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We explore how nuclear shut-downs in the United States could affect

air pollution, climate and health with existing and alternative grid
infrastructure. We develop a dispatch model to estimate emissions of CO,,
NO, and SO, from each electricity-generating unit, feeding these emissions
into achemical transport model to calculate effects on ground-level ozone
and fine particulate matter (PM, ). Our scenario of removing nuclear power

results in compensation by coal, gas and oil, resulting inincreases in PM, s
and ozone that lead to an extra 5,200 annual mortalities. Changesin CO,
emissions lead to an order of magnitude higher mortalities throughout
the twenty-first century, incurring US$11-180 billion of damages from
1year of emissions. A scenario exploring simultaneous closures of nuclear
and coal plants redistributes healthimpacts and a scenario with increased
penetration of renewables reduces health impacts. Inequities in exposure
to pollution are persistent across all scenarios—Black or African American
people are exposed to the highest relative levels of pollution.

The United States relies on nuclear and coal for 38% of its electric-
ity generation’. Analysis of pathways for the United States to reach
anet-zero carbon emissions energy grid focus on reduction of fossil
fuels and increased use of renewable energy’. Nuclear power, whose
useis projected to declinein the future, has historically provided many
parts of the United States with low-emission (both direct and indirect)
energy that has had lower health- and accident-related ilinesses and
deaths when compared to coal, gas and oil’. Nuclear power has also
been evaluated for its role in reducing historical carbon emissions at
the global scale** but it remains of public and government concern due
to potential safety risks. At the same time, coal has long been one of the
highest polluting sources of electricity, contributing to hundreds of
thousands of premature deaths globally each year (other fossil fuel use
brings this up to millions of deaths)®” and 3,100 premature deathsin the
United States in 2016 (alargeimprovement froman estimated 30,000

premature deaths in 2000)°. Even without substantial new climate
action, itisstill estimated that coal use will decline rapidly over the com-
ing decades. In contrast, renewable sources of electricity suchas wind
and solar are expected to grow over the coming decades'. Thereis little
comprehensive work on the potential air quality impacts of reducing
therole of nuclear power in the United States energy system and how
thisreductionwillinteract with other aspects of the energy transition.

Recent closures of nuclear power plants are due toa combination
of economic impracticability because of inexpensive gas’, as well as
health and safety concerns, and have historically led to increased use
of fossil fuels to fill the gap in energy production. The Zero Emission
Nuclear Power Production Tax Credit of the Inflation Reduction Act
provides tax credits to financially incentivize utilities to continue the
use of nuclear power between 2024 and 2032, which may push back
the shut-down timeline for nuclear power plants and encourage the
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Fig.1|Maps of differences in annual energy generation by EGU across our
scenarios. a-d, Annual energy production (MWh) by each nuclear plantin the
base (a), difference in annual energy production (MWh) by unit in no nuclear
compared to the base (b), difference in annual energy production by unit (MWh)
inno nuclear + no coal compared to the base (c) and difference in annual energy
production (MWh) by unitin no nuclear + renewables compared to the base (d).
Inb, cand d, we only plot the increases, which excludes nuclear power from b and
d and nuclear and coal power from c.

development of small modular reactors'. This does not guarantee
thelong-term use of these nuclear plants, soitisimportant to quantify
the effect that maintaining versus shutting them down could have on
health and the climate, particularly in the context of renewable energy
growth and fossil fuel closures.

These recent shut-downs include the Indian Point Energy Center
second reactor, which was shut down in April 2021 because of envi-
ronmental and safety concerns due toits proximity to New York City".
Browns Ferry and Sequoyah nuclear power plant shut-downsin1985led
toincreased coal use®, as determined by regressions comparing power

plantlevel productioninthe Tennessee Valley Areabefore and after the
nuclear plant closures. Using similar regressions to assess generation
by plants before and after the San Onofre Nuclear Plant (California)
shut-down in 2012, ref. 13 found nuclear power plant closure led to
increased gas use, as well as increased costs of electricity generation.
Recent work has shown that phase-out of nuclear power from 2011 to
2017 in Germany led to replacement by fossil fuels™.

Thefossil fuels that have historically replaced nuclear power have
emissions that contribute to air pollution and climate change. Fossil
fuel plants emit nitrogen oxides (NO,) and sulfur dioxide (SO,), both
of which are precursors for fine particulate matter (PM, ;) and NO,.isa
precursor for ozone”. Air pollution due to ozone and PM, s is associated
with adverse health outcomes and premature mortality'*". Concerns
that the pending closure of the Diablo Canyon nuclear power plant by
2025 couldresultinincreased use of fossil fuels and associated climate
impacts'®, and compromise energy grid stability, led to the decision to
extend its lifetime by 5 years.

