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To fight against global climate change, which is probably the 
greatest environmental and public health threat of this cen-
tury1, the concept of net-zero greenhouse gas (GHG) emis-

sions has been increasingly discussed in the scientific community2–4. 
Both the Intergovernmental Panel on Climate Change2 and the 
2015 Paris Agreement5 necessitate the target of global net-zero 
GHG emissions by the end of this century. Actions to reduce GHG 
emissions often reduce co-emitted air pollutants, such as nitro-
gen oxides (NOx), reactive organic gases (ROG), particulate mat-
ter (PM, often measured as PM10 for particles ≤10 micrometres in 
aerodynamic diameter and PM2.5 for particles ≤ 2.5 micrometres in 
aerodynamic diameter), ammonia (NH3) and sulfur oxides (SOx)6. 
Anthropogenic emissions are key contributors to ambient air pol-
lutants such as PM2.5

7,8 and ozone (O3)9, which have been linked to 
various adverse health outcomes10–12. Therefore, climate policies tar-
geting on net-zero GHG emissions are likely to provide substantial 
co-benefits for ambient air quality and public health.

Previous studies have linked GHG reductions with health 
co-benefits using various health impact assessment methods, 
including epidemiological models, comparative risk assessments, 
microsimulations and life tables13–19. For example, Shindell and col-
leagues found that global CO2 reductions may lead to 153 million 
fewer air pollution-associated premature deaths worldwide over the 
period of 2020–210014. Campbell-Lendrum and Woodruff also ana-
lysed the global climate change-related burden of diseases using the 
comparative risk assessment method17. Most existing studies were 
performed at global or national scales and thus could not capture 
the spatial distribution of health impacts at local or even community 

levels due to model resolution limitations. Meanwhile, the GHG and 
air pollutant emissions in previous studies were primarily projected 
on the basis of changes in energy consumption and fuel types13,20. 
Such an approach does not account for GHG abatement technolo-
gies leading towards different levels of air pollutant emissions. The 
long-term local air quality and health impacts resulting from the 
transition towards net-zero GHG emissions remain unclear.

Such a knowledge gap can be filled by exploring the technology 
framework of a net-zero pathway in a highly polluted region. As 
the world’s fifth-largest economy and the most populous state in 
the United States, California has one of the worst air qualities in 
the country. As a coastal state vulnerable to climate catastrophes, 
the state has also been a leading force in curbing climate change 
for decades. Assembly Bill 32, signed into law by Governor Arnold 
Schwarzenegger in 2006, was the first law of its kind in the nation 
and established targets to reduce GHG emissions to 1990 levels by 
202021. Senate Bill 32 (SB 32), signed in 2016, further extended the 
target to reduce statewide GHG emissions to 40% below the 1990 
level by 203022. The new carbon neutrality goal announced in 2018 
was even more ambitious and highlighted the need to improve air 
quality and health simultaneously23. Consequently, developing a 
net-zero emission pathway for California and quantifying the asso-
ciated health impacts can directly support these efforts and ben-
efit the region in its long-term strategic planning. From the broad 
perspective of global net-zero emissions, understanding the inter-
relationship between climate polices and air quality in California 
will also expand the existing knowledge on integrated air quality 
management and climate change mitigation24–27 and will serve as an 
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example for other regions and countries to jointly mitigate GHG 
and air pollution.

In this paper, we aim to develop a new, cross-sectoral integrated 
model that fully couples detailed energy technologies and GHG 
reduction strategies with air pollutant emissions and combine it 
with high-resolution air quality and health impact models to assess 
the co-benefits and cost of achieving net-zero GHG emissions in 
California. Here, we define net-zero emissions as a reduction in net 
anthropogenic GHG emissions to zero after accounting for carbon 
offsets. With the integrated model, we disaggregate the total GHG 
reductions into different strategies and capture their contributions 
to co-emitted air pollutants. We then assess the health co-benefits of 
implementing net-zero emission strategies for all Californians and 
people in disadvantaged communities. By comparing the net-zero 
strategy with an alternative GHG reduction pathway, we also dis-
cuss the potential trade-offs between climate benefits and air quality 
co-benefits of net-zero emission policies.

