. A two-dimensional (2D) slice of the

containment vessel is simulated during a post-accident scenario. A verified CFD model is created by using

corresponding locations from the iPWR Aerosol Behavior test to calibrate the CFD model. Other locations

will be used to determine the accuracy in estimating the deposition velocities from the corresponding CFD

2D slice inside the containment vessel.

4.2.3 Decontamination Factors in Containment

Globally, there are a diversity of SMR designs from many different vendors [117]. Each SMR design

will have varying A/V ratios that will ultimately impact their ability to remove radioactive particles in

post-accident scenario within containment via natural process. DFs are defined as the ratio between the

initial aerosol mass and the aerosol mass after a decontamination mechanism, such as natural process or

sprays are initiated. This work will focus on the DFs from the natural process within the containment vessel

for representative legacy large LWRs (Surry), Generation III+ large LWRs (AP1000), and hypothetical

Generation III+ iPWRs (160 MWth). Historically, a simplified method developed by Powers et al. (1996)
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has been used to derive DFs using aerosol removal coefficients outlined in Table 4.4. Aerosol reduction

factors (RDF) are the inverse of DFs as shown in Equation 4.1.

Table 4.4: Aerosol Removal Correlation Coefficients for Gap and Early In-vessel Release Stages [107].

Release Stage Time Interval (s) Percentile Aerosol Removal Coefficients
Gap 0 - 1800 90 λ(90) = 0.0349 + 3.76 × 10-6 P
Gap 0 - 1800 50 λ(50) = 0.0256 + 3.90 × 10-6 P
Gap 0 - 1800 10 λ(10) = 0.0167 + 3.25 × 10-6 P
Early In-vessel 1800 - 5400 90 λ(90) = 0.0505 + 0.94 × 10-6 P
Early In-vessel 1800 - 5400 50 λ(50) = 0.0257 + 3.87 × 10-6 P
Early In-vessel 1800 - 5400 10 λ(10) = 0.0166 + 3.49 × 10-6 P
Where P is the thermal reactor power (MW).

DF (t) = 1
RDF

= M0

Mt
, (4.1)

Where:

M0 : is the initial aerosol mass

Mt : is the aerosol mass at time t

DFs can also be derived from the aerosol removal coefficients shown in Table 4.4 using Equation 4.2 from

Zhao et al. (2015) [118].

DF (T ) = 1

e
−
∫ T

0 λ(t)dt
, (4.2)

Where:

λ(t) : is the aerosol removal coefficient, as a function of time

T : is the time after aerosol removal

Studies in the past have typically investigated post-accident scenarios for least 24-hours [118, 119]. Zhao

et al. (2015) [118] shows the AP1000 PCC has the most dominant DF within a 24 hour period compared

to the 10th, 50th, and 90th percentile DFs from Powers et al. (1996) [107]. The DFs outlined NUREG-1228

and RASCAL are only dominant during the first 6 hours post-accident. However, Zhao et al. (2015) [118]

considers the DFs from RASCAL and NUREG-1228 to be unrealistic. As a result, the DFs from RASCAL

and NUREG-1228 are not in the Monte Carlo simulation. The iPWR Aerosol Behavior test used 7 test

cases with varying parameters for reactor vessel wall temperature, containment vessel wall temperature,

pressure, A/V ratio, and steam mass fraction to calculate their associated DFs. Table 4.5 shows the varying
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parameters for each test case. Figure 4.5 shows a reproduced plot of the DFs from each respective test case.

Based on the on the iPWR Aerosol Behavior test, test case 7 has the lowest DF (15), while test case 5 and

13 have the highest (28 and 27, respectively).

Table 4.5: iPWR Aerosol Behavior Decontamination Factor Test Case Parameters [108].

Test Reactor Containment Pressure Surface Area Steam
Test Case Type Vessel Wall Vessel Wall (psi) to Volume Mass

Temperature (°F) Temperature (°F) Ratio (ft-1) Fraction
5 TGCD 500 220 200 0.67 0.7
6 TGCD 450 220 200 0.67 0.7
7 TGCD 400 220 200 0.67 0.7
10 TGCD 500 220 200 0.60 0.7
11 TGCD 500 220 200 0.75 0.7
13 TGCD 500 220 65 0.67 0.7
15 TGCD 500 220 20 0.67 0.7

Note: T - Thermophoresis, G - Gravitational settling, C - Convective flow, and D - Diffusiophoresis

Figure 4.5: Reproduced Decontamination Factor Curve Fit for Test Cases [108].

Figure 4.6 shows the DFs during the first 75 minutes following a LOCA for the AP1000 and the 160

MWth iPWR using DFs from Powers et al. (1996) [107], the AP1000 PCC, and iPWR Aerosol Behavior test.

Because the iPWR Aerosol Behavior test has 7 test cases, Monte Carlo simulation is used to account for

uncertainty. The error bars for the iPWR represent the 90% confidence interval to reflect the same interval

used in Powers et al. (1996).9

9Error bars are included in Figure 4.6 to represent the 10th and 90th percentile using the Powers et al. (1996) method for
the AP1000 and iPWR. Because there is no significant difference in DF at 75 minutes they do not appear in the log scale.
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Figure 4.6: Comparison of decontamination factors for the AP1000 and the iPWR.

The DFs are slightly above 1 (<1% of particles are removed) during the first 75 minutes for the AP1000

and 160 MWth iPWR assuming the Powers et al. (1996) method. The AP1000 PCC achieves a DF of 2 (50%

of particles are removed) after 75 minutes and it takes about 5 hours to reach a DF of 10. Zhao et al. (2015)

[118] shows it takes about 8 hours for the AP1000 to reach a DF of 10 using the 90th percentile correlation

coefficients. In comparison, the 160 MWth iPWR approaches a DF of 10 within the first 15 minutes and a

DF of 21 (95% of particles are removed) in 75 minutes using the DFs from EPRI’s Aerosol Behavior test.

4.2.4 Atmospheric Dispersion

After containment failure, the radionuclides within the containment vessel are leaked into the atmo-

sphere. The atmospheric dispersion of radionuclides are modeled using straight-line Gaussian Plume models.

Within this analysis, Gaussian plume models are used to estimate the concentration of radioactivity from

point sources assuming conditions are at steady state, the concentration of radioactivity is time-averaged,

and the terrain is flat. Historically, Gaussian plume models are a simplified method for modeling atmospheric

dispersion of air pollutants, particles, and radionuclides at ground level based on a given distance. Inputs

typically consist of the wind speed, the wind stability category, point source stack height, and emissions

rate. While simple, straight-line Gaussian plume models tend to have conservative tendencies and they

produce conservative dose estimates for preliminary safety analyses [120]. Based on the distance and sector,
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Gaussian plume models can have a relative concentration of up to 14 times higher than Lagrangian plume

models [120]. Lutman et al. (2004) [121] also finds that Lagrangian dispersion models can provide more

realistic atmospheric dispersion estimates than Gaussian plume models. Based on the its relative simplicity

and conservative tendencies, Gaussian plume models will be used to represent the higher bound estimate

for dose exposure within this analysis. A generic Gaussian Point Source Plume model is shown in Equation

4.3. The Gaussian plume model is reduced to Equation 4.4 to estimate downwind centerline ground-level

exposure.

χ(x, y, z) = Q

2πuσzσy

[
exp
(
−(z − h)2

2σ2
z

)
+ exp

(
−(z + h)2

2σ2
z

)]
×
[
exp −(y)2

2σ2
y

]
, (4.3)

Where:

χ : is the concentration of radioactivity at position x, y, z within the Cartesian coordinate system (meters)

Q : is the contaminant emission rate of all radionuclides (curies/second)

u : is the wind speed at the stack release height in (meters/second)

σy : is the lateral plume spread based on Pasquill-Gifford stability categories

σz : is the vertical plume spread based on Pasquill-Gifford stability categories

χ(x, 0, 0) = Q

πuσzσy

[
exp
(
−(h)2

2σ2
z

)]
(4.4)

Understanding the impact atmospheric dispersion and radionuclide transport plays an important role

in estimating dose exposure. RASCAL and several studies in the past utilizes straight-line Gaussian plume

models to estimate the concentration of radionuclides. The calculated concentrations from Gaussian plume

models are used in Equation 4.5 [122, 123] to estimate the total thyroid dose exposure for the AP1000,

Surry, and the 160 MWth iPWR. The sum of the whole body inhalation (CEDE) and immersion (EDE)

doses using Equation 4.5 and 4.6 are used to calculate the total effective dose equivalent (TEDE) [123].

DCEDE =
∑

i

DCF ×B × χ

Q
× STi, (4.5)

Where:

DCEDE : is the is inhalation dose (Committed Effective Dose Equivalent) (rem)

DCF : is the dose conversion factor for radionuclide i (rems/curies)

B : is the assumed breathing rate of 2.66 × 10-4 m3/second
χ

Q
: is the relative concentration

STi : is the source term for radionuclide i (curies)
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Dim =
∑

i

DCF × χ

Q
× STi, (4.6)

Where:

Dim : is the is immersion dose (Effective Dose Equivalent) (rem)

Inhalation and immersion DCFs are sourced from Federal Guidance Report No. 11 [124]. Table 4.6 outlines

the DCF for each radionuclide in this analysis.

Table 4.6: Radionuclide Dose Conversion Factors [124].

