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ABSTRACT: As the world’s fifth-largest economy, California has
committed to reduce its greenhouse gas (GHG) emissions by
80% below 1990 levels by 2050. While previous studies have
shown that GHG reductions could synergistically decrease air
pollutant emissions and protect public health, limited research has
been conducted to compare the health cobenefits of different
technology pathways toward deep decarbonization. Using an
integrated approach that combines energy and emission
technology modeling, high-resolution chemical transport simu-
lation, and health impact assessment, we find that achievement of
the 80% GHG reduction target would bring substantial air quality
and health cobenefits. The cobenefits, however, highly depend on
the selected technology pathway largely because of California’s
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relatively clean energy structure. Compared with the business-as-usual levels, a decarbonization pathway that focuses on
electrification and clean renewable energy is estimated to reduce concentrations of fine particulate matter (PM, ) by 18—37%

in major metropolitan areas of California and subsequently avoid

about 12 100 (9600—14 600) premature deaths. In contrast,

only a quarter of such health cobenefits, i.e.,, 2800 (2300—3400) avoided deaths, can be achieved through a pathway focusing
more on combustible renewable fuels. After subtracting the cost, the net monetized benefit of the electrification-focused
pathway still exceeds that of the renewable fuel-focused pathway, indicating that a cleaner but more expensive decarbonization

pathway may be more preferable in California.

B INTRODUCTION

California, the most populous state in the United States and
the world’s fifth-largest economic entity, has made an
aggressive commitment to reduce its greenhouse gas (GHG)
emissions by 80% from the 1990 levels by the year 2050
(Executive Order $-3-05)." Since major sources of GHGs are
usually also major sources of air pollutants, policy designed to
reduce GHGs could synergistically reduce the coemitted
pollutants, leading to potential cobenefits for public health.”™*
Such cobenefits are important for California since it is home to
7 of the top 10 U.S. cities with the highest concentrations of
fine particulate matter (PM, ).’ Deep decarbonization policy
could be an effective way to simultaneously meet the ambitious
GHG emission reduction targets and improve ambient air
quality in California.
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Numerous studies have evaluated the effects of decarbon-
ization policies on air quality and public health over global,
continental, and regional scales, including California.” =™
Almost all of them found that GHG emission controls result in
air quality improvement and health cobenefits, which could
offset a fraction of or even exceed the mitigation costs,
depending on geographical region and policy stringency. For
California, Zapata et al.’ developed a scenario which meets the
official 80% GHG reduction target at the lowest cost, and

estimated that annual air pollution-associated premature
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deaths in 2050 would drop by 24—26% relative to business-as-
usual (BAU) levels.

Decarbonization could be achieved via various technology
pathways or policy options. Different technology pathways are
associated with different air pollutant emissions and thus may
lead to distinct health cobenefits.””'>"" Thompson et al.’
compared the air quality and health cobenefits of climate
policies targeting all economic sectors and those targeting
individual sector (power plants or transportation) in the
United States. They found that, for the same GHG reduction,
economy-wide policies have larger net health cobenefits than
single-sector policies. Shindell et al.'” compared the GHG and
air pollutant reduction efficiencies of ~400 emission control
measures, and identified 14 that could simultaneously reduce
projected warming ~0.5 °C by 2050 and improve human
health globally. Compared with global or U.S. studies above,
the impact of choice of decarbonization technology on health
cobenefits is expected to be greater in California, because
California has a relatively clean energy structure dominated by
natural gas and petroleum products.'” It is well-established that
cutting down GHG emissions from coal-using facilities
significantly reduces coemitted pollutants."”'* For natural
gas-using sources, however, cobenefits can be achieved only
through certain decarbonization technologies because of a
lower emission rate per unit energy at present.15 Very few
studies have evaluated the air quality and health cobenefits of
different decarbonization pathways in California.” Kleeman et
al.® examined various GHG reduction pathways for the state’s
transportation sector. However, California’s ambitious 80%
GHG reduction target requires adoption of decarbonization
measures across all economic sectors.® A systematic evaluation
and comparison of different pathways to realize the state’s
aggressive decarbonization target and their health cobenefits
has not been conducted previously.

