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A B S T R A C T

Climate change mitigation involves reducing fossil fuel consumption and greenhouse gas emissions, which is
expensive, particularly under stringent mitigation targets. The co-benefits of reducing air pollutants and im-
proving human health are often ignored, but can play significant roles in decision-making. In this study, we
quantified the co-benefits of climate change mitigation on ambient air quality and human health in both physical
and monetary terms with a particular focus on Asia, where air quality will likely be degraded in the next few
decades if mitigation measures are not undertaken. We used an integrated assessment framework that in-
corporated economic, air chemistry transport, and health assessment models. Air pollution reduction through
climate change mitigation under the 2 °C goal could reduce premature deaths in Asia by 0.79 million (95%
confidence interval: 0.75–1.8 million) by 2050. This co-benefit is equivalent to a life value savings of ap-
proximately 2.8 trillion United States dollars (USD) (6% of the gross domestic product [GDP]), which is de-
cidedly more than the climate mitigation cost (840 billion USD, 2% of GDP). At the national level, India has the
highest potential net benefit of 1.4 trillion USD, followed by China (330 billion USD) and Japan (68 billion USD).
Furthermore, in most Asian countries, per capita GDP gain and life value savings would increase with per capita
GDP increasing. We robustly confirmed this qualitative conclusion under several socioeconomic and exposure-
response function assumptions.

1. Introduction

The majority of countries around the world have made greenhouse
gas (GHG) reduction targets and submitted them to the Paris
Agreement. However, policymakers generally hesitate to set more am-
bitious mitigation targets because climate mitigation carries economic
costs, and the more ambitious the mitigation target, the higher the cost.
Many studies have suggested that air pollution improvement and cli-
mate mitigation carry significant co-benefits. (Balbus et al., 2014) es-
timated that by 2020, reductions in adverse health outcomes due to
decreased fine particulate matter (PM2.5) exposure would save the
United States 6–30 billion USD (in 2008 USD). West et al. (2013a, b)
found that a representative concentration pathway 4.5 (RCP 4.5)-
equivalent GHG mitigation would result in 0.5 ± 0.2, 1.3 ± 0.5, and
2.2 ± 0.8 million fewer premature deaths globally in 2030, 2050, and
2100, respectively. The co-benefit of per ton of carbon dioxide (CO2)

reduction is about 50–380 USD for the worldwide average, 30–600 USD
for the United States and Western Europe, 70–840 USD for China, and
20–400 USD for India. The economic co-benefits are much higher in
East Asia than in other regions such as U.S. and EU, approximately
10–70 times the marginal cost in 2030. McCollum et al. (2013) found
that carbon reduction efforts could reduce energy-related health im-
pacts by upwards of 2–32 million fewer disability-adjusted life years
globally in 2030. A study in the United States showed that climate
mitigation could prevent more than 10,000 premature deaths in 2050
and 5000 deaths in 2100 due to air quality improvement, equivalent to
a value of statistical life (VSL) of approximately 150 billion USD and 1.3
trillion USD (in 2005 USD) by 2050 and 2100, respectively (Garcia-
Menendez et al., 2015). Yang and Teng found that if China reduces its
2005 carbon emissions intensity by 60–65%, compared to 2010 levels,
sulfur dioxide, nitrogen oxide, and PM2.5 emissions will be reduced by
78.85%, 77.56%, and 83.32%, respectively, by 2030 (Yang and Teng,
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2017). One study from OECD shows the global economic costs of out-
door air pollution increase to 1% of global GDP by 2060, with highest
GDP losses in China (Lanzi et al., 2018).

When evaluating the economic costs of climate mitigation, it is
necessary to include the potential societal benefits to more compre-
hensively assess the costs and benefits of various mitigation goals.
Health improvement constitutes a substantial fraction of the potential
benefits, along with averted adaptation costs and residual damage.
Quantifying the co-benefits of climate mitigation may convince pol-
icymakers and the public to formulate integrated mitigation strategies
and to adjust their lifestyles toward a green and low-carbon society (R.
Xie et al., 2016). However, future GHG and air pollutant emissions are
highly dependent on socioeconomic conditions and climate mitigation
targets, the former of which are highly uncertain, and the latter of
which are quite relevant to policy intervention. To address such un-
certainties, the climate research community has made tremendous
strides in developing the next generation of scenarios for climate
change research (Moss et al., 2010) including shared socioeconomic
pathways (SSPs) and RCPs. SSPs are stylized projections of future en-
ergy consumption and emissions that consider the challenges of vul-
nerabilities, adaptation, and mitigation (Kriegler et al., 2014; Fujimori
et al., 2016; van Vuuren et al., 2017), whereas RCPs are a set of four
new pathways developed for the climate modeling community as a
basis for long-term and near-term modeling experiments (van Vuuren
et al., 2012). One study in EU also found positive effect related to health
can offset the resource costs associated to the clean air policy, which
resulted in positive macroeconomic impacts for the economy (Vrontisi
et al., 2016).

