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A B S T R A C T

Many studies have reported associations between air pollution and health impacts, but few studies have ex-
plicitly differentiated the economic effects of PM2.5 and ozone at China's regional level. This study compares the
PM2.5 and ozone pollution-related health impacts based on an integrated approach. The research framework
combines an air pollutant emission projection model (GAINS), an air quality model (GEOS-Chem), a health
model using the latest exposure-response functions, medical prices and value of statistical life (VSL), and a
general equilibrium model (CGE). Results show that eastern provinces in China encounter severer loss from
PM2.5 and more benefit from mitigation policy, whereas the lower income western provinces encounter severer
health impacts and economic burdens due to ozone pollution, and the impact in southern and central provinces
is relatively lower. In 2030, without control policies, PM 2.5 pollution could lead to losses of 2.0% in Gross
Domestic Production (GDP), 210 billion Chinese Yuan (CNY) in health expenditure and a life loss of around
10,000 billion, while ozone pollution could contribute to GDP loss by 0.09% (equivalent to 78 billion CNY), 310
billion CNY in health expenditure, and a life loss of 2300 billion CNY (equivalent to 2.7% of GDP). By contrast,
with control policies, the GDP and VSLs loss in 2030 attributable to ambient air pollution could be reduced
significantly. We also find that the health and economic impacts of ozone pollution are significantly lower than
PM2.5, but are much more difficult to mitigate. The Chinese government should promote air pollution control
policies that could jointly reduce PM2.5 and ozone pollution.

1. Introduction

Many studies have reported associations between outdoor air pol-
lution and morbidity and mortality (Cakmak et al., 2016; Malley et al.,
2017a, 2017b; Qin et al., 2019; Silva et al., 2013). Air pollution led to
not only health damage but also economic losses in China and all over
the world (Burnett et al., 2018; R. Xie et al., 2016; Y. Xie et al., 2016).
The latest global study attributed 8.9 million [95% confidence interval
(95% CI): 7.5–10.3] deaths to PM2.5 pollution in 2015 (Burnett et al.,
2018), which is much higher than the previous estimation from Global
Burden Disease. A lot of studies show the PM2.5 is the main air pollutant
in China and causes significant health impacts and economic losses (Bai
et al., 2018). One city level study in China shows the PM2.5–related
death was from 0.77 million to 1.258 million by using different ex-
posure-response functions (Maji et al., 2018). A recent study in China
showed that PM2.5 has negative impacts on human cognitive

performance (X. Zhang et al., 2018). Moreover, ozone pollution also
deserves attention due to its association with a series of health end-
points such as respiratory-related hospital admissions, cardiovascular
disease, lost school days, restricted activity days, asthma-related
emergency department visits, and premature mortality (Anenberg et al.,
2017; Hubbell et al., 2005; Orru et al., 2013; Rosenthal et al., 2013;
WHO, 2013). Ozone exposure is also related to respiratory symptoms
and the use of asthma medication for asthmatic school children using
maintenance medication (Gent et al., 2003). McDonnell et al. (1999)
found long-term exposure to ozone may cause the development of
asthma in adult males. Another global study showed 1.04–1.23 million
respiratory deaths in adults attributable to ozone exposures (Malley
et al., 2017a, 2017b). Berman et al. (2012a) evaluated the health
benefits from large-scale ozone reduction, and Fann et al. (2012) esti-
mated 4700 ozone-related deaths resulting from 2005 air quality levels
and 36,000 life years are lost from ozone exposure in the United States.
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Fann and Risley (2013) estimated that monitored reductions in PM2.5

and ozone pollution avoided premature mortalities of 22,000–60,000
and 880–4100 from 2000 to 2007 in the United States, respectively.
Ozone concentration in Chinese cities is between 74 and 201 μg/ m3

and ozone pollution leads to 74.2 thousand of premature deaths and 7.6
billion US$ in 2016 (Maji et al., 2019).