results
We first construct a business-as-usual (BAU) scenario with total 
GHG emissions of 700 million metric tons CO2-equivalent (700 MtCO2e) 
in 2050 on the basis of government forecasts of the population28, 
the gross state product29 and the 2010 base-year energy consump-
tion structure from the State Energy Data System30, as well as the 
increases in energy consumption projected by our original Model 
of Energy and Emission Technology in California (MEET-CA, see 
Supplementary Information for details). We have updated the GHG 
projection method for this BAU scenario since our previous study31 
to better reflect the sector-specific energy consumption associated 
with the economy development. No additional climate policies  
after 2010 are applied to the BAU scenario, and GHG emissions 
increase by 56% from 2010 to 2050 in the BAU scenario (Fig. 1a,b). 
For air quality, we do not assume the attainment of the National 
Ambient Air Quality Standards (NAAQS) in the BAU scenario 
since there has not been a clear policy and technology road map to 
achieve them although the attainment of NAAQS is required by law 
earlier than 2050.

We then develop a net-zero scenario for California with a 
decadal GHG mitigation road map using the MEET-CA to sustain-
ably achieve the net-zero GHG emissions target in 2050 (Fig. 1a,b). 

The net-zero scenario is developed by working backwards from the 
zero CO2e emission constraint to determine the changes in infra-
structure and technology over time necessary to meet the target. 
The road map is built on a series of mitigation strategies illustrated 
in Table 1 and Supplementary Table 1. The long-term strategy prog-
ress and adoption rates in this net-zero scenario are constrained 
by technology feasibility, policy plausibility, resource availabil-
ity and many other factors (see Supplementary Information for 
details). Meanwhile, our designed road map will emit 230 MtCO2e 
in 2030 and meet California’s midterm climate goal as required by 
SB 32 (that is, <259 MtCO2e). While our short-term road map is 
mainly constrained by the requirements of SB 32, we also balance 
the deployment of strategies so that (1) long-term strategies such 
as electrification and carbon capture and sequestration (CCS) can 
be planned in advance to ensure sustained GHG reductions and  
(2) strategies that lead to stranded costs can be avoided.

The transition towards sustainable net-zero GHG emissions 
would require a systematic change in the current energy consump-
tion pattern supported by deep decarbonization technologies and 
more-stringent policies. In addition, we find that to achieve the 
net-zero target, offsets or negative emission sources, such as the bio-
energy with CCS (BECCS) technology, are necessary to balance the 
GHG emissions that cannot be easily reduced with existing technol-
ogy in the given time frame. After the application of all technology, 
policy and resource constraints, we select the pathway with the min-
imum BECCS usage as the optimal net-zero scenario for analysis. 
As a key negative GHG emission source, BECCS power plants will 
provide 88 MtCO2e of GHG offsets in 2050. Another 17 MtCO2e of 
GHG offsets will be provided by CCS in natural gas power plants 
and co-generation facilities.

Our road map identifies end-use energy electrification, increased 
energy efficiency and electricity decarbonization as the core mecha-
nisms, contributing to 140 Mt (20%), 104 Mt (15%) and 96 Mt (14%) 
of the total GHG reduction in 2050, respectively (Table 1). These 
core mechanisms are supplemented with several other strategies 
to further reduce GHG emissions. The transportation sector is the 
largest GHG emission source in California. Therefore, electric vehi-
cles are introduced to the net-zero scenario with a high adoption 
rate, which substantially reduces tailpipe emissions by 64 MtCO2e 
(Supplementary Table 1). To further reduce GHG emissions from 
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Fig. 1 | a road map for California to achieve net-zero GHG emissions in 2050. a, A road map showing sectoral GHG reductions for California to achieve 
net-zero GHG emissions in 2050. b, Strategies grouped into eleven categories reduce emissions from 700MtCO2e in the 2050 BAU scenario to 0MtCO2e 
in the net-zero scenario.
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transportation sources, 50% of the fossil fuel used by the remaining 
internal combustion engine vehicles should be replaced by biofuel, 
and smart growth strategies need to be enforced to promote travel 
efficiency. End-use energy electrification is also applied to indus-
trial, commercial and residential sectors to reduce direct combus-
tion, contributing to 36, 23 and 16 MtCO2e reductions, respectively 
(Supplementary Table 1).