Previous work has only addressed subnational-level response
to nuclear power shut-downs or has quantified regional and globally
averaged avoided mortalities from nuclear power use. Using the InMAP
reduced formmodel, ref. 19 found that the shut-down of three nuclear
power plantsin the Pennsylvania-New Jersey-Maryland region led to
increasesin PM, sresultingin 126 additional mortalities. Another study’
quantified the global historical prevented mortalities and CO, emis-
sions due to historical and potential future nuclear power generation,
using average mortality rates and CO, emissions rates by electricity
type. They project mortalities and CO, emissions based on energy
projections by the UN International Atomic Energy Agency out to
2050, finding that 4.39-7.04 million deaths would be prevented by
using nuclear power, rather than fossil fuels, due to lower emissions
of air pollutants. Previous work also has not consistently accounted
for the potential growth of renewable energy, which has been shown
toreplace the use of fossil fuels®.

Here, we construct four national-scale energy scenarios to better
characterize the nationwide system response to nuclear shut-downs.
We compare four scenariosinwhich: (1) the United States shuts downall
nuclear power (nonuclear), (2) the United States shuts downall coal and
nuclear power (no nuclear + no coal), (3) the United States shuts down
allnuclear and expands renewable capacity to 2030 Energy Information
Administration (EIA) regional projections (no nuclear + renewables)
and (4) the United States continues at an existing baseline (base).
These scenarios allow us to characterize amaximum potential impact
of nuclear shut-downs, explore the dynamics of the energy system
in response to the loss of coal and nuclear power, evaluate the role
of expanding renewables in place of nuclear power and estimate the
impacts on climate and human health. Although all nuclear power
will not realistically shut down at once and nor will all coal and nuclear
power, thisstudy identifies regions with high risk due to a system-wide
response to closures. This is further explored by quantifying the effect
of replacing one low-emissions (direct and indirect) source of energy
(nuclear) with another (wind and solar). We examine the impact of
these scenarios on people of different races and ethnicities, as prior
research has shown that people of colour are not only disproportion-
ately exposed to air pollution”** but also experience up to three times
the impact of PM, ; on mortality'®*. To do this, we couple an energy
grid/dispatch model and a chemical transport model to calculate the
economic and health impact of both climate and air quality changes
and further quantify shiftsin exposure amongst different communities.

Energy grid response and emission changes

There is more fossil fuel generation in no nuclear than in the base.
In the base, gas is 32% of the energy generation, coal is 31% and oil is
<1%;innonuclear, gasis 39% of the energy generation, coal is 45% and
oil is <1%. Figure 1b shows the differences in fossil fuel use, which are
largely concentrated in the Eastern United States because of the high
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Fig. 2| Map of changes in concentration and mortalities in no nuclear compared to the base. a-d, Changes in April-September MDA8 ozone concentrations (a) and
annual average PM, ; concentrations (c) and the subsequent change in mortalities per 1 million people due to no nuclear compared with the base (b,d, respectively).

concentration of nuclear power there. The interconnected nature of
the energy grid can be seen through the differences in the location of
increased fossil fuel generation—when nuclear power plants in one
county or state are not available, fossil fuel generators in other coun-
ties and states can make up the difference in demand. We calculate the
ability to meet demand under each scenario and estimate the gaps,
showing that the United States does not have the necessary capac-
ity to close all of its nuclear power and meet current demand. In no
nuclear, this gap occurs in Texas during the summer—Texas has already
faced increasing issues with the ability of its electricity grid to meet
demand during severe weather®, so an additional loss in production
could exacerbate uncertainty in the region. In no nuclear + no coal
(Fig.1c) thereisanincrease in gas and oil use and the electricity grid can-
not meet demand in more than half of the regions in the United States
(Supplementary Discussion). Increased availability of renewables in
no nuclear + renewables leads to most of the lost load being taken up
by wind and solar (Fig. 1d).

Higher fossil fuel use inno nuclear leads toincreases in emissions
ofNO,, SO, and CO,, compared to the base. There are 42% more NO,, 45%
more SO,and 41% more CO, emissions thanin the base (Supplementary
Fig.3). Thelargest differencesin NO, and SO, concentrations occurin
the Eastern United States and during the summer due to changes in
emissions in these locations (Supplementary Fig. 7).

Pollution and healthimpacts

Figure 2 shows that annual average PM, ; concentrations are higher
nationwide under no nuclear compared to the base. These variations
inPM,aredriven by the changesinNO,and SO, emissions. PM, ; con-
centrationsarelargerinno nuclear than the base throughout the East-
ernUnited States during both summer and winter. The concentration
differences betweennonuclear and the base are larger in the summer
thanin the winter (Supplementary Fig. 10).

Ozoneseason (April-September, as defined by ref.17), local maxi-
mum daily average 8 h (MDAS8) ozone concentrations are larger on aver-
age nationwide under nonuclear thanin the base scenario. The Eastern
United States experiences higher changes in ozone than the West.

We calculate two mortality metrics—those due to air quality expo-
sure and those due to CO, emissions. Those due to changesinair qual-
ity are total annual mortalities, expected to be incurred in the year of

exposureasaresult of concurrent emissions. Mortalities calculated due
to changesin CO,are integrated mortalities, expected to be incurred
throughout the twenty-first century as aresult of the climate impacts
fromasingle year’s emissions. Both metrics are calculated on the basis
of one single year of emissions; if a scenario were to persist for more
than asingle year, mortalities would compound.