Previous studies have focused on the air quality and health benefits
of climate mitigation at the aggregate global level or in developed
countries such as the United States under certain socioeconomic path-
ways and mitigation targets. However, without consistent assumptions
on socioeconomic pathways or mitigation targets, it is difficult to
consistently compare the costs and benefits among various studies,
which may confuse policymakers. To avoid such confusion and incon-
sistencies, new simulations and assessments are needed that consider
the latest progress in climate scenario development such as SSPs and
RCPs. Furthermore, air pollution and its impacts are less severe in de-
veloped countries than in developing countries; thus more attention
should be given to emerging developing countries, particularly Asia,
where several of the most populous and dynamic developing countries
are located. Asian countries suffer serious negative health impacts of air
pollution due to rapid economic growth and fossil energy consumption
in recent decades, particularly PM2.5 and tropospheric ozone pollution
in China and India (Lelieveld et al., 2015; Rohde and Muller, 2015;
Ghude et al., 2016). One study by the World Health Organization
(WHO) showed that the global mortality due to air pollution exceeded
6.5 million in 2015, more than half of what occurred in Asia (Landrigan
et al., 2017). Thus, Asian countries are key players and contributors in
guaranteeing the success of global climate mitigation (Calvin et al.,
2012; Paltsev et al., 2012).

However, few studies have investigated air quality and health
benefits in Asian countries. Moreover, a limitation of most existing
studies is that they typically adopted a one-way assessment; air pollu-
tant emissions from the economic system deteriorate air quality,
causing adverse health impacts, and policy interventions will ease these
negative impacts through the chain, and are defined as benefits.
However, the feedback effects of adverse and improved health impacts
on the economic system are not reflected in such approaches. Based on
this premise, we selected Asian countries as target regions, and SSP2
combined with the 3.4W/m2 forcing target in 2100 as representative
climate scenarios. We aimed to distinguish the costs and benefits of
climate mitigation moving toward 2050 in Asia. Moreover, we adopted
a novel methodology that closes the economy-environment-health-
economy loop by combining an air chemistry transport model, an
economic model, and a health assessment model to account for the

complex interactions among the environment, human health, and
economic systems. Our study also provides sensitivity analyses under
alternative socioeconomic conditions.

2. Methodology

We combined the Community Multiscale Air Quality (CMAQ)
model, a health assessment model, and the Asia-Pacific Integrated
Assessment/Computable General Equilibrium (AIM/CGE) model to
evaluate the long-term health and economic impacts caused by ambient
PM2.5 and ozone pollution under different climate mitigation and SSP2
scenarios in Asian countries (Fig. 1). Emissions data is taken from the
SSP database generated by the AIM/CGE model (Fujimori, Hasegawa
et al., 2017; Fujimori et al., 2016) and downscaled to a 0.5° grid
(Fujimori, Abe et al. 2017). Based on the gridded emissions data, the
CMAQ model simulated the annual average PM2.5 and daily 8 h max-
imum ozone concentrations in 2005 and 2050. The health assessment
model quantified health impacts due to outdoor air pollution, which are
categorized as morbidity and mortality and monetized as additional
medical expenditures and VSL. Furthermore, health impacts due to
mortality and morbidity were converted into per capita work time loss,
which was used as a change in the labor participation rate in the AIM/
CGE model to identify macroeconomic impacts. Finally, cost-benefit
analyses were conducted to determine the net benefit of climate miti-
gation in different regions of Asia. The per capita benefit is from net co-
benefit dividing the total population in each country. This methodolo-
gical framework was developed in our previous studies on China (Y. Xie
et al., 2016, Wu et al., 2017, Tian et al., 2018) and extended to all of
Asia in this study.

2.1. AIM/CGE global model

The AIM/CGE global model is a multi-regional, multi-sectoral, and
multi-gas recursive dynamic CGE model (described in detail in Fujimori
et al., 2012; Fujimori et al., 2016; and Masui et al., 2010) (Masui et al.,
2010; Fujimori et al., 2016; Fujimori, Abe et al. 2017; Fujimori,
Hasegawa et al., 2017). This model was developed to analyze energy,
land use, agriculture, emissions, and climate policy at the global level,
with a primary focus on Asian regions. The roles of the AIM/CGE model

Fig. 1. Research framework.
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in this study are as follows: to evaluate the economic impact of climate
mitigation, to provide future air pollutant emissions for the air quality
model, and to provide future socioeconomic pathways (e.g., per capita
GDP) that are used to monetize the health impacts. In this study, we
conducted simulations from 2005 to 2050 with a 1-year time step.
Further introduction to this model is presented in the Supplementary
information basic assumption.