All-sector electrification would substantially increase the elec-
tricity demand by 104% without the application of additional strate-
gies. Our model applies a moderate 0.4–1% yr−1 energy efficiency 
improvement for end-use devices under the net-zero scenario, which 
substantially limits the growth of the electricity load. To reduce the 
electricity demand from the grid, the net-zero scenario applies 
co-generation and distributed generation strategies in the industrial, 
commercial and residential sectors to supply electricity locally and 
continue to improve energy efficiency. In addition, rooftop PV sys-
tems are installed to supply 10% of the energy in the residential and 
commercial sectors and 1–3% of the energy in the industrial sector. 
After applying all strategies and assumptions, our model shows that 
the total energy consumption for grid electricity generation under 
the net-zero scenario is 2.1 exajoules (EJ, =1018 joule), 19% higher 

than the BAU. End-use electrification is coupled with electricity 
decarbonization to reduce the net carbon intensity of electricity in 
California. In the BAU scenario, the major energy source for elec-
tricity generation is natural gas. In the net-zero scenario, we design a 
mixed energy supply feedstock (Table 1 and Supplementary Fig. 5), 
which includes the comparable usage of bioenergy, wind and solar 
alternative energy sources as all three have demonstrated technical 
applicability but still suffer from high costs and technical difficul-
ties in large-scale implementations. To ensure a stable electricity 
system, 10% of the grid electricity is still generated by natural gas in 
the net-zero scenario. Therefore, the overall energy carbon intensity 
in the electricity generation sector decreases from 70 g CO2 MJ–1 in 
the BAU to 11 g CO2 MJ–1 in the net-zero scenario, not counting the 
CO2 offsets provided by the CCS process. Nuclear energy is not con-
sidered as a popular future strategy for electricity decarbonization 
given its controversial environmental impacts, earthquake risks and 
low public acceptance in California32,33.

The MEET-CA then projects air pollutant emissions on the 
basis of energy growth rates, technology and energy mixes, and 
technology-specific emission rates. Although the BAU scenario 
does not require NAAQS attainment, it does incorporate many 

Table 1 | GHG reductions from the business-as-usual by strategy categories in the 2030 and 2050 target years

Strategy GHG reduction 
(MtCO2e)

Key attributes in 2050

2030 2050

Electrification 74 140 • 85% electrification rate in the residential and commercial sectors

• 60% electrification rate in the industrial sector

• Deep electrification in the transportation sector (75% for LDV, 33% for bus, 10% for classes 3–6 
(10,000 < GVWR ≤ 26,000 lbs) trucks and 5% for classes 7 and 8 (GVWR > 26,000 lbs) trucks)

Energy efficiency 37 104 • Building energy efficiency increases by 1% per year

• Industrial energy efficiency increases by 0.8% per year

• Vehicle efficiency increases (cumulative 30% for LDV and 15% for trucks)

Grid electricity 
decarbonization

51 96 • 85% of grid electricity generated from carbon-free renewable sources: bioenergy (35%), wind 
(21%), solar (13%), large hydro (15%) and other (1%)

Biofuel 19 45 • 50% renewable fuels in cars and trucks

• 35% renewable fuels in the industrial sector

• 30% renewable fuels in the residential and commercial sectors

Smart growth 57 74 • Sustainable land use and transportation planning help reduce per capita passenger VMT by 
25% and per capita freight VMT by 10%

Co-generation and 
distributed generation

21 52 Co-generation facilities supply:

• 80% of thermal energy in the industrial sector

• 25% of thermal energy in the residential and commercial sectors

Rooftop PV system 16 26 Rooftop solar panels supply:

• 10% of the energy consumption in residential and commercial sectors

• 1–3% of the energy consumption in the industrial sector.

Waste management 19 47 Reduce methane emissions from:

• Dairy manure and other livestock by 70%

• Landfill, wastewater and other waste treatment facilities by 95%

Other non-energy GHG 
management

10 14 • Reduce short-lived climate pollutants (for example, SF6, CFCs and HFCs) and other non-energy 
GHGs (for example, nitrogen fertilizer) by 70% compared with the BAU scenario

CCS 28 105 Apply CCS technology into:

• Bioenergy and natural gas power plants (80% facility × 80% capture rate)

• Other small-scale co-generation and distributed generation facilities (50% facility × 60% 
capture rate)

