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• Adoption of low carbon energy in 2050 re-
duces air pollution exposure in California.

• Black residents experience higher air pol-
lution exposure than white residents.

• Adoption of low carbon energy reduces
PM2.5 exposure disparity by 20%.

• Adoption of low carbon energy reduces
PM0.1 exposure disparity by 40%.
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 An environmental justice (EJ) analysis shows that adoption of low-carbon energy sources in the year 2050 reduces the
race/ethnicity disparity in air pollution exposure in California by as much as 20% for PM2.5 mass and by as much as
40% for PM0.1 mass. An ensemble of six different energy scenarios constructed using the energy-economic optimiza-
tionmodel CA-TIMESwere evaluated in future years. Criteria pollutant emissions were developed for each energy sce-
nario using theCA-REMARQUEmodel using 4 km spatial resolution over fourmajor geographic areas inCalifornia: the
greater San Francisco Bay Area including Sacramento (SFBA&SAC), the San Joaquin Valley (SJV), Los Angeles (LA),
and San Diego (SD). TheWeather Research& Forecasting (WRF) model was used to predict future meteorology fields
by downscaling twodifferent climate scenario (RCP4.5 andRCP8.5) generated by twodifferent GCMs (theCommunity
Climate SystemModel and the Canadian Earth SystemsModel). Simulations were performed over 32weeks randomly
selected during the 10 year window from the year 2046 to 2055 to build up a long-term average in the presence of
ENSO variability. The trends associated with low-carbon energy adoption were relatively stable across the ensemble
of locations and scenarios. Deeper reductions in the carbon intensity of energy sources progressively reduced exposure
to PM2.5 mass and PM0.1 mass for all California residents. The greater adoption of low-carbon fuels also reduced the
racial disparity in the PM exposure. The three energy scenarios that achieved an ~80% reduction in GHG emissions
relative to 1990 levels simultaneously produced the greatest reduction in PM exposure for all California residents
and the greatest reduction in the racial disparity of that exposure. These findings suggest that the adoption of low-
carbon energy can improve public health and reduce racial disparities through an improvement in air quality.
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1. Introduction
Table 1
Energy scenarios descriptions.

Scenario name Description

BAU A business-as-usual scenario that includes current regulations and
future growth projections.

GHGAi A strict GHG reduction scenario that achieves 80% reduction of GHG
emission (relative to 1990 levels) by the year 2050. More than 60% of
California's primary energy supplied by renewables including
biomass, wind, and solar.

2030CAP A loose GHG reduction scenario that meets current policy references
but only achieves a 40% GHG reduction by the year 2030 with no
further reductions thereafter.

CCS A scenario that allows for more combustion to generate electricity by
focusing on adoption of carbon capture and sequestration technology.
Meets the 80% GHG reduction target by counting “negative
emissions” from carbon capture technology.

NGB A variation of the GHGAi scenario that allows for 20% more natural
gas combustion for residential and commercial buildings.

NGT A variation of the GHGAi scenario that allows for 20% more natural
gas combustion for electricity generation
Exposure to atmospheric pollutants such as airborne particles
with diameter less than 2.5 μm (PM2.5) is estimated to cause 3.3 mil-
lion premature deaths per year worldwide (Lelieveld et al., 2015).
The majority of this excess mortality occurs in heavily populated
regions of Asia, but even cleaner regions in North America and
Europe experience a public health burden associated with air pollu-
tion (Organization, 2021; Strak et al., 2021). Numerous environmen-
tal justice (EJ) studies have shown that lower socio-economic classes
in the United States experience higher levels of air pollution, which
subjects them to a lifetime of health risk (Anderson et al., 2018;
Bravo et al., 2016; Colmer et al., 2020; Cushing et al., 2015; Liu
et al., 2021; Miranda et al., 2011; Tessum et al., 2021; Thakrar
et al., 2020). This exposure disparity can come from many different
sources of air pollution, including transportation (Gunier et al.,
2003; Houston et al., 2014; Rowangould, 2013), food cooking (Shah
et al., 2020), residential combustion (Tessum et al., 2019), electricity
(Thind et al., 2019) and industrial facilities (Perlin et al., 2002). Ex-
posure to poor air quality at any stage of life is associated with a vari-
ety of health problems that burden our collective health care system
and reduces our economic output. A sustainable future in an increas-
ingly globalized and competitive world requires that we minimize
costs for avoidable illness to help all people reach their full potential
regardless of their socio-economic class.