Various studies at global and regional levels have attempted to
quantify the economic impacts of air pollution. Y. Xie et al. (2016)
found that without mitigation, PM2.5 pollution will lead to about 2.0%
GDP loss in China in 2030. Selin et al. (2009) assessed the human health
and economic impacts of projected changes in ozone pollution between
2000 and 2050, and found that health costs by 2050 will be $580 bil-
lion and mortalities from acute exposure will exceed 2 million. Matus
et al. (2012) found that by improving ozone and PM pollution, the GDP
in China will have increased by about 5% in 2005. A report released by
OECD estimated the health and economic impacts of global outdoor air
pollution up to 2060 and found that the impacts are especially sub-
stantial in Asian countries (OECD, 2016). World Bank also investigated
the cost of outdoor air pollution worldwide and called for actions to
mitigate air pollution.

With fast economic development and increasing use of fossil fuels,
China is facing serious air pollution accompanied by severe health
problems. Most current studies about health impacts in China focused
on PM10 and PM2.5 pollution, or ozone pollution in a single city, single
province or at the national level (Zhang et al., 2006). Few studies try to
quantify the economic impacts of ozone pollution at the intra-national
level and compare with the impacts of PM2.5. In China, Environmental
inequality is also a problem and provincial study is necessary for the
policy implication (W. Zhang et al., 2018). In this study, we make a first
attempt to simultaneously focus on the health and economic impacts of
both PM2.5 and Ozone pollution at the provincial level. The health-re-
lated damages are quantified using the annual average PM2.5 and daily
maximum 8-hour ozone concentration data provided by the GEOS-
Chem model and the latest exposure-response functions (ERFs), and
then monetized by integrating into a computable general equilibrium
(CGE) model. In this way, a picture could be drawn on how changes in
ambient air pollution will affect health expenditure, labor supply, the
macroeconomy and the differences between ozone and PM2.5 pollution
all over China.

2. Methods and scenario

2.1. Research framework

This study develops an integrated assessment approach to evaluate

the health and economic impacts of ambient air pollution in China
(Fig. 1). The research framework combines the IMED/CGE (Integrated
Model of Energy, Environment and economy for Sustainable Develop-
ment/Computable General Equilibrium) model, the Greenhouse Gas -
Air Pollution Interactions and Synergies (GAINS)-China (base year
2005) model that projects future air pollutant emissions, an air quality
model (GEOS-Chem: version v 10-01; present day: 2008), and the
IMED/HEL (Health) model.

2.1.1. The IMED/CGE model
The IMED/CGE model is classified as a multi-sector, multi-region,

recursive dynamic CGE model that covers 22 economic commodities
and corresponding sectors. The base year is 2002. It includes 30 pro-
vinces in China and is solved by the Mathematical Programming System
for General Equilibrium under General Algebraic Modeling System
(GAMS/MPSGE) at a one-year time step (Dai et al., 2016). The IMED/
CGE model provides energy consumption data by province and sector to
the GAINS model; (2) quantifies the economic impacts of health da-
mage. The GAINS-China model provides annual regional emissions data
of primary air pollutants for 30 provinces in China. The IMED/CGE
model and the GAINS model have been configured extensively to reflect
the historical and future pathway of China in reference (Dong et al.,
2015). For instance, we adjusted the model assumptions to match the
historical statistics of population growth, GDP growth rate, energy (in
Fig. A3), and air pollutant emissions (in Figs. A4–A8) in each province
as much as possible. As for the future, China's GDP growth and demo-
graphic evolution follow the SSP2 (Shared Socio-economic Pathways)
scenario (O'Neill et al., 2013), which is characterized by moderate
economic growth, a fairly rapidly growing population and lessened
inequalities between west, central and east China.