The differences between all-cause mortality for ages 25+ yr due
to changes in PM, s and April-September MDAS ozone concentra-
tions in no nuclear compared with the base are shown in Fig. 2. Due
to changes in PM, s concentrations in no nuclear compared with the
base, there are 3,600 (95% confidence interval (Cl), 2,800-4,600)
additional premature mortalities. Most of the increase in mortalities
isin the Eastern United States, due to the higher PM, 5 in the Eastern
United States than the Western United States. Yearly mortalities due
to the change in April-September MDA8 ozone concentrations are
larger in the Eastern United States, where no nuclear has 1,600 (95%
Cl, 800-3,100) additional premature mortalities as compared to
the base.

We use the mortality cost of carbon (MCC)? to calculate the inte-
grated mortalities until 2100 of the yearly CO, emissions. The MCC
has a baseline and optimal climate outcome, with low, central and
high mortality estimates. Under a central estimate for the optimal and
baseline scenario, CO,emissions due to no nuclear lead to an additional
78,000 0r170,000 mortalities throughout the rest of the twenty-first
century compared to the base (130,000 or -160,000 to 380,000 or
500,000 mortalities under low and high estimates).

Impact monetization
Using regulatory approaches®®, we monetize the annual impact of the
increased carbon emissions as well as the healthimpacts of the changes
inair quality from no nuclear compared to the base. We use a value of
statisticallife (VSL), as defined by the Environmental Protection Agency
(EPA) to monetize the changes in mortalities due to air quality, and a
social cost of carbon (SCC) to monetize the damages due to changesin
carbonemissions, both of which are expressedinyear 2007 US dollars.
We calculate the annual cost of mortalities due to changesin April-
September MDAS8 ozone and annual mean PM, s using the EPA’s cur-
rent estimate for the VSL of US$7.4 million (in year 2007 US dollars)*.
There are US$40 billionin monetized externalities due to air pollution

Nature Energy | Volume 8 | May 2023 | 492-503

494


http://www.nature.com/natureenergy

Article

https://doi.org/10.1038/s41560-023-01241-8

PM, 5 (g m™®) exposure

A Mortalities per

O (ppb) exposure

c
& : f
£ 404: | ]
W @ © ~
: < o]
°kc : S N e S
< o5 304: o - o 1 =
g c s : 1 1 1 1
© @© :
€935 : 5 s : S S
oE o 204 ) o) o] B 0]
5<8 : = = : = : =
a s :
i W FHHL | 1 [;
o : ; :
5] : :
@ o [{ ﬂ ul \J..m| 1l H\w”\\l Lol HW‘_H—F il il
T f f ; f T —t e f
40 - 4
2 < o=
£ - 3 N il S
o ® S 30 ) S o 1
o— 2 i I i : 1
£o6® S c < | €
503 20 3 3 3 g 3
8c8 = = = =
oo
a % 10 . .
0 M l”\ u[m Ll ’— I i i arr
T ; — f ; ; = ;
)
2 -
=] - :
< :
s h 1 r
~ ™ I :
3 = ~ @ P w
o= § 301 o © o 4 | w
jo) R n " n : n
S O ® c c c H c
€c3S 204 @© @ ® 1o @
53 15 i} o} o
SER b= = = =
o co
e 10 |
@
9]
5 0 Ll | s walal Frl;r‘} il
£
a0 i 1 s
: - o :
5 . | = S g P |8
[} c 30 +: o = o 4 poc
29 = I : u I : 1
ec= o c : c c : c
82 3 20 3 : 8 8 13
5 2 = : > = : =
o 10 I H
o ‘.‘ R R | — i ] et
= f f f —t T f f
— A H t
% 40 | ] i
e c o © © S
©°,.6 30+ o ~ o q [T}
2.9 - n n n n
o83 20 3 3 3 1 3
552 = = = =
LI F( H
S 7 i
‘B |
< |
0 ITI—TH_L-F}* : il Ll bt : : : : IT\ H]—F ‘ Ll oy : :
0] 0.2 0.4 0.6 0o 10 20 30 40 50 0o 1 2 0] 20 40 60

A Mortalities per

1 million people
due to PM, ¢

Fig.3 | Distribution of exposure and mortalities by race and ethnicity for
each county in no nuclear. a-h, Percentage of each race and ethnicity (Black

or African American (a,f k,p), Hispanic or Latino (b,g,1,q), American Indian or
Alaska Native (c,h,m,r), White (d,i,n,s) and Asian or PacificIslander (e j,0,t)) with
agivensummer annual average PM, s (a-e) and April-September MDA8 ozone

1 million people
due to O,
exposure (k-0) and related mortality rate by county (f-j and p-t, respectively),
weighted by population for the difference between no nuclear and the base
(f-jand p-t, respectively). Mean population-weighted exposure and mortalities
areindicated by the vertical line.