Energy consumption across the economy is inherently associated
with air pollution, linking the issues of climate change and air quality.
A recent study suggests that global air pollution mortality could double
by the year 2050 under a business-as-usual (BAU) energy scenario
(Lelieveld et al., 2015). Many previous studies have estimated health
co-benefits of various GHG reduction pathways, including adopting car-
bon capture and sequestration (CCS) technology, limiting bioenergy,
using renewable energy in electricity generation, and reducing fossil
fuels in power plants (Dimanchev et al., 2019; Markandya et al., 2018;
Ramaswami et al., 2017; Sampedro et al., 2020; Wang et al., 2020;
West et al., 2017; Zapata et al., 2018b). Global reductions in GHG emis-
sions have been estimated to reduce premature mortality by 17%–23%.
The health co-benefits in many scenarios exceed the mitigation costs.
India and China obtain greater co-benefits than other countries
(Markandya et al., 2018; Sampedro et al., 2020), but impressive life-
saving and health co-benefits were also demonstrated in the US by
adopting the United States (US) Clean Power Plan (Driscoll et al.,
2015; Levy et al., 2016), sub-national renewable energy policies
(Dimanchev et al., 2019) and multi-sector GHG mitigation pathway
(Zhang et al., 2016, 2017). However, these same studies also concluded
that air quality improvements and health co-benefits varied signifi-
cantly by region, suggesting that location-specific analyses may be
warranted.

California is the most populous state/province in North America, has
the largest sub-national economy in the world, and is home to six out of
the ten most polluted cities in the US based on annual-average PM2.5

concentrations (American Long Association, 2019). California is leading
North America in the adoption of new sustainable energy sources to miti-
gate climate change. State law AB32 commits California to reduce GHG
emissions to 1990 levels by 2020 (California Air Resource Board, 2006);
California Governor's Executive Order S-3-05 commits California to an ad-
ditional 80% reduction by 2050 (Gov Arnold Schwarzenegger, 2005).
This massive reduction in GHG emissions will require a transformation in
the energy system that will involve choices about technological, fuel and
energy resources. All of these choices will fundamentally change the
patterns of air pollution exposure in California. Multiple previous studies
have evaluated the health co-benefits that can be achieved under various
GHG mitigation pathways (Kleeman et al., 2013; Wang et al., 2020;
Zapata et al., 2018b; Zhao et al., 2019), but very few studies have explicitly
explored the intersection of GHG emissions reductions, air pollution expo-
sures, and racial disparities in exposure.
2

Here we conduct a comprehensive analysis of health co-benefits, ra-
cial disparities, and source/composition in air pollution exposure
under six future energy scenarios and four future meteorology scenar-
ios in California. Air pollution exposure is calculated for four racial
groups defined by the American Community Survey (ACS): Black, His-
panic, Asian, and White (United State Census Bureau, 2020). Public
health benefits associated with reduced air pollution in different en-
ergy scenarios are calculated using standard epidemiological relation-
ships (US EPA, 2021). Energy scenarios are identified that reduce the
racial disparity in air pollution exposure and total population exposure.
The most promising strategies/emissions sources to reduce future ra-
cial disparities/total population exposure to air pollution are then dis-
cussed.

2. Methodology

2.1. Energy scenarios

Future energy scenarios for California are described in detail by Li
et al. (2022) and so only a brief summary is presented in here. All energy
scenarios were created using the CA-TIMES energy economic model
(McCollum et al., 2012; Yang et al., 2015) that predicts the statewide
least-cost technology mix across all energy sectors in California to
achieve target GHG reductions subject to external policy constraints.
Three energy scenarios achieved the objective of an 80% reduction in
GHG emissions relative to 1990 levels, while the remaining scenarios
achieved lower reductions. Table 1 summarizes the major features of
each energy scenario.

Criteria pollutant emissions with 4 km spatial resolution associ-
ated with each energy scenario were calculated with the CA-
REMARQUE model (Li et al., 2022). CA-REMARQUE applies tai-
lored procedures for each energy sector in California to estimate
how the adoption of low-carbon fuels will modify criteria pollutant
emissions. Emissions from the production and combustion of bio-
fuels incorporate the latest measurement data available in the liter-
ature.

2.2. Meteorological scenarios

Meteorological scenarios were produced using the Weather Re-
search and Forecast (WRF) model v3.4 (NACR, 2012) based on initial
and boundary conditions predicted by the Community Climate System
Model (CCSM) (Gent et al., 2011) and the Canadian Earth Systems
Model (CanESM) (Swart et al., 2019). The global climate scenarios as-
sociated with Representative Concentration Pathway 4.5 (RCP4.5)
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and RCP8.5 were selected for both CCSM and CanESM, yielding four
different meteorological scenarios. Thirty vertical layers were used
in the WRF model up to a top height of approximately 15 km. The max-
imum spatial resolution of the results used in the present analysis was
4 km. Thirty-two weeks were randomly selected for study across the
ten-year window from 2046 to 2055. Sensitivity analysis indicates
that the average air pollution concentrations predicted over this
thirty-two week sample captures the long-term average concentra-
tions with a standard error of 0.23 μg m−3 in the presence of the El
Nino Southern Oscillation (ENSO).