Radionuclide Thyroid Inhalation Whole Body Inhalation Whole Body Immersion
(rem/curies) (rem-m3/seconds-curies)

I-131 1,080,400 32,893 -
I-132 6,438 381 -
I-133 179,820 5,846 -
I-134 1,066 131 -
I-135 31,302 1,228 -
Te-132 217,190 8,362 -
Cs-134 41,070 46,250 -
Cs-137 29,341 31,931 -
Kr-88 - - 3,700
Xe-133 - - 62
Xe-135 - - 481

4.3 Results

4.3.1 Containment Deposition

A Monte Carlo simulation of 100,000 samples is used to estimate the radioactive activity for the AP1000,

Surry, and the 160 MWth iPWR. The DFs presented in Figure 4.6 are applied to the AP1000, Surry, and the

iPWR. To account for uncertainty, a uniform distribution using the AP1000 DCD and the NUREG-6189 DFs

as parameters are used to estimate the containment radioactivity for the AP1000. Figure 4.7 shows the mean

and 90% confidence interval of the radioactive activity for I-131, I-132, I-133, I-134, I-135, Te-132, Cs-134,

and Cs-137 inside containment normalized to the volume and thermal power for each power plant. Panel 1

shows the total radioactivity per volume, Panel 2 shows the total radioactivity per unit of thermal power,

Panel 3 shows the cumulative radioactivity per volume, and Panel 4 shows the cumulative radioactivity per

unit of thermal power. Panel 1 of Figure 4.7 shows, on average, the AP1000, Surry, and iPWR produces

139, 153, and 104 curies/ft3 75 minutes after a LOCA. The iPWR stochastically dominates Surry and on

average, has less radioactivity per volume in containment than the AP1000. The Monte Carlo simulation
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shows the iPWR will produce less radioactivity per volume in containment than the AP1000 and Surry 84%

and 96% of the time, respectively. The AP1000 produces less radioactivity per volume than Surry 68% of

the time. On average, Panel 2 of Figure 4.7 shows the AP1000, Surry, and iPWR produces 84,000, 106,000,

and 7,000 curies/MWth 75 minutes after a LOCA. The iPWR has stochastically less radioactivity per unit

of thermal power than the AP1000 and Surry. Based on the comparisons of DFs in Figure 4.6, it can be seen

within 75 minutes, the iPWR DFs plays a substantial role in reducing the radioactivity. While it is expected

that the iPWR would have a lower radioactivity level than the AP1000 and Surry, the iPWR continues to

have lower radioactivity levels after normalizing by thermal reactor power and volume. Panels 3 and 4 shows

the average radioactivity per volume and thermal power of Surry increases 18% faster than the AP1000 and

46% faster than the iPWR between minute 30 and 75. The AP1000’s radioactivity by volume and thermal

power increase 23% faster than the iPWR. Appendix C shows the estimated radioactivity from each iPWR

Aerosol Behavior test case.

Figure 4.7: Panel 1: Radioactivity per Volume in Containment. Panel 2: Radioactivity per Thermal Power
in Containment. Panel 3: Cumulative Radioactivity per Volume in Containment. Panel 4: Cumulative
Radioactivity per Thermal Power in Containment.
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4.3.2 Off-site Consequence Analysis

Straight-line Gaussian Plume models are used to estimate dose exposure within the EPZ for the AP1000,

Surry, and the iPWR. The behavior of atmospheric dispersion is in part governed by the Pasquill-Gifford

stability classes via horizontal (σy) and vertical (σz) dispersion coefficients at a given distance from the point

release. Monte Carlo simulation is used to incorporate stability classes B, D, and F to represent moderately

unstable, neutrally stable, and stable conditions, respectively, with winds speeds between 1-3 meters/second.

Figure 4.8 and Table 4.7 shows the mean and 90% confidence interval for the thyroid and whole body10 dose

exposure by distance. Panel 1 of Figure 4.8 shows the lower bound 5 rem PAG limit is exceeded between 2

to 3 miles for thyroid exposure using the mean value for the AP1000 and Surry. That same limit is violated

at 5 mile range for the AP1000 and Surry using the 95th percentile. In comparison, the 5 rem PAG thyroid

limit is never exceeded for the mean and 95th percentile value for the iPWR.

Figure 4.8: Thyroid and Whole Body Dose Exposure for AP1000, Surry, and iPWR.

Panel 2 of Figure 4.8 shows the 1 to 5 rem PAG limit for whole body exposure is not exceeded at the

10-mile EPZ using the mean estimates for the AP1000 and Surry. However, these limits are exceeds using

the 95th percentile. On average, the iPWR meets the lower bound 1 rem PAG limit for whole body exposure

at the 5-mile EPZ. The iPWR exceeds the 1 to 5 rem PAG limit for whole body exposure at the 1.5-mile

range using the mean value. The limit is not exceed when using the 95th percentile at the 2-mile EPZ. A

major source of the lower dose exposure of the iPWR compared to the large LWRs is due to the higher

deposition rates present in the iPWR and the lower overall radioactivity within containment.
10The whole body dose includes the immersion dose from the noble gas radionuclides.
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4.4 Conclusions and Policy Implications

As an increasing number of coal and nuclear plants begin to retire due to age and the inability to compete

economically with natural gas plants in deregulated markets, iPWRs can be viewed as a viable option to

can replace aging plants and can be viewed as economically competitive. While there are large uncertainties

related to the capital cost of iPWRs, the cost reduction can be achieved through added safety and higher

capacity factors with longer periods between refueling. Over the 40 year lifetime of a nuclear power plant as

much as $80 million can be saved by reducing the EPZ to 5 miles. Using simple straight-line Gaussian Plume

models from the past and with historical DF estimates, AP1000 DF estimates, and updated DF estimates

from EPRI’s Experimental Verification of Post-Accident iPWR Aerosol Behavior test to estimate offsite

consequence techniques, this analysis has shown that iPWRs can meet the EPA specified PAG lower limits

at 5 miles for whole body exposure and at site boundary for thyroid. Under the higher PAG limit of 5-rems,

the iPWR can meet the whole body dose exposure limit at 1.5 miles. Comparing the past DF estimates

(NUREG-6189 and the AP1000) against updated iPWR DFs based on an increased understanding of aerosol

behavior can serve as a step to support Level 3 PRAs and estimate off-site consequences in conjunction with

historical methods for modeling atmospheric dispersion (NUREG-1940, NUREG-1140, and NUREG-2260).

Putting it in perspective, accident analysis is performed over the course of at least 24 hours post-accident.

Zhao et al. (2015) [118] investigated the DFs of the AP1000 PCC during a 24 hour period and the Surry

SOARCA study investigated the release of iodine during a 48 hour period. Though this study is limited to

the first 75 minutes, the DFs for iPWRs will only substantially increase over time. At 14 hours the AP1000

PCC achieves a DF of about 1,000 [118]. It is conceivable that the iPWR can achieve that DF in a fraction

of the time. The EPRI also estimates decontamination for lateral A/V ratios outside of the experimental

test range using CFD simulations. Under the lower bound 0.14 ft-1 A/V ratio, decontamination occurs 9

times slower at minute 20 compared to 0.75 ft-1 A/V ratio. Though the 0.14 ft-1 A/V ratio decontaminates

much slower than a iPWR A/V ratio, the 0.14 ft-1 A/V ratio is much closer to that of a large LWR. This

can start a discussion for A/V ratios and convective flows being included as a parameter for estimating DFs

for large LWRs.

The basis of the 10-mile EPZ is based on methodology and consequence analyses that is over 40 years.

The consequence analyses for nuclear power plants have evolved fromWASH-740 (1957), WASH-1400 (1975),

CRAC-II (1982), and NUREG-1150 (1991) to SOARCA (2012). The newest consequence analyses study,

SOARCA, uses improved and realistic methods to model risk associated with severe accidents, such as incor-

porating emergency operating procedures, loss of infrastructure due to seismic events, improved modeling

capability in MELCOR and MACCS2. The SOARCA also included emergency response programs. Specifi-
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cally timing of decisions, infrastructure analysis, modeling infrastructure failure locations, the utilization of

potassium iodide, adverse weather, modeling evacuation time estimates, shielding factors, communication,

population distribution, and population attributes that can range from the general public to populations

within schools or special facilities (hospitals, prisons, nursing homes, and etc.). For radiological releases, the

SOARCA study found the amount of radioactive material released is much smaller than previously estimated

in prior studies [125]. For off-site consequences, the SOARCA study estimated the core damage frequency

(CDF) to be 3×10-8 for a interfacing systems loss-of-coolant accident (ISLOCA) compared to 1×10-5 in the

estimated CDF in NUREG-2239 [125]. Compared to the SOARCA, NUREG-2239’s integral release fraction

estimate of Iodine and Cesium is 3 and 34 times larger, respectively. Similarly, within this analysis the DFs

from past studies are compared against updated DF estimates for iPWRs with lateral S/A ratios of 0.60

ft-1, 0.67 ft-1, and 0.75 ft-1. Using more robust atmospheric dispersion models, such as MACCS2 or EPA’s

AERMOD will provide more accurate and improved estimation for dose exposure. Because straight-line

Gaussian Plume models have conservative tendencies, MACCS2 and AERMOD is expected estimate more

realistic and lower dose exposure rates.

NRC’s SOARCA study incorporates new modeling and realistic methods to accurately estimate off-site

consequences for PRAs. More importantly, the SOARCA study also compares its finding against previous

NRC sponsored safety studies and shows with improved modeling and emergency preparedness, the risk of

off-site consequences and the release of radioactive material is substantially reduced. However, the SOARCA

findings does not support a new regulatory basis for EPZs and is not its intended purpose. This analysis,

shows DFs of iPWRs substantially reduces off-site exposure compared to its large LWR counterparts without

using the advanced dispersion, emergency response, and estimated time to evacuation models presented in

the SOARCA. Incorporating the results from this work with the improved analytical methods of severe

accident progression and off-site consequences found in the SOARCA study in conjunction with emerging

communication technologies, such as the Intelligent Alarm Systems and FEMA’s Integrated Public Alert and

Warning System can accurately estimate and reduce the risk off-site consequences. With regards to large

LWRs, the AP1000 PCC decontamination does not take into account convective flows. An argument can be

made where CFD models using A/V ratios similar to that of large LWRs can be used to estimate their DFs

and also investigate off-site exposure in a post-accident scenario as well. This approach in estimating off-site

exposure in a post-accident scenario would ultimately create a pathway to develop a regulatory basis for

technology-neutral, risk-based approach to EPZs for iPWRs and to a lesser extent Generation III+ power

plants.