(US$12 billion due to ozone and US$28 billion due to PM, ) for the no
nuclear scenario.

We also quantify arange of values for the monetized social impact
ofthe changein carbon emissions according to the 2020 government
SCC (inyear2007 US dollars) across a range of discount rates and future
climate scenarios® to account for uncertainty. We also use the recent
higher estimates of an SCC fromref. 31. The mean monetized SCC due to
1year of emissions fromno nuclear is between US$11 billion and US$180
billion (for discount rates of 5% and 1.5%, respectively). This is probably
anunderestimate of the totalimpact of greenhouse gas emissions from

this transition, as we do not include changes in methane emissions
due to the high uncertainties in emission factors (Supplementary
Fig. 1). Overall, 1 year of emissions from no nuclear leads to costs
between US$51 billion and US$220 billion (in year 2007 US dollars)
duetoboth climate and health impacts nationwide.

Distributional consequences and system analysis

We quantify the difference in population-weighted PM, ; and ozone
exposure amongst racial and ethnic groups under no nuclear com-
pared to the base, finding that Black or African American people
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Fig. 4 | Distribution of exposure and mortalities by race and ethnicity for
each county innonuclear + no coal. a-h, Percentage of each race and ethnicity
(Black or African American (a,f k,p), Hispanic or Latino (b,g,1,q), American Indian
or Alaska Native (c,h,m,r), White (d,i,n,s) and Asian or Pacific Islander (e j,0,t))
withagiven annual average PM, s (a-e) and April-September MDA8 ozone

O (ppb) exposure A Mortalities per

1 million people
dueto O,
exposure (k-0) and related mortality rate by county (f-j and p-t, respectively),
weighted by population for the difference between no nuclear + no coal and the
base. Mean population-weighted exposure and mortalities are indicated by the
verticalline.

experience the largest difference in both exposure and mortalities.
The distribution of mortalities by race and ethnicity is right-skewed
for all but Black or African American people, who have a much more
uniformdistribution of exposure, meaning thatamuch smaller portion
of Black or African American people experience the lowest levels of
pollution due to these shut-downs. Figure 3 shows the percentage of
the population by county of each race and ethnicity that has a given
changein mortality rate due to PM, ;or ozone (see Fig. 3 for histograms
of exposure by race and ethnicity and Supplementary Tables 3-6 for
exposure and mortality data).

We use the no nuclear + no coal and no nuclear + renewables sce-
narios to explore variations in the system response if both fossil fuels
and nuclear are phased out simultaneously or if nuclear is replaced
by renewables. In no nuclear + no coal, gas provides 75% of the elec-
tricity generation and oil provides 1.9% and there are 194% more NO,
emissions, 23% less SO, emissions and 5% more CO, emissions thanin
the base. In no nuclear + renewables, gas provides 33% of electricity
generation (al.5% increase from the base), coal provides 34% (an 8.6%
increase from the base) and solar and wind provide 7.6% and 16% of
generation, respectively (a1,750% and 158% increase from the base).
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Fig. 5| Map of changes in concentration and mortalities in no nuclear + nocoaland no nuclear + renewables compared to the base. a-h, Changesin April-
September MDA8 ozone (a,b) and annual average PM, s concentrations (e,f) and the respective subsequent change in mortalities per 1 million people (c,d and g,h).

Nonuclear +no coalillustrates that oil and gas, particularly plants
with high emissions factors that are currently rarely used, could be
increasingly called upon to meet demand in the electricity systemif
there is not adequate planning to replace nuclear and coal plants as
they shut down. Not only does the generation and emissions from these
plants become alarger percentage of the overall system but thereisa
net increase in emissions of NO,, SO, and CO, due to the reliance on
these plants. Aswith no nuclear, Black or African American people have
the largest increase in exposure to pollution due to the shut-down of
both nuclear and coal power (Fig. 4).

If additional renewable capacity is made available alongside the
shut-down of nuclear plants, asinnonuclear + renewables, the percent-
age of energy generation by solar and wind approximately replaces
thelossin nuclear generation. However, this does not preclude health
impacts, as there are increases in mortalities due to PM, ; and ozone
in the Eastern half of the United States, with decreases in the Western
United States. There are net 260 additional premature mortalities in
this scenario (980 additional mortalities due to PM, s and a decrease
in720 mortalities dueto ozone), whichislessthanif nuclear plantsare
shut down without an alternative clean source of energy (Fig. 5). How-
ever, the lack of an overall reduction in mortalities indicates that just
replacing nuclear power with renewables will not improve air quality
nationwide. This scenario leads to amplification of existing inequities
inexposure to pollution, as Black or African American people have the
largest mean increase in exposure and subsequent mortalities due
to PM, s and the lowest mean decrease in exposure and subsequent
mortalities due to ozone (Fig. 6).