2.3. Air quality simulations

Air quality simulations were performed using the UCD/CIT
chemical transport model (Kleeman and Cass, 2001; Ying et al.,
2007). Three nested domains were used to cover all of California
at 24 km resolution, Southern California at 4 km resolution, and
Central/Northern California with 4 km resolution. Fifteen telescop-
ing vertical levels were used up to a total height of 5 km with the
first ten levels in the lowest 1 km of the atmosphere. Numerous previ-
ous studies have demonstrated the suitability of this model configuration
when simulating historical pollution events in California (Hu et al., 2014,
2015, 2017; Laurent et al., 2014; Li et al., 2020; Mahmud et al., 2012;
Ostro et al., 2015).

All simulations used the SAPRC11 chemical mechanism to predict
oxidant concentrations and the formation of photochemical products
including ozone (O3), acids such as nitric acid (HNO3), and semi-
volatile organic species. The condensation of inorganic salts such as
ammonium nitrate (NH4NO3) was predicted using the ISSOROPIA ther-
modynamic routine (Fountoukis and Nenes, 2007) coupled with the
APCD gas-particle partitioning scheme (Jacobson, 2010). The forma-
tion of secondary organic aerosol (SOA) was simulated using an n-
product model tuned to account for vapor wall losses during smog
chamber experiments (Cappa et al., 2016). The ability of the modeling
system to accurately predict PM2.5, PM0.1, and particle number concen-
trations at locations across California is described in detail by Yu et al.
(2019).

2.4. Socio-economic data

Socio-economic data from the American Community Survey (ACS)
2012–2016 (United State Census Bureau, 2020) was used to calculate
air pollution exposure for different race/ethnicity groups in California.
The ACS dataset includes race/ethnicity information for Black (Black
& African American alone), Hispanic (Hispanic or Latino, regardless of
race), Asian (Asian alone), and non-Hispanic White (White, not
Table 2
Socio-economic data summary.

Region Population

LAa SFBA & SACb SJVc SD

All 14,384,814 11,299,258 2,526,861 2,9
Blacke 920,808 674,400 99,250 1
Hispanicf 6,690,133 2,921,051 1,364,228 9
Asiang 2,141,542 2,287,506 159,652 3
Whiteh 4,270,607 4,901,766 853,299 1,4

a Los Angeles.
b San Francisco Bay Area & Sacramento.
c San Joaquin Valley.
d San Diego.
e Black and African American.
f Hispanic or Latino, regardless of races.
g Asian Alone.
h Non-Hispanic White.
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Hispanic or Latino) at the census tract level. The future EJ analysis fo-
cuses on four geographic regions across California: (i) Los Angeles
(LA), (ii) San Diego (SD), (iii) San Joaquin Valley (SJV), and (iv) the
San Francisco Bay Area & Sacramento (SFBA & SAC). The population
densities of each race within each of these geographic regions are
shown in Figs. S1–S10. These four regions include more than 90% of
California's population, making the EJ analysis in current study repre-
sentative of the entire state.

Table 2 shows the race/ethnicity composition of the population in
each geographic region analyzed in the current study. Black & African
American residents account for 4–6% of the total population in each re-
gion, Asian residents account for 6–20% of the total population, White
residents account for 30–48% of the total population, and Hispanic res-
idents account for 26–54% of the total population. Figs. S1–S10 show
that some race/ethnicity groups are clustered in sub-regions of each do-
main. Specifically, Black & African American residents are clustered
into neighborhoods south of central Los Angeles, and Asian residents
are clustered into neighborhoods in Oakland. These clustering effects
have a significant impact on the air pollution exposure for race/ethnic-
ity groups.
2.5. Population exposure, environmental justice, and health co-benefits
calculations

PM2.5 and PM0.1 population weighted concentrations (PWC)
were calculated for total population and each race/ethnicity
group under an ensemble of six energy scenarios and four meteoro-
logical scenarios in four sub-regions in California. Absolute/rela-
tive exposure and absolute disparity by race/ethnicity were
analyzed to show the ability of each scenario i) to reduce air pol-
lutants exposure for all residents; and ii) to mitigate the exposure
disparity between races/ethnicities. Results are shown in Sections
3.1 and 3.2.