In this study, we aim to investigate how much the health
cobenefits will change with different technology pathways for
deep decarbonization in California, and whether the cobenefit
difference is large enough to justify the implementation of a
cleaner but more expensive technology pathway. In accordance
with this objective, we design two extreme decarbonization
pathways using a sophisticated energy and emission technology
model. Both pathways exactly meet the overall 80% GHG
reduction target, but one aims to reduce cost and the other
aims to improve air quality and public health. We subsequently
conduct high-resolution chemical transport simulation using
the Weather Research and Forecasting Model with Chemistry
(WRF-Chem) to estimate the air quality cobenefits and
employ the Environmental Benefit Mapping and Analysis
Program (BenMAP-CE) to assess the monetized health
cobenefits of the two extreme decarbonization pathways.

B METHODOLOGY

Development of Decarbonization Scenarios. In this
study, we develop an energy and emission technology model to
project GHG and air pollutant emissions from 2010 to 2050,
based on a multisector simulation of California’s population,
economy, energy structure and technologies, and emission
characteristics and control technologies. The 2010 baseline
combustion-related GHG emissions are calculated based on
sector-specific energy demands from the U.S. Energy
Information Administration (EIA)'”> and energy carbon
density from the literature.'®”'® Noncombustion GHG
emissions (except land-based emissions) in 2010 are obtained

from the California Air Resources Board (CARB).' Land-
based GHG emissions (forest, wetlands, etc.) are not included,
though they have now been inventoried for California."”

We develop three scenarios for the year 2050: BAU and two
extreme deep decarbonization scenarios (DD1 and DD2). The
BAU scenario reflects population and economic growth
assumptions with no additional climate policy impacts after
2010 (see details in Supporting Information, SI). The DDI
and DD2 scenarios will achieve the same target of 80% GHG
emission reduction below the 1990 level, but are driven by
distinct policy goals: DD1 is a cobenefit driven pathway aiming
to improve air quality and human health; DD2 is a more
conventional cost-driven pathway, aiming to reduce GHG
abatement cost. On the basis of these clearly defined policy
goals, we give priority to cleaner technologies (mainly
electrification and clean renewable energy) in DD1 and
cheaper ones (mainly combustible renewable fuels) in DD2.
We acknowledge that the optimal technology pathway can be
anywhere between the two extreme scenarios; however, this
study is not intended to cover all decarbonization pathways,
but serves as a first step to investigate the impacts of different
GHG abatement policies on health cobenefits. The key
decarbonization strategies in BAU, DD1, and DD2 scenarios
are summarized in Table 1. For example, the electrification
rates in the DD1 scenario are 10—15% higher than those in the
DD2 scenario for sectors of agriculture, industry, commercial,
residential, and oil production and refinery. Moreover, the
DD1 scenario has much larger penetrations of electric vehicles
in the transportation sector, wind and solar power in electricity
generation sector, and roof-top solar power in industry,
commercial, and residential sectors. In contrast, the DD2
scenario is characterized by larger shares of renewable fuels for
combustion sources in the sectors of industry, commercial,
residential, transportation, and electricity generation. The
lifecycle GHG emission factors of various types of renewable
fuels are obtained from previous study'® and are not
considered as zero.