In both no nuclear + no coal and no nuclear + renewables,
population-weighted exposure to both PM, s and ozone and related
mortality rates are higher for those living in a county with a nuclear
plant that was shut down, than those living in counties that did not
have nuclear plants (Supplementary Fig. 12). This is in contrast to no
nuclear, where those living in counties with or without nuclear power
plants are approximately equivalently impacted by the resulting shift
in air quality (Supplementary Fig. 12). Supplementary Tables 7-10
show the detailed mortality and population-weighted exposure rates
for both county types.

Coal plant shut-downs disproportionately benefit those living in
counties with coal plants; these counties have lower mortality rates
due to changes in PM, s and ozone than do non-coal counties. In no
nuclear + no coal compared to the base, counties with coal power
plants that are shut down have lower increases in mortalities per
1 million people due to PM, s and ozone (12 and 18, respectively) than
those living in counties that do not have a coal plant that is shut down

(12 and 21, respectively) (Supplementary Fig. 11). Furthermore, those
livingin counties with coal plants have lower mortality rates per 1 mil-
lion people due to changes in PM, s and ozone in no nuclear + no coal
thaninno nuclear, compared to the base (Supplementary Fig. 11).

Discussion and conclusion
Closure of all nuclear power plants across the United States (no nuclear)
leads to more mortalities due to air pollution and climate compared to
abaselinescenario (base). There are an additional 5,200 annual mortali-
ties due to changes in PM, ;and ozone under no nuclear. These health
impacts areasimilar order of magnitude as those estimated in studies
ontheimpactof proposed carbon policies such as the Clean Power Plan
onair quality (3,500 avoided premature mortalities were projected to
result if the Clean Power Plan were implemented)*. Compared to the
base, thereis a central estimate 0f 78,000-170,000 additional mortali-
tiesover the century due to the changesin CO, emissions from1year of
no nuclear. These mortalities compound with each year of continued
emissions. Our scenarios do not account for changes in demograph-
ics over time, or changes in electricity demand, which is expected to
increase withthe electrification of transportation and buildings, thus
putting more burden on the system if nuclear power is shut down.
We show here how local- or utility-scale decisions to use certain
energy sources impact air quality at a broader regional and national
level. Theseimpacts are larger when the electricity grid relies more on
fossil fuels. Nuclear power is not without risk, asit has had considerable
historicalimpacts on human health and the environment, which has led
toconcernforthoseliving near power plants or workingin theindustry.
There is extensive research on the social and historical context of the
nuclear power industry, which points to high-risk accidents, health
impacts of living near the radiation of a plant and waste management
andinadequate safety measures from uranium mining, which has had
particularly negative impacts within the Navajo Nation, assome of the
safety concerns with continued use of nuclear power* . We do not
include the impacts of uranium mining in this work but it is an impor-
tant component of environmental and energy injustices and future
work could focus onlife cycle analyses toinclude these otherimpacts.
If coal is retired alongside nuclear or renewable capacity is
increased, those in counties with nuclear plants that are shut down
are disproportionately harmed by the resulting shift in pollution.
In contrast, those living in counties with coal power plants benefit
the most from closures of coal power plants (Supplementary Figs. 11
and 12). The development of renewable capacity alongside nuclear
plant closures will not exactly mimic our modelling scenario in no
nuclear + renewables. This scenario does show that to reduce air quality
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1 million people
due to PM, ¢
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Fig. 6 | Distribution of exposure and mortalities by race and ethnicity for
each countyinnonuclear + renewables. Percentage of each race and ethnicity
(Black or African American (a,f k,p), Hispanic or Latino (b,g,1,q), American Indian
or Alaska Native (c,h,m,r), White (d,i,n,s) and Asian or Pacific Islander (e j,0,t))
withagiven annual average PM, ; (a-e) and April-September MDA8 ozone

O, (ppb) exposure A Mortalities per

1 million people
due to O,
exposure (k-0) and related mortality rate by county (f-j and p-t, respectively),
weighted by population for the difference between no nuclear + renewables and
the base. Mean population-weighted exposure and mortalities are indicated by
the vertical line.

and climate impacts, cost-competitive renewables should be built to
replace nuclear closures, particularly where fossil fuels would oth-
erwise fill the gap in generation and in locations that contribute to
inequities in exposure to pollution.

Allof our scenarios disproportionately harm Black or African Ameri-
canpeople, substantiating previous work that shows the need for energy
policy to consider more than just cost optimization®. This work can be
used by decision-makers responsible for the maintenance or closure of
nuclear plants as a component of their risk assessments for different
communities, and to inform plans to mitigate impacts from pollution.

Methods

Scenario development

We combine an energy grid model (US-EGO) and achemical transport
model (GEOS-Chem) to assess the impact of nuclear plant shut-downs
inthe United States. This method is atypical toolin regulatory impact
analysis and has been used across multiple studies®*°.