The health co-benefits of PM2.5 and PM0.1 within eachmember of the
ensemble was calculated using the Environmental Benefits Mapping and
Analysis Program – Community Edition (BenMap-CE) v1.4.8 developed
by US EPA (US EPA, 2021). The BAU scenario was used as a baseline and
the GHGAi, 2030CAP, CCS, NGB and NGT were used as controls in the
BenMap analysis. Four health impact functions were analyzed, includ-
ing Krewski et al. (2009), Laden et al. (2006), Lepeule et al. (2012)
and Pope et al. (2002). Economic benefits were then calculated with
the value of a statistical life (VSL) of $7.6 M. Results are shown in
Section 3.3.

Emissions source contributions to PM2.5/PM0.1 exposure were ana-
lyzed for each scenario, race/ethnicity, and region. Nine emissions
source sectors were used in this study, including i) tire & brake
Percentage

d LA SFBA & SAC SJV SD

67,636
46,401 6.40% 5.97% 3.93% 4.93%
34,465 46.51% 25.85% 53.99% 31.49%
57,288 14.89% 20.24% 6.32% 12.04%
20,956 29.69% 43.38% 33.77% 47.88%
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wear; ii) on-road mobile tailpipe; iii) off-road equipment; iv) aircraft
& marine vessels; v) residential & food cooking; vi) electricity gener-
ation; vii) fuel supply that depends on the energy scenario; viii) fuel
supply that doesn't change with scenarios; and ix) biomass burning
& construction dust (wildfires were excluded due to inherent uncer-
tainty about location and timing). Further details of the emissions pat-
terns associated with each sector under each scenario are discussed by
Li et al. (2022). Results are shown in Section 3.4. The further investi-
gation of impacts of each source contribution to total PWC and EJ are
presented in Section 3.5.

3. Results

3.1. Absolute exposure

Fig. 1 shows population-weighted concentrations (PWC) for PM0.1

and PM2.5 mass in four different California regions: Los Angeles, San
Diego, the Bay Area & Sacramento, and the San Joaquin Valley. Results
for individual race/ethnicity groups and for the average across all
groups are shown for each energy scenario. All exposure concentrations
were averaged across the four meteorology scenarios, with uncertainty
bars shown to represent one standard deviation between the meteoro-
logical scenarios. Meteorological variability influences PM0.1 and
PM2.5 mass concentrations but does not significantly affect comparisons
between different energy scenarios. The absolute exposure concentra-
tions for individual meteorological scenarios are provided in
Figs. S11–S18.

Both PM2.5 and PM0.1 absolute exposure concentrations vary across re-
gions. The highest PM2.5 and PM0.1 concentrations are predicted to occur in
Los Angeles, followed by the San Joaquin Valley, with lower absolute expo-
sure concentrations predicted in San Diego and the Bay Area& Sacramento.
Averaged across all energy scenarios, PM2.5 absolute exposure ranges from
Fig. 1. Future year (2050) PM2.5 (left) and PM0.1 (right) Population Weighted Conc
California. Each bar and associated uncertainty range represents the average and
CAN8.5, CAN4.5).
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8.2 μg/m3 to 12.5 μg/m3, PM0.1 absolute exposure ranges from 1.3 μg/m3

to 2.2 μg/m3.
The choice of future energy scenario influences the absolute PWC

for PM2.5 and PM0.1. Absolute PWCs of both PM2.5 and PM0.1 are
highest in the BAU scenario and lowest in the GHGAi scenario for all
regions. The PM2.5 exposure concentrations in the CCS and 2030CAP
scenarios are only slightly lower than the concentrations in the BAU
scenario. The PM2.5 exposure concentrations in the NGT and NGB sce-
narios are slightly higher than the concentrations in the GHGAi sce-
nario.

PM0.1 exposure concentrations are more variable than PM2.5 expo-
sure concentrations on a relative scale across energy scenarios and geo-
graphical regions. For example, NGT produces 8.2%/5.5% higher PM0.1

exposure than GHGAi/NGB in Los Angeles, but the corresponding rela-
tive increase in PM2.5 concentrations is only 2.3%/1.6%. In the San
Francisco Bay Area and Sacramento, NGB increases PM0.1 exposure by
12%/10% compared to GHGAi/NGT, but corresponding increases to
PM2.5 exposure are only 2.7%/2.5%. Thus, relative changes to PM0.1

concentrations across energy scenarios can be as much as four times
greater than relative changes to PM2.5 concentrations. These results
once again reflect the greater variability of PM0.1 emissions than
PM2.5 emissions across different energy scenarios (Li et al., 2022;
Zapata et al., 2018a).