While the two scenarios are different, they are both subject
to four groups of constraints, ie, GHG reduction target,
technology and resource availability, policy plausibility and
current policy trend, and cross-sectorial consistency (see
details in the SI). Due to these constraints, DD1 and DD2
share many common technologies and assumptions, including
a 80% renewable portfolio standard (RPS) in retail electricity
generation,20 electrification in almost all end-use sectors,
cogeneration in industry, commercial, and residential sectors,
and application of renewable fuels (bioethanol, biodiesel,
biomass pellets, and renewable gases) in most end-use sectors.
These strategies are necessary in both scenarios to realize the
aggressive 80% reduction target and to comply with the
existing California legislations.””~** Besides, we apply the same
smart growth and technology improvement assumptions to
both scenarios, including building energy efficiency increase, >
smart growth in urban areas to reduce passenger vehicle
mileage traveled (VMT),”"*” vehicle fuel efficiency increase,
and industrial energy efficiency increase (see details in the SI).
For noncombustion GHG emissions in 2050, the BAU
scenario assumes similar per capita levels as in 2010, while
the DD1 and DD2 scenarios both assume similar reductions as
previous study,”* i.e., by 65%.

We project the 2050 emissions of PM,;, nitrogen oxides
(NO,), reactive organic gas (ROG), ammonia (NH;), sulfur
dioxide (SO,), and carbon monoxide (CO) by sector based on

DOI: 10.1021/acs.est.9b02385
Environ. Sci. Technol. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b02385/suppl_file/es9b02385_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b02385/suppl_file/es9b02385_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b02385/suppl_file/es9b02385_si_001.pdf
http://dx.doi.org/10.1021/acs.est.9b02385

Environmental Science & Technology

—~ —
T L =N
EXR 2 TR
B0 § 23
5% 3 5%
L X
gy 7 § &t
o o = s
Egs = B Eg
9 a 8 Q
258 1 f :¢
Fob o = I
Z & s % To
D — U — —_—
S0 g L B ISR
BES 2 5 PE

[ o
SEEgrag  oE
o EEE5EOEL B
o o - =
) c:g’sog??o:*,o“‘bg
A 28X gesd 83
2-e 5EERE 2
Ty £EZT 5 CR
o 2 R S 0
L2 o8 F 80
s eg [0 o5 s e
N2 NFR OB N2,
g8 g D> O ES g938F
Se7E 48558 S5
= © Y o o 0 B o
So2 EgvEE 8§20
SH o =9 v EE =
RG] E =73 &
528 gg¥ g £ 2e
Eef® E8.%m Eo
ORX S o2« P O __
2RY RESQ S 20y
U © L 3§ 4 g 39
:':T)'E‘DQ?,E”::T)
s~ Enaggm BT A
38w 9802 3T 8§y
>0 3 0N =013 » 92
o s g oS53 o©%g
S E 558 o =
x 6 XV o X c
9L I sl FU2
w.—Dl\w.&‘w.—D
L] L] L]
v »
-~ 2 2
=} 51 o g .2
% 5 s 82
o E = o9
o s Py O 4
£ B 3 g
o o
& 5 g &3
- 3 ©E§ o &
= =] o S o
%) S = B =
— O: e
> B T g s 2
i 2 i
£ 5 &3 =8
8 g =% S8
Sgr 2B 5%
2 3.2 g SRS
"= 3 3 o=
° 9 g X g c e
o = (3 o
o o »
Hu B8 o' o
£ e £
- o o B 2 ©c ©
) N 23E% 88 &2
A %8 250 R
£%2 £ oa g%
= 8 E'e =
~ a2 S o v?,)
889 FEES PR
m?a‘so\“o\D'E T o
08 ©38 .8 o=
cO L Qah ==}
c e g 15 o
g o 8= E=E
§ET E &% g3
S BE - S E g9
=1 [=IR"] e
8L Sgo S
255 S Ex S E
T o g Ud::& T &b
=25 €53 =g
fSgc BEx ¢ s 5
3390 9wn o 3 &
ZEE L~ >
28 258 -8
° ° °
227 237 23
\Dﬁ'.wm. o ®
L] L] L]
o)
<
foa)

eModerate energy efficiency increase
eModerate energy efficiency increase

©50% electrification rate (5%

(all from power grid)
from roof top solar, 45% frompower grid)

©10% overall electrification rate
rate (all from power grid)

©10% overall electrification

ery

commercial & residential
Qil Production and Refin-

Table 1. Application of Key Decarbonization Strategies in Three Scenarios for 2050
industry

eOn-road passenger vehicles: 3% BEV+90%ICE+7% PHEV

eOn-road passenger vehicles: 40%BEV+30% ICE+30% PHEV

oOn-road passenger vehicles:

Transportation

oOn-road truck: 10% NG+90% Biodiesel

©90% petroleum products replaced by

oOn-road truck: 20% NG+80% Diesel®50% petroleum products replaced by

0% BEV+99% ICE+1% PHEV

biofuels (e.g., bioethanol and biodiesel)#30% reduction in per capita VMT

eMore aggressive fuel efficiency increase

eOn-road truck: 100% Diesel

biofuels (e.g., bioethanol and biodiesel)#30% reduction in per capita VMT

eMore aggressive fuel efficiency increase

oPer capita VMT at 2010 level

eModerate fuel efficiency increase

©20% electrification rate®95% agricultural equipment uses biofuels

©20% natural gas + 5% nuclear + 25%

©35% electrification rate®50% agricultural equipment uses biofuels

©20% electrification rate

agriculture

©20% natural gas + 5% nuclear + 3%biomass + 15% hydro + 5% geothermal +

©71% natural gas + 5% nuclear

electricity generation

biomass + 15% hydro + 5% geothermal +20% wind + 10% solar

32% wind +20% solar

+ 3% biomass + 12% hydro +

3% geothermal + 5% wind+1% solar

“NG, natural gas; ICE, internal combustion engine; BEV, battery electric vehicle; PHEV, plug-in hybrid electric vehicle; VMT, vehicle mileage traveled.

the 2010 data from CARB’s California Emissions Projection
Analysis Model (CEPAM) database.” In each of the three
2050 scenarios, the emissions are calculated using projected
growth rates, technology mix, and emission factors of
individual technologies. For new technologies with high
pretreatment emissions (such as biomass pellet combustion),
we adjust their emission factors to comply with the New
Source Performance Standards (NSPS).”° Finally, we convert
the county-level and source-specific emissions into 4 X 4 km”
gridded data based on high-resolution spatial distribution
information provided by the California Nexus (CalNex)
project.27

Chemical Transport Modeling. We simulate the impact
of deep decarbonization on air quality using WRF-Chem
version 3.9.1, a fully coupled meteorology-chemistry model.
For both 2010 and 2050, the simulations are conducted in
January, April, July, and October, which represent winter,
spring, summer, and fall, following a number of previous
studies.”®* > We apply the model to two nested domains:
Domain 1 covers the western United States and its
surrounding areas at a 12 X 12 km? horizontal resolution;
Domain 2 covers California with a 4 X 4 km? resolution
(Figure 1). The vertical resolution of the WRF-Chem includes
24 layers from the surface to 100 hPa, with denser layers at
lower altitudes to resolve the planetary boundary layer (PBL).
We employ an extended Carbon Bond 2005 (CB05)”" with
chlorine chemistry’” coupled with the Modal for Aerosol
Dynamics in Europe/Volatility Basis Set (MADE/VBS).”***
MADE/VBS uses a modal aerosol size representation and an
advanced secondary organic aerosol (SOA) module based on
the VBS approach. The aqueous-phase chemistry is based on
the AQChem module used in the Community Multiscale Air
Quality (CMAQ) model.”® The physical options and initial
and boundary conditions are described in the SI.

The anthropogenic emissions in Domain 1 are derived from
the National Emission Inventory (NEI)** in 2011, which is the
closest year available. We scale the NEI 2011 inventory to the
2010 levels according to the “NEI trend report”.”” The
anthropogenic emission estimates from 2010, and the three
2050 scenarios obtained in this study are used as input for
Domain 2. The biogenic, wind-blown dust, sea-salt, and
wildfire emissions are calculated online in WRF-Chem (see
details in the SI). We compare simulated meteorological
parameters and concentrations of O3, PM, g, and its chemical
components with surface observational data, and find a
generally good model-measurement agreement (see details in
the SI).