LDV, light-duty vehicles; EV, electric vehicles; BEV, battery electric vehicles; PHEV, plug-in hybrid electric vehicles; GVWR, gross vehicle weight rating; VMT, vehicle miles travelled; PV, photovoltaic; 
SF6, sulfur hexafluoride; CFCs, chlorofluorocarbons; HFCs, hydrofluorocarbons.
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existing control regulations on NOx, ROG, SOx and primary PM2.5 
in California. As shown in Fig. 2a, compared with BAU, the net-zero 
scenario leads to substantial reductions in anthropogenic air pollut-
ant emissions in California in 2050 (that is, 48% NOx, 24% ROG, 
36% PM2.5, 38% NH3 and 49% SOx, respectively). Figure 2b fur-
ther attributes these emission reductions to individual strategies 
described in Fig. 1b and Table 1. Of the core mechanisms, end-use 
energy electrification and increased energy efficiency contribute the 
most to air pollutant emission reductions. By contrast, grid elec-
tricity decarbonization leads to very minor air pollutant emission 
reductions and even slightly increases PM2.5 and SOx emissions. 
This is because in the net-zero scenario, 35% of the grid electricity 
comes from bioenergy power plants, which have higher emission 
rates for air pollutants than conventional natural gas power plants 
in the BAU scenario. The CCS process in power plants reduces CO2 
emissions but has limited effects in reducing air pollutant emis-
sions34. Spatial analysis (Fig. 2c) shows that air pollutant emission 
reductions in the net-zero scenario would mainly occur in metro-
politan areas and major transportation corridors, such as Southern 
California, the San Francisco Bay Area and San Joaquin Valley, 
where baseline emissions are high.

The emission inventory for each scenario is converted to 
4 km × 4 km grids for ambient air quality modelling. PM2.5 and O3 
concentrations under the BAU and net-zero scenarios are projected 
using the Weather Research and Forecasting Model with Chemistry 
(WRF-Chem) version 3.9.1. A health impact analysis is then con-
ducted to estimate the public health benefits of achieving net-zero 
GHG emissions using the Environmental Benefits Mapping 
and Analysis Program (BenMAP-CE, version 1.3.7). We analyse 
all-cause mortalities due to changes in PM2.5 and O3 exposures 
on the basis of concentration response functions (CRFs) derived 
from a recent epidemiological study12. More information about the 
parameters for ambient air quality modelling and health impact 
analysis are available in Methods and Supplementary Information. 

Achieving net-zero GHG emissions can bring substantial air quality 
and public health co-benefits by reducing regional PM2.5 (Fig. 3a) 
but may slightly increase O3 (maximum daily 8 h average, or MDA8) 
concentrations in metropolitan areas (Fig. 3b). Overall, the net-zero 
scenario can reduce the annual average ambient PM2.5 concentra-
tion by 5.0 µg m–3 (population weighted) but can increase the annual 
average O3 by 0.5 ppb (population weighted). Together, achieving 
net-zero GHG emissions can bring a public health co-benefit of a 
mortality reduction of 14,000 deaths annually, consisting of 14,400 
avoided mortalities from reduced PM2.5 exposure (Fig. 3c) and an 
increase in mortalities from elevated O3 exposure (Fig. 3d). In addi-
tion to the mortality reductions, net-zero strategies can (1) reduce 
acute respiratory symptoms in 8.4 million adults, (2) reduce asthma 
exacerbation in 1.0 million children, (3) decrease the number of 
work-loss days by 1.4 million and (4) decrease the number of car-
diovascular hospital admissions by 4,500 (Supplementary Table 12).  
Note that these estimated co-benefits might be less if NAAQS 
attainment is required in the BAU scenario (see detailed discussion 
in Supplementary Information).

The negative GHG emissions provided by BECCS are necessary 
for California to achieve the net-zero target. However, in the con-
text of air quality co-benefits, biomass combustion emits relatively 
high levels of air pollutants, even though all BECCS plants in the 
scenario are projected to install emission control devices and will 
meet the emission standards in California. Meanwhile, although 
already implemented in the United States (for example, Illinois, 
Oklahoma and Kansas), BECCS requires a substantial amount of 
land and water resources, which could be another challenge to 
California. Therefore, we develop an alternative deep decarbon-
ization (ADC) scenario that replaces BECCS power plants with 
carbon-neutral renewables such as wind, solar and geothermal 
power plants. Under this scenario, 83 MtCO2e would be emitted  
in 2050, which is approximately 81% below the 1990 level. Regarding 
air pollutants, this ADC scenario minimizes the electricity  
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generated from combustible sources and emits much less pollut-
ant than the net-zero scenario in the electricity generation sector 
(Fig. 4a). Overall, ADC leads to an additional 0.12 µg m–3 reduction 
in the population-weighted PM2.5 concentration (Fig. 4b) and can 
avoid 370 PM2.5-related mortalities in California compared with the 
net-zero scenario (Fig. 4c). No notable changes are observed in O3 
concentrations and O3-associated mortality.