Absolute exposure disparities are commonly used to quantify the
severity of an environmental justice problem (Clark et al., 2017;
Harper et al., 2013; Liu et al., 2021; Paolella et al., 2018). Absolute
exposure disparities between race/ethnicity groups were calculated
as the difference between the group with the highest exposure con-
centration (minority) and the group with the lowest exposure concen-
trations. The lowest exposure group was consistently White residents
in this study. Exposure disparities for PM2.5 concentrations exist in
all geographical regions within California, with the maximum value
entrations (PWC) by energy scenario and race/ethnicity across four regions in
standard deviation across four meteorological scenarios (CCSM8.5, CCSM4.5,
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predicted in Los Angeles and the minimum value predicted in San
Diego (see Fig. 2). Locations with high exposure disparity have neigh-
borhoods dominated by one race/ethnicity group with air pollution
concentrations that are significantly different from regional average
concentrations.

Trends in absolute exposure disparities across energy scenarios are
similar to the trends in the underlying PM2.5 and PM0.1 absolute expo-
sure concentrations. None of the clean fuel energy scenarios can elim-
inate environmental disparity in the future year 2050, but adoption
of low-carbon energy sources in the year 2050 reduces the race/ethnic-
ity disparity in air pollution exposure in California by as much as 20%
for PM2.5 mass and by as much as 40% for PM0.1 mass (see Fig. 2).
Deeper reductions in the carbon intensity of energy sources progres-
sively reduced exposure to PM2.5 mass and PM0.1 mass for all California
residents. The greater adoption of low-carbon fuels also reduced the
race/ethnicity disparity in the PM exposure. The three energy scenar-
ios that achieved an ~80% reduction in GHG emissions relative to
1990 levels (GHGAi, NGB, NGT) simultaneously produced the greatest
reduction in PM exposure for all California residents and the greatest
reduction in the race/ethnicity disparity of that exposure. The energy
scenarios that allow continued use of combustion to generate a sub-
stantial fraction of California's energy demand (2030CAP, CCS)
typically produce less than half of the reduction in absolute exposure
disparities.

3.2. Relative exposure

Fig. 3 shows the PM2.5 and PM0.1 exposure disparity (relative to av-
erage exposure) for Black & African American, Hispanic, Asian, and
non-Hispanic White residents in different geographic regions within
California. Results are averaged across all meteorological scenarios
but shown individually for all energy scenarios. Details of each meteo-
rology scenario are shown in Figs. S19–S26. Relative exposure dispar-
ities greater than zero indicate that the race/ethnicity group has
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greater-than-average exposure, while relative exposure disparities less
than zero indicate that the race/ethnicity group has less-than-average
exposure. Black & African American residents experienced higher-
than-average exposure to PM2.5 and PM0.1 in all future energy scenarios
in all study regions (Los Angeles, San Francisco, Sacramento, San Diego,
and the San Joaquin Valley). Asian residents in San Francisco experi-
enced higher-than-average exposure to air pollution in all future energy
scenarios. Peak exposure disparities reached ~10% for PM2.5 and ~20%
for PM0.1. White residents experience lower-than-average exposures in
all regions, with peak disparity values of approximately −10% for
both PM2.5 and PM0.1. Hispanic residents generally experience exposure
concentrations that are close to average. Asian residents experience
lower-than-average PM2.5 exposure concentrations in Los Angeles but
higher-than-average exposure concentrations in the San Francisco Bay
Area and Sacramento.

The results summarized in Fig. 3 reflect the spatial distribution of
each race/ethnicity group within each geographic region. Black &
African American residents in California are clustered into neighbor-
hoods near the center of urban cores or near major transportation corri-
dors where air pollution emissions are higher. The historical policies
that have produced these housing patterns are beyond the scope of the
current study, but interested readers are referred to studies on the ef-
fects of “redlining” (see for example (Nardone et al., 2020; Zenou and
Boccard, 2000)). Due to their proximity to higher emissions, Black &
African American residents often experience higher-than-average expo-
sure concentrations. White residents are more dispersed in suburban
neighborhoods that are further away from urban cores. This housing
pattern leads to lower-than-average exposure for White residents.
Asian residents are clustered near urban cores in Northern California
(such as downtown San Francisco, San Jose, etc.) leading to higher-
than-average exposure concentrations. Asian residents are dispersed in
suburban neighborhoods in Southern California, leading to lower-
than-average exposure concentrations in this sub-region. The contrast
between exposure concentrations for Asian residents living in Northern
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Fig. 3. Future year (2050) PM2.5 mass (left) and PM0.1 mass (right) exposure disparity (relative to total population) by scenario and race/ethnicity across four regions in
California. Each bar represents the average across four meteorological scenarios (CCSM8.5, CCSM4.5, CAN8.5, CAN4.5).
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California vs. Southern California emphasizes the importance of the dis-
tance between the home address and the urban core when calculating
exposure concentrations.