2.2. Health impact assessment model

The health model quantified air pollution-related mortality, mor-
bidity, work time loss, health expenditures, and VSL. The health impact
assessment model integrated several exposure-response functions
(ERFs) from global epidemiological studies that assume linear re-
lationships between PM2.5 and ozone concentrations and health re-
sponses. As showed in Eqs. (1) and (2), when the concentrations of
PM2.5 and daily 8 h maximum ozone lower than the threshold value of
10 μg/m3 (Pope III et al., 2002) and 70 μg/m3 (Turner et al., 2016),
respectively, RR is 1, which causes no health impacts. Linear function
assumes that the concentration-response function (CRF) is a constant,
the values of which could be found in Table A1 for ozone and Table A2
for PM2.5 in the appendix. The number of health endpoints is estimated
by multiplying RR with population and reported cause-specific mor-
tality rate (Eq. (2)).

On the other hand, different monetization methods are used to
monetize the physical mortality and morbidity cases. Monetary value of
morbidity is indicated by additional health expenditure, which is ob-
tained by multiplying outpatient and hospital admission price with total
endpoints (Eq. (6)). The price is a function of per capita GDP of each
province (Eq. (7)), and the parameters β, θ are estimated through re-
gression analysis of statistical price by disease and GDP of each pro-
vince from 2003 to 2012. Furthermore, mortality cases were monetized
with the VSL (Eq. (8)), which is the marginal rate of substitution be-
tween individual's wealth and micro mortality risk reductions
(Hammitt, 2000). VSL is an important indicator to compare with the
mitigation cost. We chose different VSL results from Xie (2011), and
adopted the method developed by the OECD (2016) to modify the VSL
from different countries in the future. We used the VSL from China, 2.3
million Chinese yuan renminbi (CNY) (2016 value; 95% CI: 1.5–3.5
million), to conduct sensitivity analyses (Jin, 2017). The total annual
work loss days (WLDs) of a region is the sum of the WLD due to mor-
tality and the cumulative WLD from chronic morbidity in the popula-
tion aged 30–65 years (Eq. (3)). The 2013 Global Burden of Disease
Study provided age-specific all-cause mortality data from 1979, 1990,
and 2010. The mortality among 30–64-year-olds at those time points
was approximately 25%, 26%, and 29%, respectively, of the total all-
cause mortality. We assumed 30–65-year-olds accounted for 27% of the
total chronic mortality, the average assumption of the 2010 Global
Burden of Disease Study. The annual per capita work loss rate (WLR)
was obtained by dividing the WLD by the working population and an-
nual working days (Eq. (4)). In the CGE model, WLR was used to cal-
culate the actual labor force after subtracting the work loss (Eq. (5)).
The population over 65 years and under 15 years of age were not in-
cluded in the labor force, and their health impact only contributed to
additional health expenditures.
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where:

RR(C) Relative risk for endpoint at concentration C [case/person/
year or day/person/year]
EP Health endpoint [case/year or day/year]
C The concentration level of pollutant
C0 Threshold concentration that causes health impacts (10 μg/m3

for PM2.5 and 70 μg/m3 for ozone.)
CRF Concentration-response function
P Population, aged 15–65 for work loss day
Ir,"all cause" The reported average annual natural death rate for
endpoint
WLD Annual work loss day [day/year]
WLR Annual per capita work loss rate
SHRr, "15−65" The share of mortality between 15 and 65 years old
due to ambient air pollution, equal to 0.27 based on (Wang et al.,
2012)
LAB Labor force after considering work loss
LAB0 The labor force in the reference scenario
DPY Per capita annual working days (5 day/week ∗ 52 week/
year= 260 day/year)
HE Total additional health expenditure [billion USD/year]
PR Price of medical service [USD/case]
GDPPCr, s, y Per capita Gross Domestic Production from CGE model
βr, e, θr, e Parameters derived from regression analysis of medical
service price
VSLp, r, s, y, e Value of health endpoint
WTPr, y, e Willingness to pay for avoiding premature death and
morbidity
Suffix p, pollutant; r, region; s, scenario; y, year; m, mortality or
morbidity; e, endpoint; g, value range; “wld,” “work loss days” subset
of e; “mt,” “chronic mortality” subset of m.

2.3. CMAQ model

The CMAQ model is an atmospheric dispersion model developed by
the United States Environmental Protection Agency (US EPA) to address
regional air pollution problems (Ching and Byun, 1999). We used the
CMAQ version 5.0.1 model to calculate pollutant concentrations. Me-
teorological data were provided by the Weather Research and Fore-
casting (WRF) model (Zhang et al., 2014). The WRF is a meso-scale
meteorological model developed by the National Oceanic and
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Atmospheric Administration that simulates physical processes in the
atmosphere. It is a numerical weather prediction system designed to
serve both atmospheric research and operational forecasting needs. For
the WRF (version 3.4.1) model we used the National Centers for En-
vironmental Prediction-Final global re-analysis data as the meteor-
ological input data, and used the 2013 data for all of the simulation
years, which provided a 6 h temporal global analysis data in a 1° grid.
The Sparse Matrix Operator Kernel Emissions system, which was de-
veloped by the US EPA and has been maintained by the Carolina En-
vironmental Program of the University of North Carolina, was used to
develop the emissions processing system. We used the WRF/CMAQ
model to simulate annual average PM2.5 and daily maximum 8 h
average surface ozone concentrations in Asian countries. The geo-
graphical resolution was 80 km×80 km grids covering mainland Asia,
converted from 0.5° gridded emissions information provided by AIM/
CGE using the CB05 chemical module in CMAQ. The time pattern for
emissions was based on (Woo et al., 2012).