Chapter 5

Conclusions

The demand for electricity in the US is expected to increase by 29% between 2012 and 2040. With

an increasing shift towards a low-carbon energy sector, renewable are often viewed as the primary catalyst

for this transition. In 2015, wind represented 6% of the installed capacity [126] and produced of 5% the

total net generation in the US [68]. The DOE expects the installed capacity of wind to increase threefold

by 2030. Despite the estimated rapid increase in installed wind capacity, nuclear produced 4 times the

amount of electricity with 9% of total US capacity. Since 2010, utilities have announced the planned closure

of 10 nuclear power plant citing challenging economic conditions. Previously, early retirements have been

announced for 5 nuclear power plants in Illinois and New York, however these plans were canceled after the

introduction of economic incentives via zero emission credits for nuclear power. With regulatory uncertainty

concerning the clean power plan, the nuclear industry may not receive regulatory relief and other intensives

at a national level to help mitigate climate change. By 2035 it 30% of the installed nuclear capacity will be

lost if licenses are not extended to a 80-year lifetime [23]. Facing economic competition due to low natural

gas prices it is possible for a larger loss in installed capacity.

Throughout the history of the nuclear power sector has always been plagued with issues related to its

competitiveness. Typically, the focus has always been cost relative to other forms of electricity generation,

in the early history of the nuclear power sector it was coal. Today, it is low natural gas prices and increas-

ingly renewables. During the anti-nuclear movement in the 1960s and 1970s, nuclear power was viewed as

being dangerous and not environmentally palatable because of TMI, association with nuclear weapons, and

concerns surrounding nuclear waste. Today, there are still concerns regarding nuclear waste, but nuclear

energy is getting a second look because of its potential to produce low-carbon baseload electricity. The

major barrier to achieving the large-scale expansion of nuclear power has always been cost and concerns

about safety. The demise of each iteration of a nuclear renaissance revolves around safety, the regulatory

82
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response, energy strategy, and cost competitiveness. The rapid expansion of nuclear capacity during the

1960s and 1970s came to a halt after TMI and the subsequent regulatory response and a shift in the national

energy strategy. The “Nuclear Renaissance” ended after the Fukushima Daiichi nuclear accident and the

following regulatory review of the safety of all nuclear power plants. The shift in energy strategy was driven

by the market with the availability of affordable natural gas.

5.1 Summary of Results and Policy Implications

This section summarizes the results from the previous chapters and discusses policy implications.

1. Chapter 2  The environmental competitiveness of SMRs, Generation II, and Generation III+ nuclear

power plants:

(a) What are the life cycle GHG emissions for an SMRs, Generation II, and Generation III+ nuclear

power plants? How do they compare?

The mean (and 90% confidence interval) life cycle GHG emissions of the W-SMR to be 7.4 g of

CO2-eq/kwh (4.5 to 11.3 g of CO2-eq/kwh) and the AP1000 to be 7.6 g of CO2-eq/kwh (5.0 to 11.3

g of CO2-eq/kwh). The GHG emissions of the W-SMR and AP1000 are effectively the same given

the inherent uncertainties in the analysis. While, the AP1000 has the benefits of economies of scale,

the W-SMR’s modular ability enables it to make up some of the difference through efficiencies in

construction, operation and maintenance, and decommissioning.

(b) How do the life cycle GHG emissions compare to fossil fuel plants and renewables?

In comparison with other energy sources, the W-SMR and the AP1000 on average perform the

best for life cycle GHG emissions against all forms of energy generation except for hydropower

plants.

(c) What is the cost of carbon abatement for SMRs and Generation III+ nuclear power plants?

The estimated cost of carbon abatement with an AP1000 against coal and natural gas is $2/tonne

of CO2-eq (-$13 to $26/tonne of CO2-eq) and $35/tonne of CO2-eq ($3 to $86/tonne of CO2-eq),

respectively. In comparison, a W-SMR the cost of carbon abatement against coal and natural gas

is $3/tonne of CO2-eq (-$15 to $28/tonne of CO2-eq) and $37/tonne of CO2-eq (-$1 to $90/tonne

of CO2-eq), respectively.

(d) What are the policy implications of the emission results?

The retirement of small and medium-scale coal power plants due the availability of natural gas

can provide an opportunity for SMRs to replace that missing capacity. Assigning a cost to carbon
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for natural gas plant or implementing zero-emission incentives can improve the economic com-

petitiveness of nuclear power through environmental competitiveness. With the large uncertainty

surrounding the capital cost of an SMR, a majority of the economic benefits would have to come

on the backend though the cost of carbon or other incentives. The major difference between this

approach is there is less of a perceived financial risk for a NOAK SMR compared to an AP1000.

2. Chapter 3  The socioeconomic characteristics of communities surrounding baseload power generation

facilities:

(a) What types of socioeconomic disparities exist within counties and communities associated with

nuclear, natural gas, and coal power plants?

Relative to the home counties of nuclear plants, communities closer to nuclear plants have higher

home values and incomes than those further away. Conversely, communities near coal and natural

gas have incomes and home values that increase with distance from the plant. Relative to their

counties, communities near coal plants have the lowest incomes, home values, and the highest

percentages of Black residents compared to nuclear and natural gas plants. Communities near coal

plants are in less wealthy parts of the county or have a similar socioeconomic makeup as county.

(b) Are negative externalities associated with community characteristics based on power plant type?

Communities around coal and nuclear power plants are associated with negative externalities

related to pollution and nuclear accidents, respectively. These differing negative externalities

for each power plant type are associated with differing community characteristics. Communities

near coal plants are associated with vulnerable populations that have lowest average household

incomes, home values, and highest percentages of black residents compared to nuclear and natural

gas plants. Nuclear power plants are shown not to be bad neighbors, given their associations with

higher incomes and home values.

(c) How have socioeconomic indicators changed over time for communities near operating baseload

power plants?

At the community-level between 1990-2010, there were no significant changes in population density,

the percentage of black residents, the percentage of residents with Bachelor’s degrees or above,

household income, and home value for each power plant type. After power plants begin operation,

the associated socioeconomic indicators stay relatively the same. While this study does not infer

causality, the community-level relationships and differences between power plants persist over three

decades.
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3. Chapter 4  Risk and regulatory considerations for SMR emergency planning zones based on passive

decontamination potential:

(a) How do the decontamination factors from the AP1000, the iPWR aerosol behavior test, and

NUREG-6189 compare?

The DFs are slightly above 1 (<1% of particles are removed) assuming the Powers et al. (1996)

method. The AP1000 PCC achieves a DF of 2 (50% of particles are removed) after 75 minutes

and it takes about 5 hours to reach a DF of 10. It takes about 8 hours for the AP1000 to reach

a DF of 10 using the 90th percentile correlation coefficients. In comparison, the 160 MWth iPWR

approaches a DF of 10 within the first 15 minutes and a DF of 21 (95% of particles are removed)

in 75 minutes using the DFs from EPRI’s Aerosol Behavior test.

(b) How much radioactivity is present in containment after the decontamination factors have been

applied in a post-accident scenario?

Seventy-five minutes after a LOCA the AP1000, Surry, and iPWR produces 139, 153, and 104

curies/ft3 when normalized by containment volume. The AP1000, Surry, and iPWR produces

84,000, 106,000, and 7,000 curies/MWth when normalized by reactor power.

(c) What is the dose exposure after radioactive material is released into the environment? The mean

thyroid dose exposure is estimated to be 4.5 and 4.2 rems at 3 miles for the AP1000 and Surry,

respectively. The 5 rem PAG limits for the AP1000 and Surry are not violated after 3 miles using

the mean; the 5 rem PAG limit is not violated after 7 miles using the 95th percentile. The mean

thyroid dose exposure is estimated to be 0.02 rem at 3 miles for the iPWR. The 5 rem PAG limit

is never violated using the mean or the 95th percentile for the iPWR. The mean whole body dose

exposure is estimated to be 4.7 and 3.5 rems at 10 miles for the AP1000 and Surry, respectively.

The 5 rem PAG limits for the AP1000 and Surry are not violated at 10 miles using the mean. The

mean whole body dose exposure is estimated to be 1.1 rem at 3 miles for the iPWR. The 5 rem

PAG limit is not violated at after mile 2 using the 95th percentile for the iPWR.

(d) What are the policy implications?

Reducing the EPZ from 10 miles to 5 miles can save between $40-$50 million for iPWR SMRs over

their lifetimes. The findings can be used to in conjunction with the improved analytical methods

to provide accurate and realistic estimates for exposure. This can pave a way for the creation of

a pathway to develop a regulatory basis for technology-neutral, risk-based approach to EPZs for

iPWRs. Further research needs to be performed to used improved atmospheric dispersion models
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and estimate the impact convective flows can have the DFs for large-scale LWRs to develop a

similar technology-neutral risk-based approach to scaling EPZs for BWRs and PWRs.

Ultimately, this latest attempt at a “Nuclear Renaissance” ended with the cancellation of the V.C.

Summer Units 2&3 and the bankruptcy of Westinghouse Electric Company. Ideally, the approach that

poses the least amount of risk is to continue to keep the current fleet of power plants operating. However,

eventually these power plants will face retirement. Coal plants are also facing early retirements due to

regulatory changes and economic challenges from natural gas. While previous attempts at starting a nuclear

renaissance focused primarily on increasing the installed capacity and direct cost reduction, this work focuses

on indirect methods and insight on framing the next nuclear renaissance that encompasses SMRs, legacy,

and Generation III+ nuclear power plants. This work specifies indirect methods related to environmental

competitiveness where I compare the life cycle GHG emissions of nuclear power plants against renewables

and fossil fuels; compare community socioeconomic characteristics of legacy nuclear power plants to fossil fuel

plants to help identify equity issues related to power plant siting and provide an indication how communities

can change after power plant generating technologies are converted; and through safety by estimating off-site

dose exposure following an accident to develop a regulator basis related to scalable EPZs for SMRs.

5.2 Future Work

The work presented in this dissertation has answered many questions regarding indirect methods to

improve the competitiveness of nuclear power. Based on this work, additional questions have been posed

that can be addressed in future work.

1. Chapter 2 shows that emissions savings from economies of scale for an AP1000 can be attained by

through the modularity benefits inherent in SMR designs. The benefits of modularity can be used to

disaggregate the concept of economies in the nuclear industry. Additional research is needed to quantify

the utility of the modularity of an SMR compared to economies of scale of a larger Generation III+

nuclear power plant.