3.3. Health co-benefits

Fig. 4 quantifies the avoided mortality and public health benefits as-
sociated with each energy scenario. Health benefits per 1 M residents
are similar for Asian and Black & African American residents, slightly
lower for Hispanic residents, and slightly higher for White residents
(see right panel Fig. 4). These patterns reflect the spatial distribution
of the population comprising each racial group relative to the average
air pollution exposure fields. Total health benefits for each racial cate-
gory expressed as avoided mortality and public health savings (billions
of USD) are calculated by multiplying average health benefits by total
population (see left panel of Fig. 4). Energy scenarios with deeper cuts
to GHG emissions produce greater public health benefits for all racial
categories.

3.4. Source contributions

Figs. 5 and 6 show predicted exposure to primary sources of PM2.5 and
PM0.1 for different race/ethnicity groups in Los Angeles under the six differ-
ent energy scenarios. The X-axis in Figs. 5 and 6 represents the primary con-
tribution from each source to the total PM exposure. Similar plots for other
geographic regions are shown in Figs. S27–S32. All results are based on the
average of the four meteorological scenarios since trends within eachmete-
orological scenario were consistent.

Different sources dominate exposure to PM2.5 vs. PM0.1. Tire& brake
wear, residential & cooking, unchanged fuel supply, and construction
dust are the major sources for PM2.5. Emissions from these sources gen-
erally do not change significantly between energy scenarios, and so the
6

predicted PM2.5 source contributions are relatively constant across
Fig. 5. Off-road equipment, residential & cooking, electricity genera-
tion, and unchanged fuel supply are the major sources of PM0.1 expo-
sure. The fuels used for off-road equipment and electricity generation
change significantly between energy scenarios, and so there is signifi-
cant variability in PM0.1 source contributions illustrated in Fig. 6.
PM0.1 concentrations are dominated by primary emissions (Hu et al.,
2014) leading to sharper spatial gradients (Karner et al., 2010). PM0.1

concentrations are therefore influenced by local emissions to a larger
degree than PM2.5 concentrations, making the spatial distribution of
each race/ethnicity group more important when determining exposure
concentrations.

It is noteworthy that residential & cooking emissions are a dominant
source for both PM2.5 and PM0.1. These emissions are related to human ac-
tivities, and they are located close to residences, leading to higher intake
fractions (Evans et al., 2002; Marshall et al., 2003, 2005). Targeted reduc-
tions for residential & cooking sources could be used to reduce future PM
concentrations.

3.5. Potential for further improvements

The GHGAi scenario improves public health, but it does not
completely eliminate race/ethnicity disparity in exposure to air pollu-
tion in California. The detailed source apportionment information em-
bedded in the UCD/CIT model can be analyzed to identify additional
measures to further reduce disparity. This analysis will use the
GHGAi scenario as the most promising starting point for further im-
provements.

3.5.1. Improvements for total population exposure
Fig. 7 illustrates the efficiency of PM2.5 emissions reductions in the

GHGAi scenario quantified as the change in total exposure
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Fig. 4.Avoidedmortality and public health benefits associatedwith low-carbon energy scenarios (relative to the BAU scenario) in Northern California (SFBA&SAC, SJV) and
Southern California (LA, SD). Public health benefits calculated using Value of a Statistical Life (VSL) estimated to be $7.6M in the year 2050.

Fig. 5. PM2.5 source contributions in Los Angeles area by energy scenarios and race/ethnicity. Each value represents the average across four meteorological scenarios.
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Fig. 6. PM0.1 source contributions in Los Angeles area by energy scenarios and race/ethnicity. Each value represents the average across four meteorological scenarios.
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concentrations (without regard for race/ethnicity). Similar plots for
other energy scenarios shown in Figs. S33–S36. The horizontal axis of
each subpanel in Fig. 7 indicates the amount of emissions reductions
in the GHGAi scenario relative to the BAU scenario for each of the indi-
cated source categories. The vertical axis of each subpanel indicates the
corresponding change in population-weighted concentration. The posi-
tion of each symbol in Fig. 7 reflects the intake fraction of the source
emissions determined by the emissions location relative to the popula-
tion. The size of the symbol in Fig. 7 is proportional to the amount of
PM2.5 emissions associated with the indicated source category. Emis-
sions from residential and food cooking sources are large, have high in-
take fraction, and they have been reduced by only a modest amount in
the GHGAi scenario. Further reductions in emissions from residential
and food cooking sources could significantly reduce PM2.5 exposure in
the future years.