We then conduct an extensive sensitivity analysis to determine 
the 95% confidence interval (CI) of the mortality reductions; the 
CIs range from 10,100 to 17,900 for the net-zero scenario and from 
10,400 to 18,400 for the ADC (Table 2). The 95% CIs account for 
uncertainties associated with (1) economy and population projec-
tions, (2) the technology, policy and energy efficiency parameters 
in the model and (3) health impact analysis parameters using the 
Monte Carlo method (see Supplementary Methods for more details).

Utilizing the high-resolution modelling data, we further quantify 
that, for both the net-zero and ADC scenarios, approximately 35% 
of the air quality-related health co-benefits occur in disadvantaged 

communities (Table 2 and Supplementary Fig. 10). Here, we follow 
the designation of disadvantaged communities in CalEnviroScreen 
3.0, which includes approximately 25% of California’s population35. 
Our analysis suggests that achieving net-zero GHG emissions in 
California will probably deliver a disproportionately higher share of 
health co-benefits to citizens in disadvantaged communities.

The co-benefits of the avoided all-cause mortality in the 
net-zero and ADC scenarios are monetized using the values of 
a statistical life (VSL). The monetized co-benefits for mortality 
reductions, together with the monetized co-benefits for morbidity 
reductions and social cost of carbon (SCC), are compared with the 
annualized GHG abatement cost to estimate the net benefit of deep 
decarbonization in California (Table 2). In 2050, the central esti-
mates of the monetized benefit in California, including the direct 
GHG reduction benefit and public health co-benefits of climate 
policies, exceed the total GHG abatement cost for both scenarios. 
The net-zero scenario brings US$7 billion more direct climate 
benefits than the ADC scenario by achieving a more ambitious  
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climate target. However, we show that the net-zero scenario leads 
to US$4 billion fewer health co-benefits and a higher GHG abate-
ment cost than the ADC scenario in the region. Therefore, the 
cost–benefit comparison between net-zero and ADC also indi-
cates that, under the existing technology framework, the pursuit 
of a sustainable net-zero GHG emissions society will need to bal-
ance the direct CO2 abatement cost, global climate benefit and 
local public health benefits.

As stated before, the range of the mortality avoidance in Table 
2 captures uncertainties associated with (1) economy and popula-
tion projections, (2) the technology, policy and energy efficiency 
parameters in the model and (3) health impact analysis parameters. 
In addition, our monetized net benefit estimates account for the 
uncertainties associated with GHG abatement cost and health valu-
ations (for example, VSL and cost of illness). Overall, these model-
ling parameters may expand the range of health co-benefit estimates 
but will not alter our main finding that deep decarbonization can 
bring substantial health co-benefits to Californians.

Discussion
We investigate the potential for California to sustainably achieve 
net-zero GHG emissions by 2050 and demonstrate that the 
net-zero target is feasible with existing and emerging technolo-
gies. Consistent with previous studies16,36,37, our analyses show that 
achieving the long-term net-zero GHG emission target in 2050 
requires immediate action, higher adoption rates of new technolo-
gies and stronger policy supports in all major sectors through sys-
tematic and strategic planning. While the GHG reduction goals are 
designed for 2030 and 2050 in California, our road map is informed 
by the broad objective of limiting global warming to well below 2 °C 
through global net-zero emissions. Therefore, an important impli-
cation of our study is that long-term strategies need to be planned in 
advance and implemented at the regional level to ensure sufficient 
GHG reductions in the mid- to late century globally.