2.1.2. The GEOS-Chem model
An improvement from the previous study (Y. Xie et al., 2016) is that,

instead of using the concentration results in the GAINS model, the
GEOS-Chem model, which is an atmospheric transport and chemistry
model and much better than the simple source-receptor matrix in the
GAINS model, was used to calculate the daily-maximum-8-hour-
average ozone concentration and daily average concentration of PM2.5.
GEOS-Chem model has been extensively evaluated and documented in
over 100 refereed journal publications, including ozone air quality of
China (Qin and Xie, 2011; Qin et al., 2018; Selin et al., 2009; Wang
et al., 2009; Yan et al., 2016). The model has a horizontal resolution of
0.5-degree latitude and 0.67-degree longitude. This model domain is
nested in a global model simulation with a resolution of 4-degree lati-
tude and 0.67-degree longitude, which provides initial and boundary

Fig. 1. Integrated research framework for assessing health and economic impacts of air pollution.
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conditions. The size of the provinces varies drastically in China. The
number of grid boxes ranges from ~600 in Xinjiang to ~10 in Beijing.
We used the simple arithmetic average of the ozone concentration of all
the grid boxes in a province for analysis. The model is driven by the
meteorological data from the Goddard Earth Observing System (GEOS,
version 5) of the NASA Global Modeling Assimilation Office (GMAO),
and the meteorological data in 2008 are used for 2030 simulations
(Silva et al., 2016; Silva et al., 2017). The same model setting is applied
in an earlier study that focuses on China air quality, and the model
performance was carefully evaluated against observation therein (Wang
et al., 2017). Besides, we compared our results with earlier studies and
found the results are quite consistent, even though the model setting up
and used emission inventories slightly differ (Qin et al., 2017; Qin et al.,
2018). In our study, we estimated the primary emissions of SO2, NOx,
CH4, PM2.5 and NMVOC, and they were directly feed to the GEOS-Chem
model simulations. As we mainly focus on Ozone and PM2.5 air quality,
PM10 was neglected because it has little impact on these two pollutants.
Because BC and OC are co-emitted with PM2.5, we scaled their emis-
sions based on that of PM2.5. We also included NH3 from agricultural
sector using MIX emission inventory. It was included but kept constant
as it was not affected by carbon mitigation. More details about this
model are available in Section 6.3 of the Appendix.

2.1.3. The IMED/HEL model
The IMED/HEL model can estimate the health damage and the

monetary values of PM2.5 and ozone pollution. Exposure to incremental
air pollutants leads to health impacts called health endpoints, including
morbidity and mortality (all the mortality in this study means long-term
exposure mortality) (Table A1 in Supplementary material). As showed
in Eq. (1) in Appendix, the relative risk for the endpoint is believed to
be in nonlinear relationship for PM2.5 and linear relationship with the
concentration level (Apte et al., 2015; Cakmak et al., 2016; Jerrett
et al., 2009; Silva et al., 2013; Turner et al., 2016). For ozone, although
some studies show ozone pollution also leads to health impacts even
when the daily maximum 8-hour ozone concentration is below the

widely accepted threshold value of 70 μg/m3 (Berman et al., 2012b),
there are no long-term exposure-response functions to quantify the
health impacts. Therefore, we ignore the health impacts (Berman et al.,
2012a; Turner et al., 2016). As showed in Tables A1 and A2, different
exposure-response functions are used for ozone and PM2.5. Our main
purpose is to compare the health burden in different air pollution
control policy. The morbidity, health expenditure and work loss days
are the main indicators. So in this study, we didn't pay more attention
on the cause-specific mortality. We use non-linear all-cause mortality in
our study (Apte et al., 2015) for PM2.5 and linear concentration-re-
sponse functions for ozone (Burnett et al., 2018; Malley et al., 2017a,
2017b; Turner et al., 2016)