2.4. Scenarios

This study evaluated three dimensions (Table 1): climate mitigation,
socioeconomic conditions, and the health impacts of air pollution. For
the socioeconomic conditions dimension, of the five SSPs in the in-
tegrated assessment models community (Kriegler et al., 2014), SSP2
(“middle of the road”) was chosen to analyze the co-benefits of socio-
economic transition (Fujimori, Hasegawa et al., 2017; Rao et al., 2017)
in this study, and SSP3 (“regional rivalry”) was used for the sensitivity

analysis. Regarding climate mitigation dimension, because the 2.6W/
m2 goal, which is often interpreted as 2 °C, was unattainable in scenario
SSP3 due to the challenges of climate change mitigation (O'Neill et al.,
2014; Riahi et al., 2017), the 3.4W/m2 emissions pathway was selected
instead, which is still an achievable global mean temperature change
compared to the pre-industrial level, 2.0 °C at the end of century, with
an approximately 50% chance. The dimension of the impact of air
pollution on health was only used for economic assessment in the AIM/
CGE model. Two paired options were set up, with (_AP in Table 1) and
without (_NO) considering air pollution-related health impacts on the
economy. The “without consideration” option assumed that there were
no economic impacts from air pollution, a non-existent situation;
however, the role of this scenario was to act as a benchmark for com-
parison with the other scenarios to evaluate the negative impacts of
pollution and the benefits of pollution reduction. Based on these three
dimensions, four scenarios were established (Table 1). By comparing
these scenarios, the following information was expected: by comparing
the BL_AP and MT_AP scenarios, we could determine the cost of climate
mitigation; and by comparing the MT_NO and MT_AP scenarios, we
could quantify the macroeconomic benefits under SSP2 and climate
mitigation.

3. Results

3.1. Air pollutant emissions and concentrations

Climate change mitigation aims to limit global mean temperature
increase to 2 °C or less at the end of this century (Fig. A11 in
Supplementary information). Climate mitigation involves not only re-
ducing carbon emissions (Fig. A13), but also reducing air pollutant
emissions (Figs. A18–A26). Reducing air pollutants will improve air
quality. Fig. 2 shows the annual average PM2.5 (top) and daily 8 h
maximum ozone concentration (bottom) in the BL_NO scenario in 2005
and concentration changes under different scenarios. For PM2.5, the
noticeably polluted areas in 2005 were the central and eastern parts of
China, the Korean peninsula, eastern Russia, southern Japan, India,
Malaysia, and Indonesia. In 2050, the PM2.5 concentrations (Fig. 2b) in

Table 1
Scenarios of climate mitigation and air quality benefits.

Scenario Climate mitigation target in 2100 radiative
forcing

Air pollution effects

BL_NO None Not considered
BL_AP None Considered
MT_NO 3.4W/m2 Not considered
MT_AP 3.4W/m2 Considered

Fig. 2. Concentrations and concentration changes in PM2.5 (top) and ozone (bottom) in Asia. (a) PM2.5 and (e) ozone concentrations in 2005; (b) PM2.5 and (f) ozone
concentration changes from 2005 to 2050 in the BL_AP scenario due to socioeconomic development; (c) PM2.5 and (g) ozone concentration changes from the BL_NO
to the MT_AP scenario in 2050 due to climate mitigation; (d) PM2.5 and (h) ozone concentrations in 2050 in the MT_AP scenario.
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India and China will further increase in the BL_NO scenario, particu-
larly in northern India where the increasing PM2.5 levels will reach
more than 50 μg/m3 compared to 2005. By contrast, in other parts of
Asia, except for southern Indonesia, the PM2.5 concentration will de-
crease over time due to decreased primary air pollutants emissions.
Fig. 2c shows that climate mitigation can significantly reduce PM2.5

concentrations in the MT_AP scenario. For eastern China and northern
India, the PM2.5 concentration reduction was approximately 30 μg/m3,
which was much greater than that in other regions of Asia.