We demonstrate the critical role of commercially deployed 
BECCS technology in achieving the net-zero target. First, electricity 
can be generated with negative GHG emissions in BECCS power 
plants. By contrast, other cleaner carbon-neutral renewables, such 
as the wind and solar extensively used in the ADC or the nuclear 
power analysed by other studies, may achieve only zero GHG emis-
sions. Second, the combustion feature of BECCS will allow the 
implementation of co-generation technologies to supply both elec-
tricity and thermal energy simultaneously. Hence, utilizing BECCS 
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Fig. 4 | air pollutant emissions from the electricity generation sector of the aDC scenario and associated PM2.5 and health benefits. a, Difference in 
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Table 2 | Benefits and costs of the net-zero and aDC scenarios 
in 2050 relative to Bau

Net zero aDC

GHG emission reductions 
(MtCO2e)

700 617

annual mortality avoidance 14,000 14,400

(10,100–
17,800)

(10,400–18,300)

Mortality avoidance in 
disadvantaged communities

5,000 5,100

(3,600–6,300) (3,700–6,400)

annual monetized co-benefita 
(US$1 billion)

158 162

(19–498) (22–501)

Direct benefits of GHG reductionb 
(US$1 billion)

57 50

annual GHG abatement cost 
(US$1 billion)

106 105

(48–160) (42–166)

Net benefitc (US$1 billion) 109 107

(−30–455) (−36–453)
aMonetized co-benefits include both mortality and morbidity reduction benefits. bWe use the 
central estimates for the SCC to estimate the direct GHG reduction benefits. cThe uncertainty of 
net benefit does not include the uncertainty associated with the SCC due to data availability.
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instead of noncombustible renewable energies also offers lower 
electrification requirements and implementation costs, especially 
in the industrial sector. Third, unlike other types of carbon sinks, 
such as oceans and forests, BECCS is a detachable mitigation tool 
added to biomass power plants and is thus less affected by natu-
ral environments, such as temperature increases and tree logging. 
Nevertheless, there are still challenges, both technical and societal, 
to be addressed before BECCS can be deployed at scale38. These high 
uncertainties in BECCS may bring additional uncertainty to the net 
benefit of the net-zero strategy estimated in this study.

The drastic changes in energy consumption and combustion 
patterns brought by the net-zero GHG emissions will result in 
notable reductions in air pollutant emissions, leading to consider-
able environmental and public health co-benefits in most areas. 
Although reductions in NOx can cause increases in MDA8 ozone 
and make it more challenging to meet the ozone NAAQS in some 
urban locations, the GHG reduction brings substantial net health 
co-benefits to California. Currently, climate policies are driven 
primarily by reducing GHG emissions, while air pollution policies 
aim to protect public health. A better understanding of air qual-
ity and public health co-benefits could increase the social and 
economic acceptability of carbon policies14. Our study extends pre-
vious knowledge on the relationship between carbon policies and 
air quality by showing that achieving net-zero GHG emissions is 
tightly connected to air quality benefits, especially in populous and 
highly polluted regions in California. For example, GHG reduction 
strategies can effectively reduce ambient PM2.5 in the Los Angeles 
Basin and the San Joaquin Valley (Figs. 3 and 4) and help these areas 
attain the NAAQS regulated by the US Environmental Protection 
Agency (EPA)39. Meanwhile, compared with global long-term cli-
mate benefits, air quality and public health co-benefits are mainly 
local and can be both short and long term, which may be more 
attractive to regions and nations that are not well motivated by the 
idea of GHG mitigation.

Air pollution is inequitably distributed among communities 
due to spatial differences in emission sources and ambient con-
centrations, raising serious concerns about environmental justice. 
Recently, Tessum et al.40 reported that ambient PM2.5 is dispropor-
tionately inhaled by Black and Hispanic minorities in the United 
States. Studies in California also found that some climate polices 
may not effectively improve environmental equity in terms of 
reducing air pollution emissions in disadvantaged communities41,42. 
Using a high-resolution modelling approach, we show that the 
net-zero pathway may lead to a greater-than-proportional air qual-
ity co-benefit in disadvantaged communities in California, thus sup-
porting ongoing efforts to promote environmental equity. The tight 
connections among GHG mitigation, air quality and environmental 
equity described here call for interdisciplinary approaches to address 
multiple climate and environmental burdens simultaneously.

The detailed strategy-emission connection of the MEET-CA 
model allows us to decompose the total air pollutant emission reduc-
tions of the proposed scenarios to gain insights into the contribu-
tions of individual strategy. For example, electricity decarbonization 
using BECCS is found to have minor or even negative impacts on air 
pollutant emission reductions. Consequently, an interesting finding 
of this study is that there could be a trade-off between local air qual-
ity and global climate when negative GHG emissions are necessary 
to achieve ambitious climate mitigation goals. Conversely, such a 
trade-off also needs to be considered in the context of the overall 
health benefits of climate policies. Compared with inaction, ambi-
tious GHG reduction efforts, regardless of the numerical stringency 
of the target, can provide substantial health co-benefits, which often 
exceed the implementation costs. To regions and countries with 
dirtier energy sources (for example, coal), our estimated trade-off 
could be even smaller compared to the overall climate benefits of 
GHG mitigation.