The method to calculate work loss time and health expenditure is
described in Eqs. (2)–(7) in the Appendix. We adopt the concentration-
response function from (Bickel et al., 2005). For PM2.5, we used the
relationship “Change of 207 work loss days (WLDs) (95% CI 176–238)
per 10 μg/m3 per year per 1000 people aged 15–64 in the general
population”. For the ozone pollution, there is no such concentration-
response function, so we transformed the Minor restricted activity days
(MRADs) “Increase in MRADs = 115 (95% CI 44, 186) per 10 μg/m3

ozone (8-h daily average) per 1000 adults aged 18–64 per year” for
ozone to the work loss days according the relationship for PM2.5, which
could instead the work loss from ozone pollution. The annual total
medical expenditure and per capita work loss could be converted from
the health impacts and used as a variation of the household expenditure
and labor participation rate in the CGE model, which quantifies the
macroeconomic impacts.

Furthermore, we monetize the non-market value of statistical life
lost to reflect additional impacts from air pollution reduction based on
the method developed by West et al. (2013), which could represent the
majority of the benefit of air pollution control policy (Eq. (8) in the
Appendix). In literature, the value of life ranges from 8.2 to 31.1 million
USD (Matus et al., 2012), but here we adopt the latest value of statis-
tical life of about $250,000 USD from empirical investigations using
willingness to pay method in China (Jin, 2017; Xie, 2011), and VSLs in

Table 1
Value of Statistical Life in 30 provinces (Unit: million CNY in 2002 price).

Region 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Beijing 3.23 3.58 4.19 4.94 5.63 6.23 6.72 7.16 7.58 7.97
Tianjin 2.85 3.48 4.19 4.81 5.30 5.65 5.87 6.03 6.18 6.32
Hebei 1.78 2.19 2.60 3.06 3.48 3.83 4.13 4.39 4.65 4.89
Shanxi 1.65 1.96 2.36 2.78 3.17 3.50 3.77 4.02 4.25 4.46
InnerMong 1.85 2.69 3.27 3.90 4.48 4.96 5.36 5.73 6.09 6.42
Liaoning 2.17 2.78 3.41 4.14 4.82 5.44 6.00 6.55 7.11 7.68
Jilin 1.75 2.33 2.85 3.45 4.02 4.53 4.98 5.42 5.87 6.31
Heilongjiang 1.84 2.31 2.84 3.46 4.05 4.59 5.07 5.55 6.04 6.53
Shanghai 3.37 3.79 4.45 5.24 5.94 6.55 7.06 7.56 8.04 8.51
Jiangsu 2.31 2.98 3.43 3.91 4.33 4.70 5.01 5.31 5.60 5.86
Zhejiang 2.49 3.02 3.44 3.88 4.20 4.43 4.60 4.77 4.95 5.15
Anhui 1.43 1.87 2.33 2.86 3.35 3.77 4.13 4.45 4.75 5.04
Fujian 2.13 2.72 3.22 3.80 4.34 4.79 5.16 5.48 5.79 6.07
Jiangxi 1.45 1.84 2.33 2.91 3.46 3.95 4.37 4.77 5.16 5.52
Shandong 2.06 2.65 3.16 3.75 4.29 4.76 5.14 5.49 5.83 6.15
Henan 1.53 1.97 2.40 2.91 3.40 3.82 4.18 4.51 4.83 5.14
Hubei 1.61 2.09 2.58 3.15 3.70 4.19 4.62 5.02 5.41 5.78
Hunan 1.52 1.93 2.44 3.02 3.58 4.07 4.49 4.88 5.24 5.59
Guangdong 2.39 2.87 3.37 3.96 4.51 4.97 5.33 5.65 5.93 6.19
Guangxi 1.39 1.83 2.20 2.61 2.98 3.29 3.53 3.75 3.95 4.12
Hainan 1.63 2.01 2.38 2.78 3.13 3.41 3.64 3.83 4.01 4.17
Chongqing 1.60 2.07 2.59 3.15 3.68 4.14 4.54 4.92 5.28 5.63
Sichuan 1.45 1.89 2.35 2.87 3.38 3.83 4.23 4.60 4.97 5.33
Guizhou 1.08 1.42 1.74 2.12 2.49 2.83 3.13 3.41 4.33 4.78
Yunnan 1.34 1.63 1.98 2.43 2.81 3.15 3.42 3.67 3.93 4.17
Shaanxi 1.50 1.97 2.41 2.90 3.37 3.79 4.15 4.49 4.82 5.13
Gansu 1.31 1.62 1.98 2.41 2.82 3.20 4.03 4.36 4.67 4.98
Qinghai 1.52 1.90 2.31 2.75 3.17 3.53 3.83 4.11 4.40 4.67
Ningxia 1.51 1.86 2.21 2.57 2.86 3.08 3.26 3.43 3.61 3.78
Xinjiang 1.68 1.97 2.31 2.70 3.03 3.28 3.43 3.54 3.62 3.67
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all provinces are adjusted using their GDP per capita values relative to
the national average per capita GDP in 2010(Table 1) and an elasticity
of 0.5 (Viscusi and Aldy, 2003).