2. With the construction of the Generation IV HTR-PM reactor in China, additional research is needed

to quantify the value on an on-time and on-budget Generation III+ nuclear power plant compared to

the perceived benefits from a Generation IV nuclear power plant.

3. As the nuclear industry continues to lobby state governments to provide subsidies for struggling units

through zero emission credits, additional research is needed to explore economic benefits for SMRs to

load-follow renewables during intermittent periods. Within a load-following regime, integrated SMRs
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and renewables may have the potential to be more cost competitive with natural gas together rather

than separately without subsidies.

4. Chapter 3 shows differing negative externalities for communities near coal (pollution) and nuclear power

plants (nuclear accidents) are associated with differing community characteristics. As many baseload

coal power plants are converted to natural gas plants, additional research is needed to identify the

changes in community characteristics following the conversion.

5. As an increasing amount of nuclear and coal power plant being to retire, additional research is needed

to investigate the effects these retirements have on the local economy and associated communities.

This can be extended further to explore if these retirements have differing impacts based on the power

plant type.

6. Assess differences in the labor force and employment opportunities based on power plant type using

Census data.

7. Chapter 4 shows the decontamination factors from iPWRs produce lower containment radioactivity

and environmental dose exposure compared to the decontamination factors for the AP1000 and Surry

plants. Additional research is need to explore using more robust atmospheric dispersion models, such

as the augmented straight-line Gaussian plume model in the NRC code MACCS2 and the AERMOD

steady-state plume model to determine if further reductions in dose exposure can be achieved.



Appendix A

The environmental competitiveness of SMRs,

Generation II, and Generation III+ nuclear

power plants

A.1 SMR Key Features

SMRs are designed with flexibility and reduced cost in mind. Below are some key features that may

reduce the life-cycle GHG emissions:

• Longer refueling cycles. Generation II NPPs are typically refueled every 12-18 months, whereas

it is expected that SMRs will need to be refueled at a minimum of every 24 months. There are some

SMR designs that never have to be refueled during their lifetime. Within this design after the fuel is

depleted, the core is removed for decommissioning.

• Increased thermal efficiency. Generation II and III+ NPPs typically have a thermal efficiency of

30% to 33%. While this is also true for most SMR designs, the EM2 SMR is claimed to achieve a

thermal efficiency of around 48% [62]. This higher efficiency increases the amount of energy you receive

per unit of fuel.

• Improved construction efficiency through modularity. Generation II NPPs are typically built

on site. Generation III+ plants, such as the Westinghouse AP1000 have introduced modularity into

the design; as a result several structural and mechanical components are built in a factory and shipped

to site where it is assembled. SMRs are designed to be totally modular in their design.
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• Shorter, more efficient supply chain. SMRs are a fraction of the size of Generation II and III+

plants. Typically Generation II and III+ plant components are large leaving only a few vendors

with the resources available to manufacture these components. SMRs will utilize smaller components

meaning additional vendors can be included in the supply chain.

• Lower operation and maintenance cost. The simpler design of SMRs will employ fewer materials

as well as have a majority if not all of their components fabricated in a factory. The benefits of having

a simpler design will allow for fewer pumps, valves, and components. This will increase the quality

and therefore reduce the amount of maintenance required during the lifetime of the plant.

• Reduction in construction time and mass production. Typically 7 years were needed to con-

struct a Generation II NPPs. Generation III+ plants reduced this time to 5 years. SMRs have the

ability to be mass produced reducing overall construction time. It is expected that some SMRs can be

fully constructed in 18 months.

• Simpler decommissioning. Simpler methods of disassembly that will can involve disconnection of

transportable modules that can be reused.

A.2 Assumptions

In 2012, 38% of enriched uranium came from foreign suppliers [127]. Prior to May 2013, the U.S.

was the only country that used gaseous diffusion to enrich uranium. After the United States Enrichment

Corporation ceased operation of its Paducah, Kentucky gaseous diffusion plant, the U.S. has relied on gas

centrifugation for uranium enrichment. Currently, Urenco’s National Enrichment Facility in Eunice, New

Mexico, provides domestic enrichment services.

A.2.1 Historical and Scaled Estimates of Refueling Outage Duration

Table A.1 outlines the historical average length of time each refueling period each year from 2000-2013.

A scaled estimate for the refueling period was calculated for the W-SMR based on the electrical output.

A.3 Mining & Milling

Uranium mining is the primary means for which NPPs are supplied with fuel. A majority of the world’s

known recoverable uranium is sourced from Australia, Kazakhstan, and Canada with 31%, 12%, and 9% of

the total fuel mined, respectively [37]. The process of open pit mining consists of drilling and using explosives
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Table A.1: Historical and Scaled Estimates of Refueling Outage Duration.

Year 1,000 MWe (Days) [128] W-SMR (Days)*
2000 44 9.9
2001 37 8.3
2002 33 7.4
2003 40 9
2004 42 9.5
2005 38 8.6
2006 39 8.8
2007 40 9
2008 38 8.6
2009 41 9.2
2010 40 9
2011 45 10.1
2012 46 10.4
2013 41 9.2
Sample Mean 40.29 9.06
Sample Standard Deviation 3.38 0.76
Note: The asterisk* indicates an extrapolated estimate based on the histor-
ical average of the 1,000 MWe plant.

in large open pits to remove rock covering the uranium ore. Underground shafts and excavation techniques

are utilized when ore deposits are deeper. The in situ leaching process involves dissolving uranium ore in

sulfuric acid.

The uranium milling operation typically takes place near the location of the mining operation. The

mined uranium ore is crushed and leached in sulfuric acid to remove the impurities within the ore. The

product of this process is a 70% to 90% uranium concentrate of U3O8 or “yellowcake.”

Figure A.1 is a recreated plot from Norgate et al. (2014) [41] that outlines the relationship between

uranium ore grade and emissions for NPPs.

The best estimate for the triangular distribution in table was calculated using the following equations:

RT = WPURGM +WPUODM +WPURSM +WPUBV M +WPUMRM (A.1)

Where RT is the representative total of the world production of uranium, WPUj is the world production

of uranium as a percentage from mine j (RGM=Ranger Mine, ODM=Olympic Dam Mine, RSM=Rossing

Mine, BVM=Beverly Mine, and MRM=McArthur River Mine)

BE = MMUG(MEODM ×
WPUODM

RT
+MEMRM ×

WPUMRM

RT
)

+MMOP (MERGM ×
WPURGM

RT
+MERSM ×

WPURSM

RT
)

+MMISL(MEBV M (WPUBV M

RT
))

(A.2)
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Figure A.1: Effect of Uranium Ore Grade on Emissions [41].

Where MMi is the mining method percentage, i is the mining method (UG=Underground, OP=Open pit,

and ISL=In situ leaching), and MEj is the median estimate for mining emissions in t CO2/ t U3O8.

A.4 Conversion

The uranium conversion stage begins by feeding U3O8 into a 1,200°F fluidized-bed reactor where it

reacts with hydrogen to form uranium dioxide (UO2). The UO2 is fed into a fluidized-bed reactor at 1,000°F

where it reacts with hydrogen fluoride (HF) to create uranium tetrafluoride (UF4). The UF4 reacts with

fluorine gas (F2) to create UF6 [46]. The reaction is shown below:

U3O8 + 2H2−→ 3UO2+2H2O

UO2+4HF −→ UF4+2H2O

UF4+F2 −→ UF6
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Table A.2 [129] outlines the energy consumption estimates for uranium conversion from previous studies.

Table A.2: Uranium Conversion Energy Consumption [129].

Reference Study Year Electrical Energy Thermal Energy
(MWhe/t U) (GJth/t U)

Areva 2008 7.0 18.3
Franklin et al. 1971 11.0 131
Rombough & Koen 1974 15.1 234
Rotty et al. 1975 14.6 1425
SRI 1975 10.3 1313
Chapman 1975 15.9 195
Mortimer 1977 12.1 235
Torf et al. 1998 10.3 700
Mean - 12.0 531

A.5 Enrichment

Typically, when uranium is mined the natural uranium is comprised of mainly 2 isotopes, 99.284%

U-238 and 0.711% U-235. Within this enrichment process the amount of U-235 in UF6 increases to ≤ 5%.

Typically diffusion requires between 2,400 and 3,000 kwh/SWUs with a best estimate of 2,500 kwh/SWU

[130], whereas centrifuges require between 40 and 100 kwh/SWUs [59] with a best estimate of 50 kwh/SWU

[130].

A.6 Fuel Fabrication

Table A.3 [129] outlines the energy consumption estimates for uranium fuel fabrication from previous

studies.

Table A.3: Fuel Fabrication Energy Consumption [129].

Reference Study Year Electrical Energy Thermal Energy
(MWhel/t U) (GJth/t U)

Franklin et al. 1971 109 0
USAEC 1972 53.5 137
Rombough & Koen 1974 168.8 6,169
Rotty et al. 1975 303 2,720
SRI 1975 98 262
Chapman 1975 49.2 142
Mortimer 1977 65 341
Orita 1995 56.3 120
Australian Coal Association 2001 54.3 154
Reported Mean - 105.3 1,101
Note: This table contains reproduced from data from Norgate et al. (2010) [41].
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A.7 Construction

The dimensions of the AP1000, W-SMR, and GT-MHR containment building, reactor pressure vessel,

and steel liner seen in Table A.4. The estimated mass of concrete and steel in each structure is detailed in

Table A.4. A steel density of was assumed 7,850 kg/m3. The total plant concrete of the W-SMR is scaled from

the volume of concrete in an AP1000. The AP1000 and W-SMR steel liner volume were calculated assuming

a cylindrical shape. The AP1000 and the GT-MHR shield building volume were calculated assuming a

cylindrical shape, while the W-SMR was assumed to be cubic. The AP1000, W-SMR, and GT-MHR reactor

vessel volume were calculated assuming a cylindrical shape.

Table A.4: Concrete and Steel Mass Material Estimates [131, 132, 133, 134, 135, 136, 102, 137].