The ozone concentration change among the different scenarios was
not significant. Fig. 2e shows the daily 8 h maximum ozone con-
centration in 2005. The ozone concentrations were higher in north-
eastern India and southwestern China, likely due to high levels of
natural background in the Qinghai-Tibet Plateau. However, these areas
have lower population density, particularly China; thus it was not a
serious public health problem. By contrast, in the most urbanized area
of the northern part of Asia, the daily 8 h maximum ozone concentra-
tion was above 80 μg/m3, which is higher than the WHO health as-
sessment standard (70 μg/m3). Ozone pollution leads to adverse health
outcomes. In most parts of southern Asia, ozone concentrations were
lower than 70 μg/m3. From 2005 to 2050 (Fig. 2f), modeled increases in
ozone concentration were the most remarkable in India and China as a
result of socioeconomic changes in the BL_AP scenario. In most parts of
India, ozone will increase by more than 30 μg/m3 in the north and
10 μg/m3 in the south, whereas in China, ozone concentration will be
reduced by about 5 μg/m3 in the densely populated areas. Fig. 2g shows
that climate mitigation will have diverse effects on ozone pollution in
2050. In all parts of India and most parts of southern Asia, ozone
concentrations will decrease, whereas the concentrations will increase
in the central and eastern parts of China even under climate mitigation.
Fig. 2h shows the ozone concentrations in the MT_AP scenario in 2050.
The ozone concentrations remain high in the western and central parts
of China.

3.2. Impacts on mortality and VSL

The most concerning impact of exposure to air pollutants is pre-
mature death. The total mortality from both PM2.5 and ozone pollution
in Asia was 3.3 million in 2005 (Fig. 3), which accounted for the ma-
jority of the global outdoor air pollution-related mortality, compared to
the WHO estimate of 3.7 million in 2012, highlighting the importance
and need for paying more attention to Asian regions, a goal of this study
(Héroux et al., 2015). In 2005, the total mortality in China was esti-
mated to be 1.7 million, with 1.4 million from PM2.5 exposure and 0.29
million from ozone exposure. In India, the total mortality was 1.1
million, with 0.73 million from PM2.5 and 0.40 million from ozone
exposure. Our estimates of PM2.5 for India and China were quite similar
to the 2015 IEA report (IEA, 2016), approximately 1.2 million and 0.6
million, respectively. By contrast, in Japan, mortality was much lower
than in China and India, at approximately 0.04 million in 2005. The
mortality rates were about 0.24 million and 0.14 million, respectively,
for the rest of South and Southeast Asia. By 2050, the total mortality in
Asia due to air pollution will decrease slightly. However, in India,
mortality will increase by about 25% compared to 2005 levels in the
BL_NO scenario, due to poor air quality and population growth. In
China, mortality will significantly decrease due to reductions in air
pollutants emissions due to baseline air quality legislation assumptions
(Rao et al., 2017). It is worth noting that socioeconomic effect from
SSP3 to SSP2 contributes to a significant reduction in mortality in China
due to various factors such as optimizing its industrial structure, de-
velopment of renewable energy, and adoption of air pollution control
technologies. In Japan, the mortality reduction will also be significant
because the exposure population is decreasing. For the rest of South and
Southeast Asia and the rest of Asia, mortality will be 0.24 million and
0.23 million in 2050 according to the BL_AP scenario. Compared to the
BL_NO scenario, the avoided mortality for all of Asia from climate

mitigation is predicted to be 0.79 million in 2050 in the MT_AP sce-
nario. This study also estimated the economic benefits from avoided
premature deaths (Table A5). The life value savings in Asia are ap-
proximately 1.7 trillion USD (3% of GDP). India has the largest number
of avoided premature deaths (0.46 million) from climate mitigation, a
life value savings of approximately 720 billion USD (7% of GDP). China
has a relatively high number of avoided premature deaths (0.22 mil-
lion), for a life value savings of approximately 720 billion USD (3% of
GDP). The amount of avoided premature deaths in other Asian coun-
tries is much lower than in India and China.

3.3. Impact on morbidity and expenditures

Fig. 4 shows the impact of ambient air pollution on morbidity in
Asia. Per capita morbidity refers to the probability of an individual
experiencing an air pollution-related health endpoint over the course of
1 year, including outpatient and hospital admission. The results re-
vealed that in all of Asia in 2005, the per capita adverse health effects of
air pollution in terms of morbidity risk were about 29% per year. In
2050, morbidity risk will decrease to 27% according to the BL_AP
scenario and to 20% according to the MT_AP scenario. The trend in
China is similar to the trend in Asia as a whole. The morbidity risk was
30% in 2005 and will reduce quite significantly to 13% in the BL_AP
scenario and further reduce to 11% in the MT_AP scenario in 2050.
India had the highest air pollution-related morbidity risk rate in Asia for
a long-term period, at approximately 40% in 2005. In the BL_AP sce-
nario, the morbidity risk will increase to 45% in 2050, whereas in the
MT_AP scenario it will decrease to 32%. In Japan, the morbidity risk
was 32% in 2005, and will decrease to 25% in 2050 in the BL_AP
scenario, and 20% in the MT_AP scenario. Japan has a relatively higher
morbidity risk owing to its aging population, as the elderly are more
sensitive to air pollution. For other Asian countries, the morbidity risk
from air pollution is lower than in Japan, China, and India, at ap-
proximately 26% in 2005, and 30% in the BL_AP scenario and 20% in
the MT_AP scenario in 2050. Climate mitigation could reduce the
morbidity risk in all Asian countries. In the rest of South Asia and
Southeast Asia, morbidity risk is much lower, and the benefit from
climate mitigation is lower, than in other Asian regions.