A more detailed introduction to the IMED/HEL model, the CGE
model, the GAINS-China model and GEOS-Chem model is provided in
the Appendix. Furthermore, since the IMED models are continuously
updated and documented, and the up-to-date introduction is available
at http://scholar.pku.edu.cn/hanchengdai/imed_general.

2.2. Scenario

Four scenarios are established in this study (Table 2): reference,
woPol, wPol and wPol2 scenarios. The reference scenario provides the
economic results in the CGE model without coupling it with the IMED/
HEL model, which means that PM2.5 and ozone pollution-related health
impacts are ignored such that air pollution will not cause additional
health service cost, premature deaths, or work loss days. This scenario
is an ideal situation that does not exist. However, its role is to compare
with the other scenarios and evaluate the negative impacts of pollution
and the benefits of pollution control.

The remaining three scenarios couple the IMED/HEL model with the
IMED/CGE model to capture the macroeconomic impacts of the health
effects. The woPol scenario assumes that the penetration rate of miti-
gation technology is fixed to the 2005 level, implying that the emissions
from additional energy combustion will be uncontrolled in the future. It
is meant to show the impacts of pollution control policies rather than
represents reality.

The wPol scenario takes China's current air pollution policies into
account. Furthermore, the sectoral and provincial differences in emis-
sion limit values and time of their introduction are considered as well.
Therefore, various air-pollution-control technologies are used to reduce
pollutant emissions and air pollutants concentration to levels below the
woPol scenario. More details of the technology settings are in the
Appendix.

We also set up the wPol2 scenario, in which more aggressive air
pollutant control technologies are adopted to further reduce the emis-
sions in 2030 of NOx, VOC, CO by 50% and CH4 by 20% from the wPol
scenario. This scenario is meant to explore the additional potential of
mitigation effects, especially with regard to ozone pollution.

Table 2
Scenario setting.

Scenario Description

Reference Ignore the health impacts of air pollution, health service cost, premature deaths and work loss days
woPol The penetration rate of mitigation technology is fixed to the 2005 level
wPol Various air-pollution-control technologies are used to reduce pollutant emissions and air pollutants concentration to levels below the woPol scenario
wPol2 Further reduce the emissions in 2030 of NOx, VOC, CO by 50% and CH4 by 20% from the wPol scenario

Fig. 2. Annual average PM2.5 concentration in woPol and wPol scenarios (upper) and change from woPol to wPol and wPol2 scenarios (lower).
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3. Results

3.1. Air pollutants emissions and concentration

Results show that, unsurprisingly, air pollutants emissions in the
wPol scenario are much lower than those in the woPol scenario in 2030,
and the wPol2 scenario exhibits significant further reduction (Fig. A4 in
Appendix). For instance, NOx emissions will rise to 32 million ton in
2030 without control in woPol scenario, while with control in the wPol
and wPol2 scenarios, they will be reduced to 24 and 12 million ton in
2030, respectively. VOC emissions will increase from 16 million ton in
2000 to 30 million ton in 2030 in the woPol scenario, and decline to 20
and 10 million ton in wPol and wPol2 scenario in 2030, respectively.
Using these emission pathways as inputs for the GEOS-Chem model,
PM2.5 annual average concentration and the daily maximum 8-hour
mean ozone concentration is simulated in 30 provinces of China in
2030 (Figs. 2 and 3).