Structure Description AP1000 W-SMR GT-MHR

St
ee
lL

in
er Diameter (m) 39.62 9.75

N/A
Height (m) 65.63 27.13
Thickness (m) 0.044 0.044
Total Steel Volume* (m3) 471.9 43.3
Total Steel Liner* (million kg) 3.7 0.34

Sh
ie
ld

B
ui
ld
in
g(
N
uc

le
ar

Is
la
nd

) Diameter (m) 44.2 N/A 32
Base (m) N/A 33.53 N/A
Width (m) N/A 33.53 N/A
Height (m) 81.76 33.53 46
Concrete (m) 0.876 0.914 0.914
Plate thickness x2 (m) 0.019 0 0
Total Thickness (m) 0.914 0.914 0.914
Volume* (thousand m3) 12.7 5.8 5.4
Total Concrete Volume* (thousand m3) 12.2 5.8 5.4
Total Steel Volume* m3 514 0 0
Total plate Steel* (million kg) 4 0 0
Total Plant Concrete (Million kg) 240 115* 52

R
ea
ct
or

Ve
ss
el Diameter (m) 4.1 3.5 7.7

Height (m) 12 24.6 23.7
Thickness (m) 0.038 0.038 0.22
Volume* (m3) 6.75 10.95 140
Total Steel Vessel* (tonnes) 53 85.9 1,098

R
eb

ar

Weight (thousand tonnes) 12 5.7 2.5*

There are little data available on the total steel used in other areas of an AP1000. Peterson et al. (2005)

estimated the amount of metal in a 1,500 MWe Economic Simplified Boiling Water Reactor (ESBWR). It is

assumed that the unidentified metal has the same emissions factor as steel. The AP1000 has a total concrete

volume of 100,000 m3, whereas the ESBWR has a total concrete volume of 104,000 m3 [55]. The similarity in

concrete volume is used as justification for scaling the tonnage of metal used in the AP1000. The amount of
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metal for the W-SMR is scaled using the concrete volume of the AP1000. Table A.5 outlines the estimated

tonnes of metal in the AP1000 and W-SMR.

Table A.5: Additional Mass from Metal.

ESBWR AP1000 W-SMR GT-MHR
Concrete (thousand m3) 104 100 48 21
Turbine Building (tonnes) 8,214 7,881 3,761 N/A
Fuel Storage (tonnes) 835 801 382 89
Misc Buildings (tonnes) 3,952 3,792 1,810 N/A
Non-I&C Reactor Equipment (tonnes) 6,526 6,261 2,988 4,050
Turbine Plant Equipment (tonnes) 16,519 15,848 7,564 N/A
Miscellaneous Equipment (tonnes) 1,176 1,128 538 617
Total Metal (tonnes) 37,222 35,711 17,404 4,756
Note: The total metal in the W-SMR is the reported mean from Monte Carlo simulation. This
uncertain variable based on scaling the random draw from the AP1000 total metal uniform
distribution by the volume of concrete. ESBWR and GT-MHR materials are sourced from
Peterson et al. (2005) [55].

The amount total metal outlined in the AP1000 is uncertain, to account for this a uniform distribution

using a minimum of 35,711 tonnes and a maximum of 37,222 tonnes. Table 2.3 outlines parameters for the

AP1000 total metal uniform distribution. The total metal for the W-SMR is scaled down based on the result

from the uniform distribution of the AP1000.

A.7.1 Modularity Reduction

There is no data available on the benefits of modularity to a NPP. In addition to this, there is little

data on the emission benefits of modular construction for any structure. Quale et al. (2012) [56] performs a

case study where the emissions from the construction of modular homes and traditional homes built on site.

Based on the data provided in Quale et al. (2012) [56]. Table A.6 shows the reductions in GHG emissions

from using modular construction methods.

Table A.6: Modularity Reduction Factors Uniform Distribution (kg CO2-eq/2,000 ft2 home).

Description On-Site Average Modular Average % Reduction
(kg CO2-eq) (kg CO2-eq)

Materials Production 780 613 21%
Construction Energy Use 11,500 9,230 20%
Worker Transportation 7,160 1,941 73%

The modularity reduction of a W-SMR is highly uncertain, to estimate this, the GHG reduction factor

for materials was used as the minimum for concrete, rebar, and steel considering a modular home is far less

complex than a NPP. Table A.7 outlines a modularity reduction maximum of a W-SMR for material use
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was estimated on the percent change from the scaled W-SMR estimate from the AP1000 to the scaled up

estimate from the GT-MHR.

Table A.7: Modularity Reduction Factors Uniform Distribution Maximum.

Description Scaled From AP1000 Scaled From GT-MHR % Reduction
(Million kg) (Million kg)

W-SMR Concrete 114.5 52.3 54%
W-SMR Rebar 5.7 2.5 57%
W-SMR Steel 17.8 5.1 71%

A.7.2 Construction Workforce and Equipment Use

Table A.8: Construction Workforce CO2-eq Emissions.

SNUPPS AP1000 W-SMR
Electrical output (MWe) 1,200 1,117 225
Commuting Trips (round trips/day) 1,000 1,000 1,000
Commuting Distance (miles/round trip) 40 40 40
Commuting days (days/year) 365 365 365
Construction duration (years) 8 5 2
Total lifetime distance traveled (million miles) 116.8 73 29
Fuel Economy (miles/gallon) 22 22 22
Total fuel used (million gallons) 5.4 3.4 1.4
CO2 per gallon (tonnes) 0.00892 0.00892 0.00892
Total CO2 (thousand tonnes) 48.2 30.1 12.4
CO2 equivalent factor 0.985 0.985 0.985
Total (million kg of CO2-eq) 49 30.6 12.6
Note: The construction duration, total lifetime distance traveled, total fuel used, total
CO2 and CO2-eq produced for the W-SMR are the reported means from Monte Carlo
simulation. The parameters for the distributions used are defined in Table 2.3.

Table A.9: Annual Construction Equipment Use Emissions.

Description 1,000 MWe W-SMR
Earthwork and Dewatering (tonnes of CO2-eq) 1,714 386
Batch Plant Operations (tonnes of CO2-eq) 486 0
Lifting and Rigging (tonnes of CO2-eq) 800 180
Warehouse Operations (tonnes of CO2-eq) 200 45
Equipment Maintenance (tonnes of CO2-eq) 143 32
Total (tonnes of CO2-eq) 3,343 643
Total (million kg of CO2-eq) 3.34 0.64
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A.8 Operation, Maintenance, Repair, and Refurbishment

It should be noted that fuel economy should improve over the next 60 years. An estimate of 22 mpg is

a conservative estimate.

Table A.10: Operational Workforce CO2-eq emissions.

Description 1,000 MWe W-SMR
Commuting Trips (round trips/day) 550 124
Commuting Distance (miles/round trip) 40 40
Commuting days (days/year) 365 365
Lifetime (years) 60 60
Total lifetime distance traveled (million miles) 482 108
Fuel Economy (miles/gallon) 22 22
Total fuel used (million gallons) 22.3 5
CO2 per gallon (tonnes) 0.00892 0.00892
CO2 (thousand tonnes) 199 45
CO2 equivalent factor 0.985 0.985
Total (million kg of CO2-eq) 202 45

A.9 Decommissioning

NPPs are decommissioned when they reach their end of life, are too expensive to operate because of

external economic factors, their licenses are terminated or are too expensive to repair. There are currently 11

NPPs in the U.S. that have been fully decommissioned [138]. The Nuclear Regulatory Commission (NRC)

allows for three types of decommissioning, DECON or immediate dismantling, SAFSTOR or a deferred

dismantling, and ENTOMB where the site is encased in concrete. This study will primarily focus on the

SAFSTOR method. In the U.S., spent uranium fuel is contained inside concrete dry cask structures within

range of the NPP. After the power plant is decommissioned the casks remain there until a permanent

nuclear repository is developed. Table A.11 shows the GHG emissions generated from the construction of

the concrete dry casks. These estimates assume the use of MAGNASTOR dry storage casks designed by

NAC International [139]. The MAGNASTOR design was selected because it has the most recent certificate

of compliance issue date [140].
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Table A.11: Interim Dry Cask Storage Emissions.

Description SNUPPS AP1000 W-SMR
Core Fuel Assemblies 193 157 89
Replaced Fuel Assemblies per Refueling Cycle 64 52 30
Lifetime Refueling Outages 40 40 30
Lifetime Total Fuel Assemblies 2,573 2,093 890
MAGNASTOR Assembly Capacity 37 37 37
Max Dry Cask Weight (tonnes) 145 145 145
Lifetime Casks 70 57 24
Fuel Assembly Weight (tonnes) 0.66 0.66 0.66
Total Fuel Assembly Weight (tonnes) 1,693 1,377 585
Total Max Dry Cask Weight (tonnes) 10,095 8,212 3,491
Empty Dry Cask Weight (tonnes) 8,403 6,835 2,906
Total (tonnes) 3,361 2,734 1,162
Total (million kg CO2-eq) 3.4 2.7 1.2

Table A.12 shows the GHG emissions generated from the decommissioning workforce.

Table A.12: Decommissioning Workforce.

1,000 MWe W-SMR
Commuting Trips (round trips/day) 200 45
Commuting Distance (miles/round trip) 40 40
Commuting days (days/year) 250 250
Decommissioning duration (years) 10 7
Total lifetime distance traveled (million miles) 20 3
Fuel Economy (miles/gallon) 22 22
Total fuel used (thousand gallons) 926 146
CO2 per gallon (tonnes) 0.00892 0.00892
Total CO2 (tonnes) 8,259 1,300
CO2 equivalent factor 0.985 0.985
Total million kg CO2-eq 8.4 1.3
Note: The decommissioning duration of the W-SMR is the reported mean from
Monte Carlo simulation. The W-SMR decommissioning duration is an uncertain
variable based on random draws from the uniform distribution from Table 2.3.