Air pollution also leads to additional medical expenditures
(Table 1). In 2005, the total additional medical expenditures related to
air pollution in all of Asia amounted to 13 billion USD. China (5.5
billion USD) and India (3.5 billion USD) accounted for the majority of
the total expenditures, followed by Japan (1.7 billion USD) and the rest
of South and Southeast Asia (1.4 billion USD). By 2050, as the per
capita GDP and income increase, the total medical expenditures will
grow significantly, particularly in developing regions, although mor-
bidity will decrease in some cases due to air quality improvement. For
example, health expenditures due to air pollution in Asia in 2050 will
reach approximately 44 billion USD in the BL_AP scenario and 32 bil-
lion USD in the MT_AP scenario. At the regional level, China's total
health expenditure will be 13 billion USD in the BL_AP scenario and 9.1
billion USD in the MT_AP scenario. India's total health expenditure will
be approximately 22 billion USD in the BL_AP scenario and 15 billion
USD in the MT_AP scenario. Compared to the BL_NO scenario, climate
mitigation in the MT_AP scenario could reduce expenditures by 12
billion USD in Asia, 3.6 billion USD in China, 6.5 billion USD in India,
0.33 billion USD in Japan, 1.1 billion USD in the rest of South and
Southeast Asia, and 0.61 billion USD in the rest of Asia in 2050
(Table 2).

3.4. Work time loss and economic impacts

Air pollution also causes work time loss due to both mortality and
morbidity. In 2005, the annual per capita work time loss in Asia (Fig. 5)
was 4.3 h, whereas in 2050, work time loss will be approximately 2.5 h
in the BL_AP scenario and 1.7 h in the MT_AP scenario. At the regional
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level, the annual per capita work time loss in 2050 will be 8.8 h (0.42%
of total annual work time in 2005) and 3.4 h (0.16%) in the BL_AP
scenario in China, 6.1 (0.29%) and 2.06 h (0.26%) in India, 1.4 and
1.2 h in Japan, and 2.7 and 1.6 h in the rest of Asia, respectively. Under
climate mitigation scenario MT_AP, per capita work time loss drops
back to 2.0 h in China, 3.8 h in India, 1.0 h in Japan, and 1.1 h in the
rest of Asia in 2050. In 2005, China had the highest work time loss,
whereas in 2050 India will replace China with the highest work time
loss. It is worth noting here that although the socioeconomic transition
from SSP2 to SSP3 helps to reduce mortality and morbidity in India
(Figs. 3 and 4), per capita work loss is even lower in SSP3. This is
mainly because the age coverage of mortality (over 30 years old) and
morbidity (all age groups) is different from that of the labor force
(15–65 years old). Japan had the lowest work time loss from air pol-
lution, and the work time loss in the rest of Asia was lower than that in
China and India, but higher than that in Japan.

Fig. 6 shows the relationship between per capita GDP and per capita
benefits from climate mitigation in Asian countries including GDP gain,
VSL gain, and expense gain. In most Asian countries, when the per
capita GDP increases, per capita GDP gain and VSL gain also increase.
However, per capita expenditure savings are not significantly corre-
lated with per capita GDP. Conversely, in Japan, the per capita GDP

gain and expenditure savings decrease as per capita GDP increases,
whereas the per capita VSL does not change, which is quite different
from the trends in other countries in Asia. Our results show that de-
veloping countries in Asia experience greater per capita gain from cli-
mate mitigation than developed countries.

4. Discussion

4.1. Cost-benefit analysis

The main results of this analysis indicate that climate mitigation
entails co-benefits in air quality in the MT_AP scenario in all Asian
countries, and greater reductions in PM2.5 but lesser reductions in
ozone. These reductions could prevent 0.79 million premature deaths,
save 30 billion USD in health expenditures, and provide a 170 billion
USD economic benefit from an increased labor supply in 2050.
Unsurprisingly, climate mitigation also incurs additional economic
costs. Fig. 7 provides a comprehensive cost-benefit analysis of climate
mitigation from the perspective of air pollution-related health impacts.
Here, we used the GDP loss from climate mitigation policy estimated by
the CGE model as the mitigation cost. By contrast, the mitigation
benefit comprises many aspects related to air quality improvement,
including GDP gain due to increased labor supply, as simulated by the
CGE model; health expenditure savings due to reductions in morbidity,
as calculated by the cost of illness method in the health assessment
model; reduction in VSL due to decreased mortality, as estimated by the
willingness to pay method; and the net benefits of the aforementioned
costs and benefits. Evidently, the net benefit from climate mitigation is
positive in Asia as a whole, as well as in most countries shown in the
figures. The climate mitigation cost in Asia in 2050 is 840 billion USD
(or 1.8% of GDP). However, the benefit is approximately three times
the mitigation cost. This decisive point indicates that climate mitigation

Table 2
Health expenditures due to air pollution-related diseases (unit: billion USD).