Health Impact Assessment. We quantify PM, ;- and O;-
associated mortalities, which contribute the most to the
monetized health impacts of air pollution in the U.S.A.*%*
using the BenMAP-CE model version 1.3.7.>° The model
calculates changes in long-term health outcomes based on
ambient air pollutant concentration changes, using concen-
tration response functions (CRFs). We apply CRFs reported
by Turner et al,” which are derived from a large prospective
study—the American Cancer Society Cancer Prevention Study
II. The CRFs associate all-cause premature mortality with
annual average PM, 5 concentrations and maximum daily 8-h
average O, concentrations (MDAS8). They are updated
versions of Krewski et al.** and Jerrett et al,*' which have
been widely used for assessment of PM, ;- and Oj-associated
mortality burdens, respectively, especially in the U.S.A.***
Grid level demographic data and baseline mortality rates are
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colored background on the right represents simulated annual mean PM, ¢ concentrations in the business-as-usual (BAU) scenario in 2050.
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Figure 3. California statewide emissions of major air pollutants in 2010 and under different scenarios in 2050. Point sources include electricity
generation, oil production and refinery, and large-scale industry. Fugitive dust includes paved road dust, unpaved road dust, and wind-blown dust.
Area sources include agriculture, commercial, residential, small-scale industry, and noncombustion sources except for fugitive dust.

obtained from the default database in BenMAP, which is
elaborated in the SI. The 95% confidence intervals (CI) are
calculated using Monte Carlo analysis based on the uncertainty
in the parameters of CRFs. We apply the “value of statistical
life (VSL)” approach®’ to monetize the mortality burdens. The
unit value of VSL is assumed to be 9.0 million U.S. dollars
(with the 2017 inflation rate). This is an intermediate value of
many studies and is consistent with U.S. EPA’s Regulatory
Impact Analyses (RIAs).*®

Cost Analysis. We conduct a bottom-up estimate of the
GHG abatement cost of the two decarbonization scenarios by
multiplying the unit cost of individual technologies/strategies
and total GHG reductions attributed to the corresponding
strategy. The unit abatement cost for different technologies
and strategies (unit: 2017 $/ ton of CO,e) are summarized in
Table S3 based on best available data from various
studies.*™*" For strategies with no suitable cost data, we
assume that the abatement cost equals to the carbon price of
the Cap-and-Trade program in California.”® We realized the
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Figure 4. Reductions in annual mean PM, and O; concentrations due to the enforcement of deep decarbonization policies: (a)b) fractional
reduction in concentrations of (a) PM, and (b) O; from the BAU to DD1/DD2 scenarios; (c,d) spatial distribution of the reductions in PM, ¢
concentrations (c) from the BAU to DDI scenario and (d) from the BAU to DD2 scenario; (e,f) the same as (c,d) but for O; concentrations. All
O, concentrations are measured in maximum daily 8-h average (MDAS). The four largest Californian metropolitan regions in (a) and (b) include
both urban centers and surrounding suburban areas within the administrative boundaries, as illustrated in Figure 1.

uncertainty of the cost analysis, and therefore only focused on
the relative cost-effectiveness of the two scenarios instead of
the absolute value of cost estimate.

B RESULTS

Emission Changes Due to Decarbonization Policies.
Figure 2 shows the historical and projected GHG emissions in
California. In the BAU scenario, the GHG emissions are
projected to increase slightly by 6% in 2050 from the 2010
levels, mainly as a result of increased energy consumption due
to a growing population and economy. In either DD1 or DD2,
the 2050 GHG emissions are 82% lower than the BAU levels,
or 80% lower than the 1990 levels, meeting the requirement of
the Executive Order S-3-05. The fractional contributions of
individual sectors to GHG reductions from BAU to DD1 or
DD2 are very similar, since aggressive decarbonization
technologies are deployed in all major sectors in both DD1
and DD2. For both scenarios, transportation is the largest
contributor to GHG reductions (with fractional contributions
of 42—46%), followed by electricity generation (23—24%).
The other sectors each contribute 2—12% of the total
reductions.