PM2.5 tailpipe emissions from on-road mobile sources undergo the
greatest relative reduction in the GHGAi scenario, but the corresponding
absolute reduction in population-weighted concentration is modest be-
cause tailpipe emissions from motor vehicles were already quite low in
the BAU scenario due to the adoption of advanced emissions control tech-
nology. The near-total elimination of tailpipe emissions from motor vehi-
cles achieved by converting the majority of the light-duty vehicle fleet to
non-combustion power therefore has modest benefits for public health in
the GHGAi scenario. It is noteworthy that tire and brake-wear emissions
8

from mobile sources are significantly greater than tailpipe emissions in
the GHGAi scenario. Further reductions from mobile sources should focus
on reduced dust from braking systems (Cai et al., 2019; Gramstat, 2018)
and development of new tire compounds (Dalmau et al., 2020; Fonseca
et al., 2020; Panko et al., 2018) in order to further reduced PM2.5 exposure.

Fig. 8 illustrates the efficiency of PM0.1 emissions reductions using
the same format as Fig. 7. Results for other energy scenarios are
shown in Figs. S37–S40. Large residential and cooking emissions are
once again identified as a category that has high PM0.1 intake fraction
and that has undergone only partial emissions controls in the GHGAi en-
ergy scenario. Electricity generation is the next most promising source
of PM0.1 emissions reduction, but the GHGAi scenario already controls
these emissions by >50% and the intake fraction is relatively low be-
cause most electricity generation stations are located far from major
population centers.

Based on Figs. 7 and 8, aircraft emissions have the lowest relative reduc-
tion in both PM2.5 and PM0.1 emissions in the GHGAi scenario, suggesting
that this category could be targeted for further reductions. Such measures
would reduce primary PM2.5/PM0.1 (shown in Figs. 7 + 8) and nucleated
ultrafine particles (not shown) (Yu et al., 2019).

3.5.2. Improvements to reduce disparity across race/ethnicity
Reducing PM2.5 exposure disparities across race/ethnicity requires

that emissions reductions be prioritized for source categories that



Fig. 7. PM2.5 source impact on public health (regardless of race) for GHGAi energy scenario. X-axis indicates emissions (source) changes between BAU andGHGAi scenario. Y-
axis indicates PWC changes between BAU and GHGAi scenario for specific source. All results averaged across four meteorological scenarios.

Fig. 8. PM0.1 source impact on public health (regardless of race) for GHGAi energy scenario. X-axis indicates emissions (source) changes between BAU andGHGAi scenario. Y-
axis indicates PWC changes between BAU and GHGAi scenario for specific source. All results averaged across four meteorological scenarios.
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disproportionately affect groups with the highest exposure concentrations.
Fig. 9 illustrates the emissions reduction for each source category in the
GHGAi scenario relative to the BAU scenario along with the corresponding
reduction in absolute disparity. Plots for other energy scenarios are shown
in Figs. S41–S48. Ideal emissions sectors for further reductions are repre-
sented as large circles in the upper left quadrant of each plot. Large residen-
tial and food cooking emissions are a promising sector for further emissions
reductions across all regions since each unit of emissions reduction pro-
duces a significant reduction in disparity. Further reductions in electricity
generation emissions would reduce disparity in LA, but would have
lower impact in other regions. Fig. 10 identifies candidate emissions
sectors that could be targeted to reduce PM0.1 exposure disparities.
Large emissions from residential and food cooking and electricity genera-
tion contribute strongly to PM0.1 exposure disparities across all regions.
These sources could be targeted in future efforts to reduce PM0.1 exposure
disparities.

3.5.3. Balancing benefits for total population and reduced disparity
The ideal future energy scenario will reduce exposure for the total pop-

ulation while simultaneously reducing exposure disparity between race/
ethnicity groups. Fig. 11 illustrates how changes in the GHGAi scenario rel-
ative to the BAU scenario affected total population exposure to PM2.5 and
the absolute exposure disparity. Fig. 12 illustrates the same plot for PM0.1
Fig. 9. PM2.5 source impact on exposure disparity between races for GHGAi energy scena
Y-axis indicates emission absolute disparity changes between BAU and GHGAi scenario

10
concentrations. Results for other scenarios are shown in Figs. S49–S56.
All points in the upper right quadrant of each sub-panel indicate beneficial
reductions in both disparity and total population exposure. Points below
the 1:1 line (45o angle) reduce disparity by a larger amount than they re-
duce total population exposure. All points in Figs. 11 and 12 generally fall
above the 1:1 line, indicating that statewide adoption of low carbon energy
sources reduces total population exposure by an amount that is greater than
or equal to the corresponding reduction in exposure disparities between ra-
cial groups. This finding suggests that statewide energy policies are not the
ideal tool to reduce exposure disparities across race/ethnicity categories.
Additional emissions controls may need to be applied in targeted neighbor-
hoods to eliminate exposure disparity.