PM2.5 concentration demonstrates a similar trend as the emissions.
It shows that PM2.5 concentration is higher in the east part of China in
woPol scenario in 2030, especially in Tianjin (420 μg/m3), Beijing
(380 μg/m3), Hebei (350 μg/m3) and Henan (360 μg/m3). Figs. 2 and 3
(lower two panels) also show that the PM2.5 concentration could be
reduced significantly under policy scenarios. In the heavy polluted
provinces such as Hebei, Tianjin, Henan and Shandong, PM2.5 con-
centration will reduce by about 75% in 2030.

In contrast to geographical distribution of PM2.5 pollution, the daily
maximum 8-hour ozone concentration in 2030 is higher in southwest
China and lower in east China with the highest level in the southwest
provinces such as Sichuan (130 μg/m3), Qinghai (130 μg/m3), and

Gansu (120 μg/m3) provinces in the WoPol scenario. In the populous
regions like Beijing (96 μg/m3), Tianjin (78 μg/m3), and Jiangsu
(75 μg/m3), ozone concentration is high enough to cause various health
impacts, and only Hainan (66 μg/m3) and Shanghai (66 μg/m3) could
meet the national standard of 70 μg/m3. Even under the intensive air
pollution control strategy, the ozone concentration could only decline
slightly in China.

Different from the formation of secondary PM2.5, the relationship
between reduction in ozone precursors emissions and concentration is
not linear. In the wPol scenario, although air pollutants emission re-
duction is over 50%, daily maximum 8-hour ozone concentration will
not decrease at a similar magnitude. Provinces such as Hunan, Anhui
will witness the most significant reduction, albeit only falling
by< 10%. Moreover, there is no significant reduction in Hebei, Shanxi
or Inner Mongolia. Conversely, daily maximum 8-hour ozone con-
centration will increase in Beijing, Shanghai, and parts of Guangdong in
the wPol scenario. Note that we are using the same meteorological data
in 2008 and 2030 simulations. Therefore, all the changes are caused by
changes in anthropogenic emissions. These patterns, especially the
different signs of ozone concentration changes responding to anthro-
pogenic emissions changes, are resulted from the different ozone for-
mation regimes these provinces are located. The great metropolitan
regions such as Beijing, Shanghai, and Guangzhou City in Guangdong
Province are generally VOC-controlled, and the declining NOx emis-
sions in wPol and wPol2 scenarios will reduce the ozone destruction
rate by reacting with NOx and thus increase ozone concentration (Chou
et al., 2011; Xue et al., 2014).

Considering that ozone concentration is much higher in the day-
time, we also evaluated the impact of anthropogenic emission changes

Fig. 3. Daily maximum 8-hour ozone concentration in woPol and wPol scenarios (upper) and change from woPol to wPol and wPol2 scenarios (lower).
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in the 24-hour average ozone concentration (Fig. A10). The response of
24-hour average ozone concentration is significantly different from the
daily maximum 8-hour in that the former has percentage changes to-
ward the positive axis. In regions with increased concentration, the
changes in concentration are more prominent when using a 24-hour
average metric rather than the daily maximum 8-hour. However, in
regions with decreased concentration (such as Beijing, Shanghai, and
Guangzhou), the magnitude of changes becomes less significant. This
pattern is largely associated with the diurnal cycles of ozone formation
and removal. While the daily maximum 8-hour concentration mainly
represents the daytime when active ozone production is occurring, the
24-hour average is also influenced by the nighttime condition when
photochemical ozone formation ceased, and anthropogenic NOx emis-
sions efficiently destruct ozone. Therefore, decreasing anthropogenic
emissions largely increase nighttime ozone concentration (Zhang et al.,
2004).