Figure 3 summarizes the statewide emissions of PM, s, SO,,
NH;, NO,, and ROG in 2010 and under different scenarios in
2050. From 2010 to 2050, in the BAU scenario, NO, emissions
decrease by nearly 50% and the emission changes of other

pollutants are within 15%. The emission changes result from a
combination of energy consumption growth and existing
environmental policies (see details in the SI).

The implementation of deep decarbonization strategies in
the DD1 scenario reduces 2050 emissions of PM, 5, SO,, NH;,
NO,, and ROG by 33%, 37%, 34%, 34%, and 18%,
respectively, from the BAU levels. The emissions from nearly
all source types (point source, area source, and transportation
source) are reduced noticeably. The main reasons for the
reductions include lower energy consumption due to energy
efficiency improvement and deployment of cogeneration
technology, as well as a shift toward cleaner energy sources
through electrification in end-use sectors (including promotion
of electric vehicles) and application of clean renewable energy
in electricity generation (detailed in Table 1). NHj is a special
case. Its emission reduction is largely induced by improved
livestock management with the objective to reduce CH,, a
GHG with larger global warming potential (GWP) than
CO,.”" It should be noted that the percentage of reduction of
air pollutant emissions from BAU to DD1 (18—37%) are
considerably smaller than those of GHG (82%). This is
because a large fraction of air pollutants originates from
sources that are not directly related to energy use, such as
industrial processes, fugitive dust, solvent use, agricultural
residue burning, fertilizer application, and so forth. These
sources account for a small fraction of or even no GHG
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Figure 5. Reductions in PM,  and Oj-related mortality in 2050 due to the enforcement of deep decarbonization policies: (a,b) reduction in (a)
PM, ;-related and (b) Oj-related premature mortality from the BAU to DD1/DD2 scenarios; (c,d) spatial distribution of the reductions in PM, s-
related premature mortality (c) from the BAU to DD1 scenario and (d) from the BAU to DD2 scenario; (e,f) the same as (c,d) but for Oy-related
mortality. The error bars in (a,b) represent the 95% confidence intervals (CI) calculated using Monte Carlo analysis based on the uncertainty in the

parameters of concentration—response functions (CRFs).

emissions, therefore they are not or only moderately controlled
by the decarbonization strategies.

The emissions of all pollutants in the DD2 scenario are
between BAU and DD1. The emissions of PM,, SO,, NH;,
NO,, and ROG are 6%, 10%, 24%, 10%, and 14% lower than
those of the BAU scenario, respectively. Compared with DD],
a larger share of the final energy demand in DD?2 is supplied by
direct combustion of renewable fuels rather than electricity. In
addition, less electricity in DD2 is generated from clean
renewable energy such as wind and solar. The different
decarbonization strategies explain the higher air pollutant
emissions in DD2 than DD1, since combustion of renewable
fuels in end-use sectors generally produces more air pollutants
than electricity generation from wind and solar. The emission
difference between DD1 and DD2 is more pronounced for
PM,, SO,, and NO, (>27%), as compared to NH; and ROG
(<14%), because a large portion of the former three pollutants
is emitted by combustion sources.

Air Quality Cobenefit of Decarbonization Policies.
Figure 4a,b shows the fractional reductions in annual mean
concentrations of PM, s and O; (measured in MDAS) from
the BAU to DD1/DD2 scenarios, representing the air quality
cobenefits of deep decarbonization policies. Figure 4c—f
further illustrate the spatial distribution of the concentration
reductions. Implementation of deep decarbonization policies in
the DD1 scenario lowers the spatially averaged annual PM, g