A.10 Results

Figure A.2 outlines the allocation each stage contributes to total emissions. There is a percentage

reduction in the construction and decommissioning in the W-SMR and AP1000 when compared to the

SNUPPS. This reduction is shifted over to the nuclear fuel cycle. This indicates that there is a GHG

emission reduction from W-SMRs and AP1000s. If it is assumed the refueling outage duration for the

W-SMR is the same as a large scale LWR (40 days) the life cycle GHG emissions would increase by 0.7%

to 9.17 g of CO2-eq/kwh. In the extreme case where the refueling outage takes 500 days resulting in a
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capacity factor of 32%, the life cycle GHG emissions would increase to the estimate of wind at about 12 g

of CO2-eq/kwh. At 700 days with a capacity factor of 4%, the life cycle GHG emissions would increase to

the estimate of solar PV at about 45 g of CO2-eq/kwh.

Figure A.2: Mean Share of Emissions.

Assuming a worst-case scenario where the construction duration of a W-SMR is 6.5 years, the mean

(and the 90% confidence interval) is shifted to 9.3 g of CO2-eq/kwh (6.0 and 13.1 of g CO2-eq/kwh).

This represents a 2% increase from the original estimate of 9.1 g of CO2-eq/kwh. Based on this analysis,

construction would have to take 75 years to produce the same life cycle GHG emissions as wind at about

12 g of CO2-eq/kwh. To produce the same life cycle GHG emissions as solar PV at about 46 g of CO2-

eq/kwh the construction duration would be about 950 years. Figure A.3 shows the ten most influential

distributions on the emissions from the W-SMR life cycle. Three variables are sourced from the nuclear fuel

cycle while the others are from uncertainties in the construction and decommissioning duration, maintenance

and operations, and modularity reduction rates from steel.

Figure A.4 outlines the correlation coefficients on influential distributions to the mean output emissions

for the W-SMR.
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Figure A.3: Influential Distributions on W-SMR Emissions. Inputs ranked by effect on output mean. The
baseline is 9.12 g of CO2-eq/kwh.

Figure A.4: Correlation Coefficients (Spearman Rank) on Influential Distributions on W-SMR Emissions.
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The Socioeconomic Characteristics of

Communities Surrounding Baseload Power

Generation Facilities

B.1 Full Summary Statistics and Detailed Figures

The tables presented in this Appendix are the full versions of the abridged tables in Sections 3.2.3.1,

3.2.3.2, and 3.2.4.
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Table B.1: Community-level two-way ANOVA tests of plant type effects summary statistics for the six
socioeconomic indicators (Table 3.3).

term df Sum of Mean F Statistic p valueSquares Square
Plant Type 2 1.37E+07 6.87E+06 29.54 0.000***

Population Distance 2 5.24E+05 2.62E+05 1.13 0.325
Density Plant Type × Distance 4 7.80E+05 1.95E+05 0.84 0.501

Residuals 1059 2.46E+08 2.33E+05

%Black

Plant Type 2 3.12E-01 1.56E-01 8.06 0.000***
Distance 2 2.52E-02 1.26E-02 0.65 0.521
Plant Type × Distance 4 1.63E-02 4.07E-03 0.21 0.933
Residuals 1059 2.05E+01 1.93E-02
Plant Type 2 2.93E-01 1.47E-01 16.5 0.000***

%Bachelor’s Degree Distance 2 1.46E-01 7.28E-02 8.18 0.000***
or Above Plant Type × Distance 4 1.44E-03 3.60E-04 0.04 0.997

Residuals 1059 9.42E+00 8.89E-03

%Poverty

Plant Type 2 9.17E-02 4.58E-02 11.62 0.000***
Distance 2 1.98E-03 9.90E-04 0.25 0.778
Plant Type × Distance 4 1.22E-02 3.06E-03 0.78 0.541
Residuals 1059 4.18E+00 3.95E-03
Plant Type 2 1.03E+10 5.14E+09 27.1 0.000***

Average Median Distance 2 3.36E+08 1.68E+08 0.88 0.413
Income Plant Type × Distance 4 2.45E+08 6.13E+07 0.32 0.863

Residuals 1059 2.01E+11 1.90E+08
Plant Type 2 8.68E+11 4.34E+11 50.95 0.000***

Average Median Distance 2 1.78E+10 8.89E+09 1.04 0.352
Home Values Plant Type × Distance 4 1.76E+10 4.41E+09 0.52 0.723

Residuals 1059 9.02E+12 8.52E+09
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Figure B.1 shows between 51% and 69% of communities near nuclear power have lower population

densities than their counties. Fossil fuel plants typically range between 43% and 55%. Table 3.5 shows

population densities are significantly lower for communities 0-5 miles (mean difference = 53 pop./sq. mile,

p value = 0.024) from nuclear power plants compared to their counties. Conversely, population densities

are significantly larger for communities 0-5 miles (mean difference = 145 pop./sq. mile, p value = 0.023)

natural gas plants relative to their counties.

Figure B.1: Scatter plot of Home County Population Density vs 0-5, 5-10, and 10-15 mile Community
Population Density with solid reference line and dotted best fit line.
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Figure B.2 shows between 14% and 37% of communities near nuclear power have lower educational

attainment rates than their counties. Fossil fuel plants typically range between 27% and 55%. Table 3.5

shows educational attainment rates are significantly larger for all communities across all technologies.

Figure B.2: Scatter plot of Home County Bachelor’s degree or above vs 0-5, 5-10, and 10-15 mile Commu-
nity Bachelor’s degree or above with solid reference line and dotted best fit line.
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Figure B.3 shows between 60% and 86% of communities near nuclear power have lower poverty rates than

their counties. Communities near coal and natural gas plants range between 55% and 58%; and 49% and

55%, respectively. Table 3.5 shows that poverty rates are significantly lower for communities 0-5 (mean

difference = 3.6%, p value < 0.001) and 5-10 (mean difference = 1.8%, p value = 0.003) from nuclear power

plants compared to their counties. With an increase in distance, the mean difference between the community

and the county decrease to insignificant mean differences. There are no significant differences between the

community and county for fossil fuel plants.

Figure B.3: Scatter plot of Home County poverty rates vs 0-5, 5-10, and 10-15 mile Community poverty
rates with solid reference line and dotted best fit line.
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Table B.3: Community-level two-way ANOVA Tests of plant type and distance effects summary statistics
using the ratios of communities-to-power plant counties for the six socioeconomic indicators (Table 3.6).

term df Sum of Mean F Statistic p value Èă2Squares Square
Plant Type 2 88.8 44.40 4.82 0.008** 0.009

Population Distance 2 57.56 28.78 3.13 0.044* 0.006
Density Plant Type × Distance 4 42.67 10.67 1.16 0.328 0.000

Residuals 1059 9,751 9.21
Plant Type 2 45.58 22.79 5.73 0.003** 0.011

%Black Distance 2 5.76 2.88 0.72 0.485 0.001
Plant Type × Distance 4 7.19 1.80 0.45 0.771 0.002
Residuals 1053 4,189 3.98

%Bachelor’s Plant Type 2 5.27 2.64 11.05 0.000*** 0.020
Degree Distance 2 5.59 2.80 11.72 0.000*** 0.022
or Above Plant Type × Distance 4 0.07 0.02 0.07 0.991 0.000

Residuals 1059 253 0.24
Plant Type 2 2.81 1.41 9.05 0.000*** 0.017

%Poverty Distance 2 0.26 0.13 0.83 0.435 0.002
Plant Type × Distance 4 0.98 0.24 1.58 0.178 0.006
Residuals 1059 165 0.16

Average Plant Type 2 0.93 0.46 10.72 0.000*** 0.020
Median Distance 2 0.13 0.07 1.51 0.221 0.003
Income Plant Type × Distance 4 0.12 0.03 0.67 0.611 0.003

Residuals 1059 46 0.04
Average Plant Type 2 1.66 0.83 12.07 0.000*** 0.022
Median Distance 2 0.84 0.42 6.07 0.002** 0.011
Home Plant Type × Distance 4 0.4 0.10 1.44 0.218 0.005
Values Residuals 1059 73 0.07
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Table B.5: Community-level two-way ANOVA 1990-2010 socioeconomic trend summary statistics by power
plant type for the six socioeconomic indicators (Table 3.8).

Nuclear

term df Sum of Mean F Statistic p valueSquares Square

Distance 2 27.34 13.67 2.33 0.099
Population Year 2 0.24 0.12 0.02 0.980
Density Distance × Year 4 0.18 0.04 0.01 1.000

Residuals 297 1,743 5.87
Distance 2 0.98 0.49 0.21 0.807

%Black Year 2 2.58 1.29 0.57 0.567
Distance × Year 4 7.16 1.79 0.79 0.534
Residuals 297 675 2.27

%Bachelor’s Distance 2 0.55 0.27 1.31 0.270
Degree Year 2 0 0.00 0.00 0.997
or Above Distance × Year 4 0.01 0.00 0.02 1.000

Residuals 297 62 0.21

Distance 2 0.97 0.48 3.06 0.049*
%Poverty Year 2 8.22 4.11 26.02 0.000***

Distance × Year 4 0.79 0.20 1.26 0.288
Residuals 297 47 0.16

Average Distance 2 0.01 0.00 0.10 0.904
Median Year 2 0.06 0.03 0.95 0.388
Income Distance × Year 4 0.01 0.00 0.10 0.983

Residuals 297 9 0.03

Average Distance 2 0 0.00 0.00 0.997
Median Year 2 0.04 0.02 0.34 0.711
Home Distance × Year 4 0.04 0.01 0.17 0.952
Values Residuals 297 19 0.06

Coal

Distance 2 113.57 56.78 8.41 0.000***
Population Year 2 1.62 0.81 0.12 0.887
Density Distance × Year 4 0.62 0.15 0.02 0.999

Residuals 1,575 10,640 6.76

Distance 2 153.9 76.95 1.35 0.26
%Black Year 2 115.74 57.87 1.01 0.363

Distance × Year 4 43 10.75 0.19 0.944
Residuals 1,572 89665 57.04

%Bachelor’s Distance 2 5.39 2.70 26.24 0.000***
Degree Year 2 0.06 0.03 0.30 0.742
or Above Distance × Year 4 0.05 0.01 0.13 0.972