We create a total of seven scenarios, 1-4 are analysed in the main
text and 5-7 are used in the Supplementary Methods for evaluation
of US-EGO and GEOS-Chem. Five scenarios are generated through
US-EGO: (1) a no nuclear scenario (no nuclear), (2) a no nuclear or
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Table 1| GEOS-Chem simulations

Short name Explanation

Data source/US-EGO simulated Use in paper

No nuclear Shut-down of all nuclear power

US-EGO no nuclear Main text analysis

No nuclear+no coal Shut-down of all nuclear and coal power

US-EGO no nuclear+no coal scenario Main text analysis

No nuclear+renewables
renewable capacity to 2030 EIA projections

Shut-down of all nuclear power and expansion of

US-EGO no nuclear+renewables
scenario

Main text analysis

Base 2016 baseline US-EGO base scenario Main text analysis
NEI 2011 GEOS-Chem default NEI in year 2011 NEI 201 Supplementary model
evaluation
NEI 2016 Updated NEI for the GEOS-Chem model based on NEI 2016 Supplementary model
new 2016 data from the EPA>® evaluation
eGRID 2016 baseline modified so that regional total US-EGO modifying regional totals to Supplementary model

emissions match that of the eGRID

match eGRID evaluation

coal scenario (no nuclear + no coal), (3) a no nuclear with renewable
capacity expanded to 2030 projections (no nuclear + renewables),
(4) abase scenario (base) and (5) a modification of the base scenario
where emissions are modified to match regional data from the EPA’s
Emissions and Generation Resource Integrated Database (eGRID).
The other two scenarios use existing emissions inventories: (6) a sce-
nario using the National Emissions Inventory (NEI) from2011and (7) a
scenario using the most recently available NEI data from 2016. Table 1
shows the seven scenarios and associated data; scenario development
and the evaluation of US-EGO and GEOS-Chem are discussed in Sup-
plementary Methods.

Associated PM, ; and ozone-related premature mortalities due
to changes in the electricity grid are calculated according to concen-
tration-response functions from ref. 41 and ref. 17, respectively. We
calculate the change in mortalities across the twenty-first century
due to one year’s CO, emissions through an MCC?. The monetized
social impact of carbon is calculated using 2020 SCC across a range
of discount rates***' and the monetized health impacts are calculated
using the VSL?.

Energy grid optimization model

We extend and evaluate the US-EGO based onref. 42. US-EGO estimates
hourly emissions of NO,, SO, and CO, from every power plant in the
United States. Model evaluation can be found in Supplementary Meth-
ods and Supplementary Figs.1and 3. Data for this model are from the
EPA’s National Electric Energy Data System (NEEDS) model v.5.16
(ref.43), which provides the location, generation costs, capacity, elec-
tricity demand and emissions factors for every energy generating unit
(EGU) in the United States. We assume no change in demand beyond
theyear 2016. We use these data to set up a cost optimization, whichis
based on the Security Constrained Unit Commitment model** for the
energy market. This optimization is solved such that the supply of
energy satisfies demand at every hour in 64 regions (as based on
NEEDS), allowing for transmission between certain regions. It runs
across T time periods with (1) x¥*" generation for generator i at
cost c*" with N total generators and (2) X" transmission power
between regions d and o at cost ¢,.,. We run the model for 8,760 h
throughout the year, separately optimizing at each time step*.

N

min > xENOCET () + D xS ()crNS(r) 1
o,d

xgen trans £ o—~d o—~d

Constraints for the model can be found in Supplementary Methods.
We take the hourly output of generation from the model and cal-
culate the hourly emissions of SO,, NO, and CO, by

*EF; ¥}

where EF;is the emissions factor specific to that EGU. These hourly
emissions are mapped ontoa 0.5° x 0.625 grid to allow for their input
into the chemical transport model, GEOS-Chem.

To generate the no nuclear scenario, we remove all nuclear power
plants fromthe possible set of EGUs. US-EGO requires sufficient supply
to meet demandto calculate asolution toits optimization. To close the
optimization in no nuclear, we implement additional zero emissions
generation capacity which is available in each of the 64 regions. The
pricing of the additional generation weimplement is high, such that it
isonly triggered when the existing grid is at complete capacity. Witha
shut-down of all nuclear power, southeastern Texas demand exceeds
supply for 20 h in the month of May and we discuss the closure of
this gap in Supplementary Methods. To generate the no nuclear + no
coal scenario, we remove all coal and nuclear power plants from the
possible set of EGUs. In this scenario, 35 regions* have to use addi-
tional generators to meet demand (Supplementary Methods). The
nonuclear + renewables scenario is generated by removing all nuclear
power plants from the possible set of EGUs and adding capacity as
projected by the EIA for 25 electricity market module regions. These
regions contain our 64 NEEDS regions, so we allow the total capacity
across all NEEDS subregions to sum to the total projected capacity
in the larger EIA region. When additional renewable capacity as pro-
jected for 2030 by the EIA is made available, supply meets demand at
all times. Maps of EGU annual generation for the base, no nuclear, no
nuclear + no coal and no nuclear + renewables scenarios are shown in
Supplementary Fig. 2.