concentration in California by 0.87 ug/m’® (16.6%). In
contrast, the reduction in DD2 is only 0.21 ug/m’ (4.1%),
about a quarter of DD1. The spatial distribution of PM,
reductions is not even (Figure 4c,d). Over four largest
metropolitan regions (Los Angeles County, San Francisco
Bay Area, Sacramento County, and San Diego County, see
Figure 1 for their spatial ranges), the PM, 5 reductions (18—
37% in DD1 and 5—9% in DD2) are considerably larger than
the whole state (Figure 4ac,d). In particular, in the Los
Angeles County—the most populous county in the United
States—PM, 5 concentrations are reduced by about 33% and
7%, in the DD1 and DD2 scenarios, respectively. The absolute
reductions over urban Los Angeles are >8 yg/m? in DD1 and
>1.5 ug/m® in DD2 (Figure 4c,d). The greater reduction in
metropolitan areas is explained by the fact that a larger share of
air pollutants in urban areas comes from combustion sources
which are more sensitive to decarbonization policies than
noncombustion sources. Figure S2 further illustrates the
reductions in different chemical components of PM, g from
BAU to DD1/DD2. All major components, including sulfate,
nitrate, ammonium, black carbon (BC), organic aerosol (OA),
and “other components”, contribute to the PM, ¢ reductions,
with the largest contributions from OA and “other
components”.

The reduction in PM,s concentrations will likely help
California to meet the National Ambient Air Quality Standard
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(NAAQS). Under the BAU scenario, about 22.7 million people
in California are exposed to PM, 5 concentrations that exceed
the NAAQS (12 ug/m® for annual PM,s concentration),
accounting for 46% of the state’s total population in 2050. This
number drops dramatically to 7.4 million in the DD1 scenario,
67% lower than the BAU level. In the DD2 scenario, however,
the number is 20.0 million, only 12% lower than BAU. This
results indicate that, compared to PM,; concentration, the
population living in nonattainment areas is more sensitive to
technology pathway, as the decarbonization policies favor
PM, s reduction over more polluted regions.

For O;, the spatially averaged concentrations in California
are reduced slightly from BAU by about 0.58 ppb (1.5%) and
0.25 ppb (0.6%) in DD1 and DD2, respectively (Figure 4b).
The small sensitivity of O; to emission reductions is because,
on the one hand >70% of the ambient O; concentration is
background O5,"7>* and on the other hand small NO,
emission reduction usually has little or even negative effects
on O, concentration.”*™° In both DD1 and DD2, the O,
concentrations are reduced in the majority of the state because
of a prevalent NO,-limited regime (Figure 4e,f). However, O,
concentrations are elevated in the populous urban centers of
Los Angeles and the San Francisco Bay Area due to a volatile
organic compound (VOC)-limited regime, leading to an
increase in premature mortality (see Figure Se,f, and associated
discussion below). O; concentrations reduce by ~1.5% in DD1
and ~0.7% in DD2 in the Sacramento County and the San
Diego County, similar to the statewide reduction ratios.

Health Cobenefit of Decarbonization Policies. The
changes in PM, and O; concentrations lead to changes in
health outcomes, as illustrated in Figure 5. The PM,
reduction due to deep decarbonization policies in the DD1
scenario is estimated to avoid about 12200 (95% confidence
interval, 9700—14 600) premature deaths annually from the
BAU levels. In contrast, the avoided PM, s-related premature
deaths in the DD2 scenario are 2700 (2200-—3300),
accounting for about a quarter of those in DD1 (Figure Sa).
The majority of avoided mortality occurs over urban areas
because of population density (Figure Sc,f). The four largest
metropolitan regions contribute about 60% of the total avoided
premature deaths in California, and the Los Angeles County
alone contributes about 40%. Given the large population
densities in urban areas, the inhomogeneous PM, s concen-
tration reductions with peaks in metropolitan regions (Figure
4c,d) lead to an enhanced reduction in PM, s-related
premature mortality that is disproportionate to reduction in
state-average PM, 5 concentration.