Scenario Year China India Japan Rest ESE
Asia

Rest of
Asia

Whole Asia

BL_NO 2005 5.5 3.5 1.7 1.4 0.4 12.5
BL_NO 2050 12.7 21.8 1.7 5.8 1.9 43.8
MT_AP 2050 9.1 15.3 1.3 4.6 1.3 31.7

Rest ESE Asia, rest of Southeast Asia.
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is worthwhile even when considering the co-benefit of health im-
provement alone. Further analysis showed that the benefits are domi-
nated by VSL savings that far exceed the benefits in GDP gain and
health expenditure savings, which was consistent with many other
studies (West et al., 2013a, b; Thurston and Bell, 2014; Garcia-
Menendez et al., 2015; Saari et al., 2015).

A closer look at the regional level revealed that China had the
highest climate mitigation cost, due to a large amount of existing
carbon emissions and pressures of emission reduction in the future.
Nevertheless, the benefits from climate mitigation in China could out-
weigh the costs. In 2050, the climate mitigation cost in China will

amount to 510 billion USD (equivalent to 4.8% of GDP), which ac-
counts for 61% of the total mitigation costs in Asia. Meanwhile, climate
change mitigation can prevent 0.22 million premature deaths in China,
equivalent to a VSL of 780 billion USD, which is about 1.5 times the
GDP loss associated with climate change mitigation. Regarding India,
its industrialization processes and economic development behind China
by one to two decades, while its population is increasing faster than
that of China, which indicates that India will be the next major energy
consumer and producer of GHG emissions. Hence, India's air quality
will be severely worse than that of China in 2050 in the baseline sce-
nario, as will the negative health impacts of air pollution. This also
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Fig. 7. Cost-benefit analysis of climate mitigation under SSP2 and SSP3 socioeconomic conditions in Asian countries. (Note: MT_AP is changed to SSP2_MT_AP for
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indicates that India will experience higher potential benefits of climate
mitigation. Fig. 7 shows that the avoided VSL loss in India is 1.5 trillion
USD (3.0% of GDP) in the MT_AP scenario, which is about eight times
the mitigation cost (190 billion USD), and the ratio is much higher than
that of China. Although the mitigation cost is relatively high and the
benefit is lower in Japan, the benefit remains higher than the mitigation
cost. Interestingly, the net benefit to the rest of East and Southeast Asia
is negative, likely because these countries are surrounded by ocean and
their air quality is better than that of China and India, even under the
baseline scenario. Hence, climate mitigation will provide less additional
improvements in air quality and health. However, this does not mean
that climate mitigation is a pure burden for these countries, as the
benefits may lie in other areas such as saved adaptation costs and
coastal damage avoided. For the rest of Asia, the benefit/cost ratio is
higher than that of Japan but lower than that of China and India. When
we compare the per capita gain from climate mitigation with per capita
GDP among Asian countries, developing countries in Asia could receive
more benefits from climate mitigation.

4.2. Sensitivity analyses

Sensitivity analyses were performed with regards to two aspects:
socioeconomic conditions of SSP3, as shown in the right panel in Fig. 7,
and using the 95% confidence intervals of the ERF (Table A4) and the
VSL (Table A5) in the health model. Compared with SSP3, SSP2 has
lower energy consumption and population increases much lower. SSP2
also has higher health investment and access to health facilities. Less
exposed population and lower air pollutants concentration under SSP2
will lead to lower health impact than SSP3. At the same time, mitiga-
tion cost under SSP2 is also lower than SSP3. Our results show miti-
gation co-benefit is also lower under SSP2. Changing socioeconomic
conditions to SSP3 did not alter the main findings of this study, namely,
the net benefits of climate mitigation are positive for Asia and for most
individual countries except for the rest of East and Southeast Asia.
Nonetheless, there were several remarkable differences. First, the mi-
tigation cost in SSP3 was higher than in SSP2, by about 1.4 trillion USD.
This was understandable, as the baseline emissions level in SSP3 were
the highest among all the SSPs. Society must pay higher costs to bring
the emissions level down to the target. Second, the benefit/cost ratio in
SSP3 was higher than that in SSP2. The benefit was approximately 4.2
times the cost in SSP3. This is because more emissions must be reduced
from the SSP3 baseline than from the SSP2 baseline to reach the 3.4W/
m2 target; consequently, the health benefits are larger. China's benefits
exceeded India's because the SSP3 baseline emissions of China were
higher. We used the latest VSL from a Beijing study to show the un-
certainty of assigning life values (Table A5). The results indicated that
the uncertainty from VSL was much greater than that from the ERFs.
We used the 95% CIs from the ERFs and VSL to perform the uncertainty
analysis. First, from the ERFs, the mortality rate in Asia in 2050 was
predicted as 0.4–4.2 million in the SSP2_BL_AP scenario, and 0.3–2.7
million in the SSP2_MT_AP scenario. At the same time, the life value
savings from climate mitigation were 0.7–5.8 trillion USD in the
SSP2_MT_AP scenario and 1.0–9.0 trillion USD in the SSP2_BL_AP sce-
nario. We chose a VSL of 1.5–3.5 million CNY to carry out the un-
certainty analysis. The life value savings in Asia was 3.2–7.4 trillion
USD in the SSP2_MT_AP scenario and 7.0–16.3 trillion USD in the
SSP2_BL_AP scenario. The uncertainty from different VSLs was much
larger than the uncertainty from different ERFs. At the same time, the
uncertainty under SSP3 was much higher than under SSP2 (Tables A4
and A5). Even using different VSLs with a large uncertainty rate, the
benefit was still much greater than the mitigation cost. Thus our overall
conclusion remained unchanged.