4. Conclusions

Total population exposure to PM2.5 and PM0.1 in California decreased
when GHG mitigation strategies using low-carbon fuels or carbon-capture
and sequestrationwere adopted compared to a Business asUsual (BAU) sce-
nario in the year 2050. The relative pattern of air pollution exposure for dif-
ferent GHG mitigation strategies scenarios was consistent across the four
meteorology scenarios considered in the present analysis. The greatest ex-
posure reduction occurred under the deepest GHG reduction scenario
(GHGAi), closely followed by two scenarios with slightly higher exposure
rio. X-axis indicates emissions (source) changes between BAU and GHGAi scenario.
for specific source. All results averaged across four meteorological scenarios.



Fig. 10. PM0.1 source impact on exposure disparity between races for GHGAi energy scenario. X-axis indicates emissions (source) changes between BAU and GHGAi scenario.
Y-axis indicates emission absolute disparity changes between BAU and GHGAi scenario for specific source. All results averaged across four meteorological scenarios.
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due to increased natural gas utilization (NGB and NGT). Population-
weighted PM2.5 exposure averaged across all energy scenarios ranged
from 8.2 μg/m3 to 12.5 μg/m3 depending on the region (LA, SD, SFBA &
SAC, SJV), while PM0.1 exposure ranged from 1.3 μg/m3 to 2.2 μg/m3.
Within the same region, relative reductions in PM0.1 concentrations due
to the adoption of low-carbon energy were up to four times larger than rel-
ative reductions in PM2.5 concentrations (10–12% reduction for PM0.1 vs.
2.5–2.7% reduction for PM2.5).

Trends in PM2.5 and PM0.1 absolute exposure disparity between race/
ethnicity groups under different energy scenarios were similar to trends
in total population exposure. Deep GHG reduction scenarios, including
GHGAi, NGT, and NGB, produced the greatest reduction in absolute expo-
sure disparity for PM2.5 and PM-0.1. None of the clean energy scenarios
completely eliminated air pollution exposure disparity in the future, but
adoption of low-carbon-energy sources did reduce the race/ethnicity dis-
parity in California by as much as 20% for PM2.5 mass and by as much as
40% for PM0.1 mass.

Black & African American residents experienced higher-than-average
exposure to PM2.5 and PM0.1 in all future energy scenarios in all study re-
gions (LA, SD, SFBA & SAC, SJV). Asian residents in San Francisco experi-
enced higher-than-average exposure to air pollution in all future energy
scenarios. Peak exposure disparities reached ~10% above the average for
PM2.5 and~20% above the average for PM0.1.White residents in all regions
11
experienced lower-than-average exposures in all energy scenarios, with
peak disparity values of approximately −10% below the average for both
PM2.5 and PM0.1. Health co-benefits calculations predict that adoption
lower carbon energy scenarios (GHGAi, NGT, NGB) produce greater
public health saving for all races/ethnicities. Health benefits per 1 M
residents are similar for Asian and Black & African American resi-
dents, slightly lower for Hispanic residents, and slightly higher for
White residents.

The pattern of exposure disparities identified in the current study re-
flects the geographical distribution of each race/ethnicity group relative
to the urban cores of each study city. Black & African American residents
in California aremore likely to live in urban cores or near major transporta-
tion corridors/industrial facilities where air pollution emissions are higher.
In contrast, White residents are more dispersed in suburban areas that are
further away from concentrated emissions sources. Additional emissions
controls at the regional or local level will be needed to address these
location-based disparities. Future demographic changes associated
with population aging and population migration could either reduce
or increase the need for additional emissions controls depending on
how those changes affect the clustering of race/ethnicity groups to-
wards urban cores.

Three source categories were identified for potential additional controls
to further reduce PM2.5/PM0.1 exposure disparities: i) residential heating&



Fig. 11. PM2.5 source impact on total population exposure and exposure disparity based on race for GHGAi energy scenario. X-axis indicates largest disparity changes between
BAU and GHGAi scenario for each specific source. Y-axis indicates PWC changes between BAU and GHGAi scenario for each specific source. All results averaged across four
meteorological scenarios.
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food cooking, ii) tire and brake wear emissions, and iii) electricity
generation. Local or regional emissions controls that target these cat-
egories could include the adoption electric heating to replace bio-
mass combustion and natural gas combustion, modification of
commercial cooking methods to reduce smoke emissions, increased
use of regenerative braking to reduce brake emissions, development
of new tire compounds to reduce tire wear emissions, and selective
upgrading of electrical generating equipment to solar/wind/geother-
mal/hydro sources with battery backup. Future studies should con-
sider the cost-effectiveness of each additional measure to create an
optimized strategy to reduce PM2.5/PM0.1 exposure disparities in
California.
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