Residuals 1,575 162 0.10

Distance 2 0.39 0.19 0.71 0.491
%Poverty Year 2 55.3 27.65 102.19 0.000***

Distance × Year 4 0.17 0.04 0.16 0.959
Residuals 1,575 426 0.27

Average Distance 2 0.14 0.07 3.57 0.028***
Median Year 2 0.1 0.05 2.47 0.085
Income Distance × Year 4 0 0.00 0.05 0.995

Residuals 1,575 31 0.02

Average Distance 2 0.87 0.43 12.05 0.000***
Median Year 2 0.04 0.02 0.62 0.539
Home Distance × Year 4 0.01 0.00 0.05 0.996
Values Residuals 1,575 57 0.04

Natural Gas

Distance 2 0.4 0.20 0.04 0.960
Population Year 2 0.33 0.17 0.03 0.967
Density Distance × Year 4 0.25 0.06 0.01 1.000

Residuals 225 1123 4.99
Distance 2 0.3 0.15 0.16 0.856

%Black Year 2 1.05 0.53 0.55 0.580
Distance × Year 4 0.52 0.13 0.14 0.969
Residuals 225 217 0.96

%Bachelor’s Distance 2 0.26 0.13 0.38 0.681
Degree Year 2 0 0.00 0.01 0.995
or Above Distance × Year 4 0.02 0.01 0.01 1.000

Residuals 225 76 0.34

Distance 2 0.62 0.31 0.19 0.827
%Poverty Year 2 38.03 19.02 11.60 0.000***

Distance × Year 4 0.3 0.08 0.05 0.996
Residuals 225 369 1.64

Average Distance 2 0.05 0.02 0.88 0.415
Median Year 2 0.03 0.01 0.51 0.604
Income Distance × Year 4 0.03 0.01 0.28 0.888

Residuals 225 6 0.03

Average Distance 2 0.09 0.04 0.52 0.597
Median Year 2 0.01 0.01 0.08 0.927
Home Distance × Year 4 0.04 0.01 0.10 0.982
Values Residuals 225 20 0.09
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B.2 Pre-operation Logistic Regression Analysis

The pre-operation logistic regression study is used quantify the relationship between socioeconomic

indicators prior to the plant generating electricity. Similarly, Pastor et al. (2004) [77] and Mohai et al.

(2009) [78] utilizes logistic regression models to show disparities with placement of industrial facilities.

However, this study investigates socioeconomic disparities in counties and communities given the eventual

siting of a baseload nuclear, natural gas or coal power plant. At the county-level and community-level this

analysis quantifies the odds of a county or community receiving a nuclear, natural gas, or coal power plant

based socioeconomic indicators before plant operation.

B.2.1 Pre-operation County-level Analysis

B.2.1.1 Pre-operation County-level Data Sources

The pre-operation logistic regression analysis uses 1970-2010 county-level data for the counties with

nuclear, natural gas, or coal power plants from the US Census Bureau and the Social Explorer.

B.2.1.2 Pre-operation County-level Methods

Based on several socioeconomic indicators, the county-level pre-operation logistic regression study uses

Census data to predict the counties that will receive a coal, natural gas, or nuclear power plant given the

eventual siting of a power plant. The county-level pre-operation logistic regression study uses 85 coal, 119

natural gas, and 31 nuclear power plant sites. Three logistic regressions (coal, nuclear, natural gas) are

performed in this study. Equation B.1 expresses the county-level pre-operation logistic regression.

Yp = β0p + β1p(PopulationDensity)p + β2p(%Black)p + β3p(%Bachelor′sDegreeandAbove)p+

β4p(%Poverty)p + β5plog(AverageHouseholdIncome)p + β6plog(HomeV alue)p + εp

(B.1)

where Yp is a binary variable for power plant type p (coal, natural gas, nuclear). For example, the binary

variable Ycoal is 1 when a county will eventually get a coal power plant, if Ycoal is 0 then that county will

either get a nuclear or natural gas power plant. All counties in this analysis will eventually get one type

of power plant. The pre-operation logistic regression study treats each power plant during each decennial

census as an observation.
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B.2.1.3 Pre-operation County-level Results

Given the eventual placement of a baseload nuclear, coal, or natural gas power plant, the county-level

analysis finds counties near nuclear power plants are associated with less population densities, higher home

values and incomes. Table B.7 shows the abridged county-level summary statistics of the nuclear, coal,

and natural gas logistic regression models. The results from Equation B.1 in Table B.7 show counties

that receive coal plants are associated with lower rates of Black residents, lower percentage of residents

with Bachelor’s degrees or above, lower poverty rates, and lower average household incomes. Counties that

receive nuclear power plants are associated with higher rates of Black residents, lower poverty rates, and lower

average household incomes. Counties that receive natural gas plants are associated with higher percentage

of residents with Bachelor’s degrees or above, higher poverty rates, and higher household income.

Table B.7: County-level pre-operation logistic regression summary statistics.

Equation B.7 Equation B.7 w/Census Decade
Fixed Effects

term coeff. std.error z value p value coeff. std.error z value p value

N
uc

le
ar

Population Density 0.00 0.00 -0.26 0.796 0.00 0.00 -1.13 0.2580
%Black 4.10 1.39 2.94 0.003** 6.13 1.76 3.49 0.000***
%Bachelor’s Degree or Above -4.33 5.15 -0.84 0.400 3.55 5.32 0.67 0.5050
%Poverty -16.49 4.76 -3.46 0.001*** -20.55 6.15 -3.34 0.000***
log(Average Household Income) -5.77 2.07 -2.78 0.005** -7.63 2.86 -2.67 0.008**
log(Average Home Value) 0.40 0.85 0.47 0.635 1.53 1.08 1.42 0.1560
1980 - - - - -1.40 0.54 -2.60 0.009**
1990 - - - - -3.09 1.08 -2.87 0.004**

C
oa
l

%Black -3.10 1.02 -3.04 0.002** -2.97 1.05 -2.84 0.005**
%Bachelor’s Degree or Above -13.07 4.66 -2.81 0.005** -7.05 4.75 -1.48 0.1380
%Poverty -5.08 2.29 -2.22 0.027* -3.46 2.43 -1.43 0.1540
log(Average Household Income) -4.01 1.42 -2.83 0.005** -2.97 1.57 -1.89 0.0590
1980 - - - - -0.08 0.33 -0.25 0.8000
1990 - - - - -2.11 0.63 -3.34 0.000***
2000 - - - - -2.46 1.05 -2.35 0.019*

N
at
ur
al

G
as

Population Density 0.00 0.00 0.11 0.912 0.00 0.00 1.40 0.1620
%Black 1.17 0.88 1.33 0.183 0.88 0.93 0.95 0.3420
%Bachelor’s Degree or Above 10.23 3.87 2.65 0.008** 3.02 3.95 0.76 0.4450
%Poverty 9.11 2.29 3.97 0.000*** 7.80 2.47 3.16 0.002**
log(Average Household Income) 5.47 1.31 4.18 0.000*** 4.73 1.51 3.13 0.002**
1980 - - - - 0.50 0.30 1.66 0.0970
1990 - - - - 2.60 0.55 4.71 0.000***
2000 - - - - 3.24 1.04 3.12 0.002**

B.2.2 Pre-operation Community-level Analysis

B.2.2.1 Community-level Data Sources

The pre-operation logistic regression analysis uses 1970-2010 NCDB tract-level data. While NCDB

contains normalized and historical tract-level data, the US did not have complete tract-level information

until the 1990 Census. This creates a number of data quality issues. First, about 90% of power plants in
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this analysis were constructed during the 1970s and 1980s. Second, the 1970 and 1980 Census contain up

to 70% and 54% of missing tract data, respectively. Because a lack of data availability, only complete tracts

are used to represent the community surrounding the power plant for analysis using 1970s and 1980s tract

level data.

B.2.2.2 Pre-operation Community-level Methods

The pre-operation logistic regression study, expressed in Equation B.2, uses pre-operation data via the

NCDB to estimate the socioeconomic indicators that will best predict the location of a coal, natural gas,

or nuclear power plant given a power plant will be placed in the community. Equation B.2 is a modified

version of Equation B.1 .

Yp = β0p + β1p(Distance)p + β2p(PopulationDensity)p+

β3p(%Black)p + β4p(%Bachelor′sDegreeandAbove)p+

β5p(%Poverty)p + β6plog(AverageHouseholdIncome)p+

β7plog(HomeV alue)p + εp

(B.2)

where Distance is a categorical fixed effects variable used to indicate the distance a community is from

a power plant (0-5, 5-10, and 10-15 miles). The variables correspond to the community-to-power plant

socioeconomic indicators ratios. All communities in this analysis will eventually get one type of power

plant. Table B.8 outlines the number of power plant sites used for the pre-operation logistic regression

study. The pre-operation logistic regression study treats each power plant during each decennial census as

an observation.

Table B.8: Baseload Power plant communities for pre-operation logistic regression and event study regres-
sion models. Each power plant during each decennial census is treated as an observation.

Power Plant Distance Population %Bachelor’s %Poverty Average Average
Type Density %Black Degree or Above Income Home Values

Nuclear 0-5 Miles 14 13 14 14 14 13
Nuclear 5-10 Miles 16 14 16 16 16 15
Nuclear 10-15 Miles 18 16 18 18 18 17
Coal 0-5 Miles 34 25 34 34 34 33
Coal 5-10 Miles 36 30 36 36 36 33
Coal 10-15 Miles 41 34 41 41 40 36
Natural Gas 0-5 Miles 85 75 85 85 85 83
Natural Gas 5-10 Miles 97 93 97 97 97 92
Natural Gas 10-15 Miles 102 99 102 102 102 94
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B.2.2.3 Pre-operation Community-level Results

Given the eventual placement of a baseload nuclear, coal, or natural gas power plant, the community-

level analysis finds communities near nuclear power plants are associated with less population densities,

higher home values and incomes. Table B.9 shows the abridged community-level summary statistics of the

nuclear, coal, and natural gas logistic regression models. Results using Equation B.2 presented in Table B.9

show, communities that receive coal plants are associated with higher population of black residents and lower

percentages of residents with Bachelor’s degrees or above (Equation B.2 results), while communities that

will receive a nuclear power plants are associated with lower population density, higher average household

incomes, and higher home values. Communities that will receive natural gas plants are associated with

higher population density, lower percentage of Black residents, and lower household income.