In contrast to PM, s, the mortality changes due to O; are
much smaller. The decarbonization policies in DD1 and DD2
are estimated to increase 60 (20—110) premature deaths and
avoid 120 (30—210) premature deaths annually in California,
respectively (Figure Sb). These changes result from a
combination of the mortality increase in urban centers of
Los Angeles and the San Francisco Bay Area, and the reduction
in the rest of the state (Figures Se,f). In the DD1 scenario, the
former factor (i.e., increase in urban centers) dominates over
the latter due to a large urban population density, leading to an
overall slight increase in Oj-related mortality. When the PM, ;-
and Oj-related mortalities are taken together, 12 100 (9600—
14 600) and 2800 (2300—3400) premature deaths are
estimated to be avoided annually compared with the BAU
levels as a result of decarbonization strategies envisaged in the
DD1 and DD2 scenarios, respectively. The corresponding

monetized health cobenefits are estimated to be about 109
(87—131) and 25 (20—30) billion of 2017 U.S. dollars.

B DISCUSSION

Our results indicate that achievement of California’s 80%
GHG reduction target could have substantial air quality and
health cobenefits. The air quality improvement is especially
pronounced in severely polluted urban areas, thus contributing
to the State Implementation Plans to comply with the NAAQS.
The improved air quality is estimated to avoid 12 100 (9600—
14 600) premature deaths annually, equivalent to about 2.5
avoided deaths per 10 000 residents each year. Therefore, a full
achievement of California’s GHG target is highly recom-
mended for the sake of protecting public health. In addition to
the statewide target, California aims to prioritize GHG
reduction investments to disadvantaged and low-income
communities, as required by Senate Bill 535.°” Future studies
are needed to refine the spatial allocation of GHG reductions
to maximize the air quality and health cobenefits in
disadvantaged communities.

A unique and important finding of this study is that the
health cobenefits depend strongly on the technological
pathway toward deep decarbonization. Previous studies have
shown that, for a small GHG reduction goal (<20%), strategies
that target different economic sectors could lead to remarkably
different health cobenefits.”” In contrast to sector-specific
strategies for low GHG reduction targets, California’s
ambitious 80% reduction goal requires stringent GHG control
measures across all major economic sectors. Many decarbon-
ization technologies such as electrification, biofuel, and grid
electricity denitrification are needed in all plausible pathways
to achieve the target, hence the degree of freedom to design
the pathway is small (see Methodology Section). Whether the
health cobenefit still depends on the choice of technology
pathway is unclear. In this study, we show that a technology
pathway focusing on electrification and clean renewable energy
(DD1) results in four times more health cobenefits than a
pathway featuring combustible renewable fuel application
(DD2). With the former pathway, two-thirds less population
in 2050 will be living in nonattainment areas of the PM,
NAAQS than the latter one. An advantage of combustible
renewable fuels, however, is that they impose smaller impact
on the current energy supply and consumption systems and
hence are less costly. To better compare the cost-effectiveness
of the two pathways, we conduct a bottom-up cost analysis,
and the results are summarized in Table S4. While the direct
GHG abatement cost of the electrification-focused pathway is
about $25 billion larger than the renewable fuel-focused
pathway, the net benefit (i.e, health cobenefit minus
abatement cost) of the electrification-focused pathway is $59
billion greater. Therefore, a cleaner but more expensive
decarbonization pathway may be more preferable in California.
The results indicate that the health cobenefits, which have not
been considered in most climate policies, should be
incorporated in decision making to maximize the overall
benefits. The results help to develop an optimized techno-
logical roadmap which simultaneously meets the GHG
reduction target, alleviates air pollution, and protects public
health in California.

An important reason why the health cobenefits are highly
sensitive to decarbonization technologies in California is that
natural gas serves as the predominant energy source for
stationary sources at present.12 This is in sharp contrast to
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many countries or regions (e.g., China, the northeastern states
of the United States) where coal, a dirtier fuel, is still a major
energy source so that most feasible decarbonization
technologies can lead to considerable air quality and health
cobenefits. Therefore, the finding of high sensitivity to selected
decarbonization pathway may not apply to all countries/
regions in the world given the diverse energy structures, but it
holds strong potential for generalization in countries/regions
with a similar clean energy structure, extending this work’s
global reach and impact.
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