Chemical transport model

Weusethe GEOS-Chem modelv.13.2.1(ref. 45) tosimulate SO,,NO,, PM, ¢
and ozone concentrations. GEOS-Chem s aglobal three-dimensional
chemical transport model thatincludes aerosol chemistry*® and tropo-
spheric oxidant chemistry*’. We use a global horizontal resolution of
4" x 5" to create boundary conditions for anested North American run
with horizontal resolution of 0. 5" x 0.625° between 140° and 40° W
and 10" and 70° N (ref. 48). This resolution is similar to that of other
studies examining air quality impacts and disparities (for example,
refs. 41,49-51). GEOS-Chem is driven by meteorological data from the
MERRA-2 re-analysis™. Emissions data come from the Harvard-NASA
Emission Component®’. We use 6 months for spin-up and we analyse
daily concentration outputs for the year of 2016.

Within Harvard-NASA Emission Component, we make a few key
modifications to the inputs of emissions for EGUs. For our NEI 2011
simulation, the EGU emissions for GEOS-Chem are from the 2011 NEI
that are scaled to the relevant year as described in the GEOS-Chem
wiki**. Inthe NEI 2016 simulation, we use recently developed emissions
inventories for the NEIin2016%. The base, no nuclear, no nuclear + no
coal and no nuclear + renewables scenarios all use emissions profiles
of SO, and NO, created through the relevant US-EGO model simulation.
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The eGRID simulation uses the base US-EGO run, modified such that the
total emissionsin each of the 64 NEEDS regions match that of the data
from the eGRID** SO, and NO, emissions gridded onto a 0.5" x 0.625
grid. Inthebase, nonuclear, nonuclear + no coal, nonuclear + renewa-
bles, eGRID and NEI 2016 scenarios, all emissions other than the EGU
SO,and NO,emissions are from the 2016 NEl emission inventory. Com-
parisons of GEOS-Chem output to observational data are further dis-
cussed in Supplementary Methods and are shown in Supplementary
Figs. 4,5 and 6 and Supplementary Tables 1 and 2. Supplementary
Figs. 9 and 10 show the annual mean concentration of PM, ;and ozone
for each of the seven scenarios and their seasonal difference from the
base, respectively. Supplementary Fig. 8 shows ozone regimes for each
ofthescenarios, providinginsightinto locations that have decreasesin
ozone despite increases in NO, concentrations due to NO, titration®’.

Health impact assessment

We calculate the differences in annual mean PM,; concentrations
between no nuclear, no nuclear + no coal or no nuclear + renewables
and the base. Mortalities due to changes in PM, s exposure are calcu-
lated using the concentration-response functions from a recent
meta-analysis of the association between PM, ; and mortality*.. For
each grid box, we calculate B(PM, 5), the long-term PM, ; concentra-
tion-response, as

PM,.s,

B(PM, 5) = B(PM; 5)dPM 5 )

APM, 5 PM, 5,

where Sisbased onFig.2inref. 41, suchthatits valuedependson APM,;,
ais the base scenario and b is no nuclear, no nuclear + no coal or no
nuclear +renewables scenario and APM, s is the annual average change
in PM, ;between scenarios aand b. We calculate the 95% Cl for B(PM, 5)
based on this same method, using the upper and lower bounds on the
95% Clfromref. 41

We calculate the incidence, /, for each grid box as

_ eXpBAPMZ_S _1

expPAPMas

! “4)

On the basis of the change in concentration and incidence, we
calculate the change in all-cause mortality for each GEOS-Chem grid
cellas’

AM = p,eiM, )

where p,is the affected population, for which we use the Gridded Popu-
lation of the World data’® and M, is the state-level baseline all-cause
mortality numbers taken from the 2017 Global Burden of Disease
Study®, using state-level population data from the United States Cen-
sus Bureau Demographic Analysis Data to calculate the mortality rate®.
Allmortalities are calculated for the population aged 25+ yr.

For ozone, we similarly quantify the differences in concentra-
tion between the base and no nuclear, no nuclear + no coal or no
nuclear + renewables. Mortalities due to ozone changes are calculated
following the methods used in the latest Regulatory Impact Analysis for
the Final Revised CSAPR by the EPA"". From this, we calculate three
values (the mean and 95% CI) for the long-term ozone concentration-

response as %, where RR=1.02[1.01,1.04]is the relative risk per

10 ppb (Aozone) increase in April-September ozone in atwo-pollutant
model accounting for PM, (ref. 17). We use April-September MDA8
ozone concentrations, defined as the maximum of the local rolling
8 haverage ozone from April to September. We calculate a change in
mortality for each fand grid cell as

AM = p Mo AxB (6)

In which the mean mortality is based on the mean 8 and our 95%
Cl mortality is based on the 95% CI for . x is the change in ozone for
eachgrid cell.