4.3. Policy implications

The most important policy implication from this study was the

robust finding that air pollution co-benefits could pay for the climate
change mitigation cost of attaining the 2 °C goal in most Asian coun-
tries. Moreover, that implication held for both SSP2 and SSP3 variation.
This indicates that policymakers should not hesitate any longer re-
garding the cost of climate mitigation; instead, they should be more
proactive in cutting GHG emissions. The co-benefits of climate stabili-
zation produced by avoiding negative impacts in various sectors could
potentially be even greater. China and India have very large popula-
tions; thus, climate change mitigation would bring higher benefits. In
Asia, the potential benefit is approximately 7–10% of GDP. The benefit
would be approximately 1.5–7% of GDP in China and 17–24% in India.
These two countries would experience the greatest benefits. Another
policy implication is related to the fact that the mitigation cost of SSP3
is higher than that of SSP2. Although the benefit/cost ratio is higher in
the SSP3 scenario, it is not advisable that society should move in the
SSP3 direction, because it involves higher pollution and is less sus-
tainable. Instead, the developing countries in Asia should take early
action and make plans to transform their economies toward SSP2,
which is more sustainable. One positive sign is that the Chinese gov-
ernment is currently emphasizing restructuring its industrial structure
under various slogans such as “Green and Low-carbon Transformation,”
“Ecological Civilization,” and so forth We hope that with the transfor-
mative experiences gathered in the next decades, China will lead other
emerging countries to avoid long-term lock-in, particularly the closest
follower, India.

4.4. Limitations

This study had many limitations that require further improvement
and investigation. The first is the coverage of the benefit. Climate mi-
tigation not only has benefits on air pollution reduction and human
health, but also on other aspects such as adaptation and avoided ad-
verse impacts, which are likely to be important for the Southeast Asian
countries in our study. This will be an interesting topic for future study.
Second, for the human health impact assessment, we only accounted for
impacts on the labor supply, whereas other studies have indicated that
air quality may also affect labor productivity. However, there is no ERF
to quantify the impact on labor productivity. If we can quantify pro-
ductivity change in the future, the benefits of climate change mitigation
will be higher than our current estimation, but our overall conclusion
will still hold if we consider productivity impact. Third, we only
quantified the health impacts related to ambient air pollution and ig-
nored the impacts of indoor air pollution, which are also quite sig-
nificant. To avoid complexity, we did not create a full simulation of
SSP1–5 or other more ambitious but more concerning climate targets
such as the 2.6W/m2 equivalent (Van Vuuren et al., 2011) or even
more stringent ones. In addition, we only simulated the situation in
2050; therefore, the temporal features of the benefit/cost ratio are still
unknown. Further studies are needed to provide more comprehensive
policy insights. If we consider the feedback from health improvement, it
might have the additional positive impact on the economy. However,
our approach is not able to estimate this impact so far.

5. Conclusions

In this study, we quantified the health and economic co-benefits of
air quality improvements in both PM2.5 and ozone for achieving the 2 °C
climate mitigation goal in Asia. This study provides a relatively detailed
cost-benefit analysis of climate mitigation policy in Asia by comparing
the monetized health benefits with the mitigation cost. The metho-
dology adopted is novel in that it includes the feedback effects of
human health impacts on the economy, thereby closing the economy-
environment-health interaction loop. We found that the benefits from
air quality and health improvement could offset the total costs of cli-
mate mitigation in Asia. Our findings are in accordance with previous
studies in that the overall benefits of climate mitigation far exceed the
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mitigation costs in Asia. Although the benefit/cost ratio varies among
individual Asian countries, the general benefit is much higher than the
mitigation cost. We also compared the per capita gain from climate
mitigation and per capita GDP in Asian countries and found that in
developing countries, when per capita GDP increases, the per capita
gain from mitigation will also increase. Through assessing the limita-
tions of this study, we identified several potentially important future
directions of cost-benefit analysis in climate policy, including adding
more elements of co-benefits in the analytical framework and un-
covering the benefit/cost features over a longer timeframe and under
various socioeconomic and mitigation targets.
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