3.2. Health impacts

3.2.1. Health impacts attributable to PM2.5 pollution
Mortality attributable to PM2.5 is 9.2 million and 2.3 million in

woPol and wPol scenario in 2030 in China, respectively, which means
the air pollution mitigation policy could reduce 6.9 million premature
deaths in China in 2030. At the provincial level, provinces with higher
population density will suffer more mortality. The mortality in the top
five populous provinces of Henan, Shandong, Jiangsu, Hebei and
Guangdong will be 1500, 960, 1100, 830 and 690 thousand people in
woPol scenario, respectively. However, provinces with severer air
pollution and higher population density will have more benefit from air
quality improvement. In wPol scenario, the mortality is 270, 200, 170,
140 and 220 thousand people in Henan, Shandong, Jiangsu, Hebei and
Guangdong provinces in 2030, respectively. In province with good air
quality such as Hainan, mortality is only 16 thousand in woPol scenario
and 3.4 thousand in wPol scenario in 2030. In 2005, total morbidity
from PM2.5 pollution was about 140 million cases in WoPol scenario. It
will increase to 230 million cases in 2030 in WoPol scenario and 70
million in wPol scenario.

Premature deaths among labor force cohort aged between 15 and
65 years old will reduce labor supply and total work time. For PM2.5,
the national average per capita work time loss in 2030 will reach 56 h
(2.7% of annual total annual work hours) in the woPol scenario. The
PM2.5 reduction in the wPol scenario proves to be quite effective in
reducing work time loss, to 15 h (0.71% of annual work hours) in 2030.
The provincial disparity in the per capita work time loss is consistent
with the provincial disparity in PM2.5 concentration. In the woPol
scenario, Tianjin (98 h, or 4.7%), Henan (83 h, or 4.0%), Shanghai (99 h
or 4.7%), Hebei (82 h or 4.0%), and Beijing (88 h or 4.2%) have the
highest annual per capita work time loss in 2030. By contrast, the
provinces with the highest work time loss in the wPol scenario in 2030
switch to Chongqing (24 h, 1.1%), Henan (23 h, 1.1%), Sichuan (22 h,
1.1%), Hunan (18 h, 0.88%), and Hubei (18 h, 0.89%).

3.2.2. Health impacts attributable to ozone pollution
As Fig. 4 shows, the mortality of ozone pollution is much lower than

PM2.5, while morbidity is much higher than PM2.5. In 2030, the national
total number of mortality is about 583 (95% CI: 190–980) thousand
persons in woPol scenario. At the provincial level, Sichuan (74 thou-
sand people per year), Gansu (18), Shaanxi (23) and Hunan (47) will
encounter most of the ozone-related mortality in the woPol scenario.
Nevertheless, mitigation benefits from air pollution control policies are
significant (Fig. 4 right column). Mortality reaches 491 and 340 thou-
sand persons in the wPol and wPol2 scenarios, respectively, and air
pollution control policy will lead to a decrease in mortality by 92
thousand persons in the wPol scenario and 240 thousand persons in the
wPol2 scenario. Meanwhile, ozone-related morbidity consists of
coughs, asthma, bronchodilator usage, lower respiratory symptoms,

and respiratory-related hospital admissions (Table A1). West and cen-
tral provinces such as Sichuan, Qinghai, Jiangxi, Hunan and Chongqing
encounter higher morbidity. People in these provinces have annual risk
rates of about 4–5% in suffering from health effects such as asthma
attacks, respiratory hospital admission, allergic rhinitis, acute re-
spiratory symptoms and coughs from ozone exposure. In contrast,
provinces in the eastern parts of China, for instance, Tianjin, Jiangsu,
Beijing and Shandong where ozone concentration levels are lower, are
at a lower risk (about 1–2%) of suffering from such adverse health ef-
fects caused by ozone exposure.