We aggregate our gridded PM, s and ozone data to county levels
using area-weighted averages (using the python module, xesmf*?)
across the United States. We use United States Census Bureau Demo-
graphic Analysis Data for the year 2016%* to attribute changes in mortal-
ity at the county level based on race (Asian or Pacific Islander, American
Indian, Black or African American and White) and Hispanic origin/
ethnicity (not Hispanic or Latino and Hispanic or Latino). These cat-
egories are chosen on the basis of the Centers for Disease Control race
and ethnicity categories. The mortality rates from the census-based
aggregations use an average RR based on ref. 16, so differences in
mortality rates are due solely to exposure.

To calculate exposure in coal- or nuclear-containing counties,
we find counties that contain a coal or nuclear EGU and compare the
population-weighted exposure and mortality rates to those without
acoal or nuclear plant. Because our model resolutionis 0.5° x 0.625°,
we focus our analysis on the county level, which is similar to the size
of a grid box. Prior work has shown that racial and ethnic dispari-
ties in exposure primarily arise due to regional (>10 km) pollution
gradients®’.

Mortality cost of carbon

We calculate the total mortalities due to changesin carbon emissions
between our two scenarios as aglobal total, based on the total change
in CO, emissions multiplied by a range of MCC values. The MCC we
use is based on recent results from studies that quantify the effect an
additional ton of carbon has on temperature-related mortality®’; it
includes the adoption of adaptations to warming such as air condi-
tioning as well as heterogeneity in the mortality effect of increasing
temperature, as described further in ref. 27. We use the MCC for a low
(-0.000171and -0.000216), central (0.000226 and 0.000107) and high
(0.000678 and 0.000522) mortality estimate under both a baseline
and optimal emissions scenario, respectively, leadingto 2.4 and 4.1°C
of warming by 2100 (Table 1in ref. 27). We use both the baseline and
optimal emissions scenarios because the shut-down of nuclear power
does not guarantee a particular temperature outcome, so we estimate
the entire range. We assume that emissions from the year 2016 would
lead to similar responses across the twenty-first century as those of
emissionsin 2020, as the MCC provides theimpact of emissions from
2020 on mortalities from 2020 to 2100.

Monetized socialimpact of carbon

We calculate a monetized socialimpact of carbon (AS) using arange of
values for the SCC based on different discount rates and future climate
scenarios®>*"°, The SCC includes the value of agricultural productivity,
property damages, energy system disruption, human health, migra-
tion, risk of conflict and ecosystem services and it indicates the value
of reducing emissions of CO, by 1t. The SCC overlaps with the MCC,
quantifying mortalities in monetary terms. Recent work has shown
an underestimate of the cost of mortalities in the United States Gov-
ernment’s Interagency Working Group on Social Cost of Greenhouse
Gases SCC, sowe use both the government values and updated values
that include higher costs due to mortality®'. We use the SCC from the
emissionyear 0of2020, withthe 5%, 3%, 2.5% discount rates correspond-
ing to US$14, 51 and 76 per metric ton of CO, (in year 2007 US dollars)
from the government data and 3%, 2.5%, 2.0% and 1.5% discount rates
correspondingto US$64, 94.4,148 and 246.4 per metric ton of CO, (in
year 2007 US dollars) from ref. 31. The use of different discount rates
allows us to address issues of intergenerational justice and govern-
ance® butall of our values have some form of discounting. We calculate
the monetized impact as

ASd = SCCdAECO2 (7)
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for the entire frequency distribution of the SCC across each discount
rate (d), where AEq, is the change in emissions between the two sce-
narios. The average monetized socialimpact for each discount rate is
themean of AS,.

Value of statistical life

We calculate the cost of the mortalities (AV) due to changes in ozone
and PM, s using the EPA’s current estimate for the VSL of US$7.4 million
(in 2006 US dollars)®. We convert the VSL to year 2007 US dollars to
match thebase year of the SCC and multiply the VSL by our mortalities
dueto changesin ozone and PM, s to calculate atotal economicimpact
of lives lost across the United States: AV =VSL AM, where AM is the
change in mortalities.

Data availability

All data necessary to do the analysis are available at https://doi.
org/10.5281/zenodo.7650413. This includes the diagnostic files nec-
essary to rerun the chemical transport model simulations and the
processed data for analysis. Data to run GEOS-Chem are available on
its data portals®®. Data to run the US-EGO model are publicly available
through EIA forms 923 and 906/920 (ref. 69), EIAform 930 (ref. 70), the
EPANEEDS v.5.16 platform®, as well as the EPA eGRID database*®. We use
publicly available census data® for state-level population estimates and
census data® for evaluation of impacts by race and ethnicity. We use the
Global Burden of Disease for mortality rates by state™. EPA Air Quality
System and IMPROVE monitor data for observation comparisons to
GEOS-Chem model output are publicly available”’2. We use cartopy
for our basemaps”.

Code availability

Allcode necessary for the analysisis available on Zenodo. Thisincludes
(1) US-EGO model code available at https://zenodo.org/badge/
latestdoi/601766084 and (2) analysis code available at https://zenodo.
org/badge/latestdoi/248010532. GEOS-Chemis an open-access com-
munity model and can be downloaded according to instructions on
its website™.
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