A strength of our study is the relatively comprehensive charac-
terization of California’s energy system and its connection to air 
pollution and public health at local and community scales. This 
is achieved through a cross-sectoral integrated technology model 
that fully couples detailed energy technologies with air pollutant 
emissions and its integration with high-resolution modelling of air 
quality, public health and mitigation cost estimation. Note that the 
cost is only used as a criterion for scenario evaluation, not a cri-
terion for strategy selection and optimization. In addition, some 
unintended health co-harms due to mitigation strategies, such as 
increased indoor air pollution due to building energy efficiency 
improvement measures43,44, are not considered in this study but 
warrant future research. Moreover, while the health co-benefits in 
this study are quantified on the basis of CRFs derived from epi-
demiological studies, these functions may not fully capture the 
time lags for chronic disease reductions. This could lead to addi-
tional uncertainties in the health co-benefit estimates over time, 
especially from long-term exposure to mortality45,46, and warrants 
further investigation. Besides CRF, there are other state-of-the-art 
health impact assessment methods, such as comparative risk 
assessments17,47, microsimulations18,48 and life tables19,49. The appli-
cation of these methods may allow a more comprehensive and 
accurate assessment of the health benefits of GHG mitigation. 
These remaining issues could be solved by developing a more inte-
grated modelling approach that comprehensively optimizes mitiga-
tion strategies on the basis of the economic cost, the direct climate 
benefit, health co-benefits and unintended health co-harms, which 
warrants further in-depth research.

Methods
Our integrated approach involves a new energy and emission technology model for 
scenario development and emission projection, a high-resolution air quality model 
for ambient concentration simulation and a health impact assessment model. 
First, we design an original cross-sectoral energy and emission technology model 
(that is, MEET-CA) featuring detailed GHG mitigation strategies for scenario 
development. The MEET-CA is composed of four parts: (1) an energy demand 
module, (2) a GHG emission inventory module, (3) an air pollutant emission 
inventory module and (4) a cost module. The first two parts are interconnected 
on the basis of the GHG reduction targets and the selection of GHG mitigation 
strategies. We then feed the energy consumption and technology choice outputs 
into the third module to project the emission inventory for seven air pollutants 
(CO, NH3, NOx, PM10, PM2.5, SOx and ROG). The cost module estimates the GHG 
abatement cost of a selected policy scenario on the basis of GHG reductions from 
individual technology/strategy and the corresponding unit cost (US$ tCO2e–1). In 
MEET-CA, we collect the unit CO2 abatement costs of individual measures on the 
basis of the best available data from various studies50–58 (Supplementary Table 7).  
All monetary values in this study are expressed as US$2017 unless otherwise 
specified. Note that this bottom-up approach does not account for the cost 
reductions associated with the learning curve. It does not distinguish spatial 
variations in the strategy implementation cost either. Most important, we do not 
expect all new policies and technologies to be cost effective in the implementing 
stage. Therefore, the cost module is designed to compare the relative economic 
plausibility of different pathways and does not provide a criterion for scenario 
selection. The net-zero scenario used in this study is optimized by minimizing 
the BECCS usage under a number of policy, technology and resource availability 
constraints. See the Supplementary Information for more information regarding 
detailed model structures, projection methods and scenario assumptions 
(Supplementary Figs. 1 and 2).