Table B.9: Community-level pre-operation logistic regression summary statistics.

Equation B.2 Equation B.2 w/Census Decade
Fixed Effects

term coeff. std.error z value p value coeff. std.error z value p value

N
uc

le
ar

Population Density -0.22 0.08 -2.74 0.006** -0.19 0.07 -2.60 0.009**
%Black 0.00 0.01 0.06 0.954 -0.01 0.01 -0.39 0.696
%Bachelor’s Degree or Above 0.34 0.20 1.70 0.088 0.14 0.20 0.71 0.479
%Poverty 0.87 0.53 1.65 0.100 1.18 0.58 2.02 0.043*
log(Average Household Income) 2.74 1.11 2.46 0.014* 2.60 1.11 2.33 0.020*
log(Average Home Value) 1.62 0.67 2.42 0.016* 2.57 0.66 3.90 0.000***
1980 - - - - -0.93 0.36 -2.58 0.010**
1990 - - - - -18.36 1081.34 -0.02 0.986

C
oa
l

%Black 0.10 0.02 4.42 0.000*** 0.09 0.02 3.86 0.000***
%Bachelor’s Degree or Above -0.63 0.32 -1.97 0.049* -0.49 0.28 -1.76 0.079
%Poverty -0.12 0.36 -0.33 0.745 -0.25 0.39 -0.65 0.518
log(Average Household Income) 1.65 0.95 1.74 0.083 0.26 1.00 0.26 0.793
1980 - - - - -1.03 0.26 -4.05 0.000***
1990 - - - - -2.28 0.44 -5.23 0.000***
2000 - - - - -2.84 0.60 -4.75 0.000***

N
at
ur
al

G
as

Population Density 0.11 0.03 3.19 0.001** 0.10 0.03 2.89 0.004**
%Black -0.12 0.03 -4.46 0.000*** -0.11 0.03 -3.75 0.000***
%Bachelor’s Degree or Above -0.14 0.16 -0.86 0.389 -0.06 0.16 -0.40 0.691
%Poverty 0.00 0.33 0.01 0.993 0.02 0.36 0.05 0.961
log(Average Household Income) -1.97 0.80 -2.48 0.013* -0.94 0.86 -1.10 0.273
1980 - - - - 1.08 0.22 4.98 0.000***
1990 - - - - 2.84 0.43 6.58 0.000***
2000 - - - - 3.42 0.60 5.74 0.000***

B.2.3 Pre-operation Discussion

Based on the analysis, it can be seen there are instances of differing likelihood of plant placement at

the county-level compared to community-level. Nuclear power plants have a significantly higher likelihood

of plant placement in counties with a higher percentage of black residents, lower poverty rates, and lower

average household incomes. However, within counties at the community-level, nuclear power plants they are
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significantly more likely to be sited in areas with lower population densities, higher household incomes, and

higher home values. Coal power plants have a significantly higher likelihood of plant placement in counties

with a lower percentage of black residents, a lower percentage of residents with Bachelor’s degrees or above,

lower poverty rates, and lower average household incomes. Within counties at the community-level, coal

power plants are significantly more likely to be sited in areas with a higher percentage of black residents and

lower rates of residents with Bachelor’s degrees or above. Natural gas power plants are significantly more

likely to be sited in counties with higher percentage of residents with Bachelor’s degrees or above, poverty

rates, and average household incomes. At the community-level within these counties, natural gas power

plants are sited in areas with higher population density, a lower rate of black residents, and lower average

household incomes.

B.2.4 Pre-operation Future Work

Additional research is need to identify counties that are likely to receive any power plant with an

installed capacity of >500 MWe based on their socioeconomic indicators. Pastor et al. (2004) [77] utilizes

similar methods to illustrate disproportionate exposures to TRI sites based on race based in California using

tract-level data. This analysis focuses on power plants as opposed to TRI sites and is expanded to the

continental US using county-level data. Equation B.3 expresses the logistic regression model.

Y = β0 + β1(PopulationDensity) + β2(%Black) + β3(%Bachelor′sDegreeandAbove)+

βp(%Poverty) + β5log(AverageHouseholdIncome) + β6log(HomeV alue) + ε

(B.3)

Where Y is a binary variable for a power plant sited within the county. County-level 1970 census data,

power plants that began operation after 1970, and power plant within 30 miles of each other will be used

in the analysis. In total, 326 power plants (104 coal, 165 natural gas, and 57 nuclear power plants) will be

included in the logistic regression.

B.3 Socioeconomic Impact Analysis

This analysis provides an indication of the changes experienced by communities near baseload power

plants before and after operation. The difference-in-difference event study regression framework is used

estimate the influence power plants may have on surrounding communities. Similarly, Currie et al. (2015)

[141] utilized an event study regression model to measure the impact of the opening and closing of toxic

plants with respect to infant health and housing values within 2 miles. Table B.10 shows plant openings by

decade from 1971 to 2010.
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Table B.10: Power Plant Openings by Decade.

1971 to 1980 1981 to 1990 1991 to 2000 2001 to 2010
Nuclear 17 13 1 0
Coal 52 30 2 4
Natural Gas 7 3 15 96

B.3.1 Event Study Difference-in-Difference Data Sources and Quality

The event study difference-in-difference model uses the same data subset as the pre-operation logistic

regression analysis outlined in Section B.2.1.1. Table B.8 outlines the number of power plant sites used as

observations in the event study difference-in-difference regression models.

B.3.2 Difference-in-Difference Event Study Methods

The difference-in-difference event study framework is used to provide some indication of the influence

fossil fuel and low-carbon baseload power plants have on surrounding communities. Typically, this framework

is used when several years of observational data change over time in different locations to measure the effect

of a policy or an event. The difference-in-difference event study regression model, expressed in Equation B.4,

measures the differences within each power plant type while using the 0-5 and 5-10 mile investigation areas

as treatment groups. The socioeconomic indicators for each community around power plants are estimated

using the following econometric model:

Yipdt = β0i + β1i(Distance)ipd + β2i(Operating)ipt + β3i(PlantID)d + β4i(Y ear)t+

β5i

[
(Distance)ipd × (Operating)ipt

]
+ εipdt

(B.4)

where Yipdt denotes the output variable of socioeconomic indicator i, near power plant site p, within inves-

tigation area d, for census t. Following the framework specified in Curie et al. (2015) [141], the independent

dummy variable, Operating, indicates if power plant p is generating electricity during decennial census t.

Year is a categorical variable used to indicate the decennial census (1970, 1980, 1990, 2000, and 2010) fixed

effects. A power plant site level fixed effects variable, Plant ID, is utilized to control for unobservable factors

for each community around a power plant that are time-invariant. Nuclear power plants and the 10-15 mile

distances are the baseline. The event study difference-in-difference model uses historical data to indicate if

there is evidence to suggest the operation of baseload power plant impacted the community.
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B.3.2.1 Difference-in-Difference Event Study Results and Discussion

Table B.11 shows the coefficient estimates, standard errors, t-statistic, and p values from the difference-

in-difference regression models outlined in Equation B.4. The baseline are communities that 10-15 miles

away from the respective power plant type. The results indicate there are no significant changes within the

0-5, and 5-10 mile treatment groups.
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B.3.3 Discussion and Future Work

There are no changes that can be attributed to the operation of the types of power plants at the

ranges specified in this using the event study difference-in-difference framework. Impacts have been found

in previous studies that investigated effects of coal plants and toxic facilities on home values in Davis et al.

(2011) [71] and Currie et al. (2015) [141] when using distances of 1-2 miles. Limited data availability of

tracts in 1970 and 1980 decennial census records may have contribute to the overall results of this difference-

in-difference. Additional research is needed at the county level. County-level event study difference-in-

differences regression models can be used to as an additional layer of analysis to quantify significant impacts

power plants can have on counties after operation. While the community-level event study difference-in-

difference regression models use higher resolution data, the county-level analysis uses complete and reliable

count-level data from 1970-2010. In a past study, de Faria et al. (2017) [?] investigates the socioeconomic

impacts of large hydropower plants in Brazil at the county-level from 1991 to 2010 using the event study

difference-in-difference framework. The socioeconomic indicators of interest relate to an economic indicator

(total GDP, industry GDP, services GDO, agriculture GDP, public revenue, services tax, state transfer,

and federal transfer) and the human development index (income, longevity, education, access to electricity

and piped water, teenage pregnancy rates, and HIV rates). The analysis found counties with hydropower

plats had a greater GDP and tax revenues during the first few years of development. However, the positive

economic effect lasted less than 15 years. The county-level study will use a modified version of Equation B.4,

where the Distance independent categorical variable is replaced with a County independent binary variable

(0=control county, 1=treatment county) in Equation B.5.

Yipt = β0i + β1i(County)ip + β2i(Operating)ipt + β3i(PlantID) + β4i(Y ear)t+

β5i

[
(County)ip × (Operating)ipt

]
+ εipt

(B.5)



Appendix C

Risk and regulatory considerations for SMR

emergency planning zones based on passive

decontamination potential

C.1 iPWR Aerosol Behavior Test Case Radioactivity

Figure C.1 shows the cumulative radioactivity for each iPWR Aerosol Behavior test case DF inside

containment.

Figure C.1: Cumulative radioactivity for each iPWR Aerosol Behavior test case decontamination factor
inside containment.

Figure C.2 shows the cumulative radioactive activity in containment for each iPWR Aerosol Behavior test

120
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case DF normalized by volume in Panel 1 and normalized by thermal power in Panel 2.

Figure C.2: Panel 1: Radioactivity per Volume for iPWR Aerosol Behavior test case decontamination
factors and the AP1000 DCD decontamination factor. Panel 2: Radioactivity per Unit of Thermal Power
for iPWR Aerosol Behavior test case decontamination factors.

Panel 2 shows the radioactivity per volume for the AP1000 is 102 curies/ft3 using the AP1000 DCD DF

at minute 75. The AP1000 radioactivity per volume is between test case 11 (97 curies/ft3) and 15 (110

curies/ft3).
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