The anthropogenic emission inventory projected by MEET-CA is then 
processed into 4 km × 4 km grids on the basis of high-resolution spatial 
distribution information provided by the California Nexus project (CalNex 
2010)59 for ambient air quality modelling. We then simulate the ambient PM2.5 
and O3 concentrations in 2050 under different scenarios (BAU, net zero and 
ADC) using WRF-Chem version 3.9.1. For all scenarios, we simulate the hourly 
ambient air quality at a 4 km × 4 km resolution in January, April, July and October, 
which represent the winter, spring, summer and fall seasons, respectively. 
The meteorological initial and boundary conditions are generated from the 
Final Operational Global Analysis data (ds083.2) of the National Centers for 
Environmental Prediction at a 1.0° × 1.0° and 6 h resolution for the year 2010. The 
biogenic emissions are calculated online using the Model of Emissions of Gases 
and Aerosols from Nature (MEGAN)60. Other natural emissions, including dust, 
sea salt and wildfire emissions, are calculated on the basis of previous studies 
and databases61–68 and are driven by the 2010 meteorology. In this study, we do 
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not consider the possible influences of climate change on the meteorology and 
natural emissions in California, which should be explored in future studies. 
See Supplementary Information for more information regarding the detailed 
modelling parameters and simulation performance.

Exposures to ambient PM2.5 and O3 have been linked to a number of mortality 
and morbidity health outcomes. In this study, we quantify the all-cause mortality 
burdens due to long-term exposure to PM2.5 and O3 using CRFs derived from 
the American Cancer Society Cancer Prevention Study II12. BenMAP-CE 
(version 1.3.7)69 developed by the US EPA is used to quantify the total and 
spatial distribution of mortality changes between the BAU and the two policy 
scenarios. Mortalities in disadvantaged communities are estimated by overlaying 
the gridded mortality incidence outputs from BenMAP with the disadvantaged 
community’s layer from CalEnviroScreen v3.0 using ArcGIS (version 10.5.1). The 
disadvantaged communities in CalEnviroScreen 3.0 are identified on the basis of 
a series of geographic, socioeconomic, public health and environmental hazard 
criteria pursuant to SB 535, which requires the prioritization of GHG reduction 
investments in disadvantaged and low-income communities35. We also use 
BenMAP to estimate health co-benefits from several PM2.5-associated morbidity 
reductions in the net-zero scenario, including acute respiratory symptoms, asthma 
exacerbation, work-loss days and hospital admissions70–73.

Health co-benefits are monetized to compare with direct GHG reduction 
benefits and abatement cost. For health co-benefits associated with mortality 
reductions, we apply the EPA-recommended VSL of US$20118.7 million with the 
Weibull distribution54 and further adjust the VSL in 2050 for income growth over 
time, assuming a 0.7% increase per year. For morbidity, we estimate the monetized 
benefit range of total morbidity reductions from all diseases, accounting for the 
uncertainties associated with CRF parameters and the valuations of illness in the 
BenMAP default methods (see Supplementary Information for details). The EPA 
SCC method is used to estimate direct GHG reduction benefits74. The uncertainty 
range of cost estimates is also generated using the Monte Carlo method, assuming 
the true unit cost of individual measures follows a uniform distribution within the 
highest and the lowest cost estimate range provided in Supplementary Table 7.

Our health co-benefit estimates account for uncertainties from three aspects: 
(1) economy and population projections, (2) technology, policy and energy 
efficiency parameters in the model and (3) health impact analysis parameters. 
We first conduct three sets of sensitivity analyses to identify the mortality 
reduction distributions of each of the three uncertainty aspects. Drawing on these 
distributions, we capture the total uncertainties incorporating all three aspects 
using the Monte Carlo method. In the first two sets of sensitivity analyses, we first 
project the GHG emission distributions by changing the respective parameters 
(that is, economy and population projections in Set 1 and technology, policy and 
energy efficiency parameters in Set 2). We then select the 10th and 90th percentiles 
as the representative cases to project the air pollution emission inventory and 
simulate ambient air quality using the WRF-Chem. Next, we use the simulated 
ambient air quality data to estimate the 10th and 90th percentiles of mortality 
reductions. Finally, we determine the distribution of mortality reductions on 
the basis of central estimates in the main study and the 10th and 90th percentile 
numbers. In the third sensitivity analysis, the mortality reduction distribution 
is directly calculated by BenMAP using the Monte Carlo method, accounting 
for uncertainties in the CRF parameters. See the Uncertainty Analysis section 
in Supplementary Information for more-detailed information on the sensitivity 
analysis methods and modelling results.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
corresponding authors (B.Z. and Y.Z.) on request.

Code availability
The code of WRF-Chem model is available at http://www2.mmm.ucar.edu/wrf/
users/download/get_source.html; the code of BenMAP is available at https://www.
epa.gov/benmap/benmap-downloads; the custom CRFs used for the health impact 
assessment are available from the corresponding authors (B.Z. and Y.Z.) on request.
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