With regard to work loss days, however, there is no concentration-
response function about work loss days for ozone exposure in the lit-
erature. Therefore, in this study, we converted minor restricted activity
days of ozone into work loss days based on the relationship of PM2.5,
e.g., minor restricted activity days are 2.78 times work loss days. Fig. 5
shows the per capita work loss hours due to morbidity and cumulative
mortality. In 2030, the national average per capita work loss is 2.8, 2.4
and 2.0 h in the woPol, wPol and wPol2 scenarios in China, respec-
tively. At the provincial level, Qinghai, Sichuan, Gansu and Xinjiang
will encounter more work loss hours in the woPol scenario, about 5.7,
5.5, 4.3 and 3.3 h, respectively. The recovered work loss in the wPol
scenario ranges from 0.8 h in Jiangxi Province to −0.3 (increase) hour
in Beijing.

3.3. Economic impacts of ambient air pollution

Fig. 4 (the bottom two rows) and Fig. 6 show the economic losses
due to ambient air pollution-related health impacts, including health
expenditure, the value of life lost, GDP loss and welfare loss.

3.3.1. Medical expenditure
In 2005, China paid an additional 37 billion CNY (2002 constant

price) on the PM2.5 pollution-related health problem in woPol scenario,
and in 2030 it will increase to 210 billion CNY. While in the wPol
scenario, the additional health expenditure is reduced to about 15 bil-
lion CNY in 2005 and 53 billion CNY in 2030. In 2005, Jiangsu,
Shandong, Henan, Guangdong, Hebei and Beijing encountered higher
total expenditure, which was 4.4, 3.5, 2.6, 2.6, 2.5 and 2.3 billion CNY
in woPol scenario, respectively. In 2030, Sichuan, Shandong, Henan,
Hebei, Anhui and Jiangsu will encounter higher total expenditure,
amounting to 24, 18, 17, 14, 13 and 13 billion CNY in 2005 in woPol
scenario and slipping to 7.6, 4.0, 4.5, 2.9, 3.7 and 2.9 billion CNY in
wPol scenario, respectively.

It worth noticing that although PM2.5 pollution seemingly poses
more serious health damage and burden than ozone when looking at
indicators such as mortality, the health expenditure on ozone exposure-
related health problem is not that low. In 2030, the expenditure is es-
timated to be 100, 87 and 58 billion CNY in the woPol, wPol and wPol2
scenarios in China, respectively, which is comparable to PM2.5 related
medical expenditure. The top five provinces account for the majority of
the health expenditure in the woPol scenario, including Sichuan (20
billion CNY), Hunan (11 billion CNY), Jiangxi (6.9 billion CNY), Gansu
(4.8 billion CNY), and Hubei (4.9 billion CNY), all of which are rela-
tively less developed provinces in China. This implies that ozone pol-
lution will become a non-ignorable economic burden to residents living
in the low- and mid-income provinces. Moreover, reduction rates of
total expenditure in these five provinces in the wPol scenario are as
follows: −8.6% (Sichuan), −26% (Hunan), −7.1% (Gansu), −21%
(Hubei), −3.5% (Qinghai).

3.3.2. GDP loss and welfare loss
Both labor supply loss and medical expenditure increase will affect

the macroeconomic indicators in terms of GDP and residential welfare.
It turns out that ozone pollution will lead to much lower macro-
economic impacts than that of PM2.5 pollution. Moreover, the GDP loss
due to both PM2.5 and ozone pollution in the woPol scenario in our
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study is comparable to that reported by the OECD14 (2.6% in 2060).
Matus et al. (2008) used a CGE model to estimate the benefits of air
pollution control in the USA, and found that the benefits rose steadily
from 1975 to 2000 from 50 billion USD to 400 billion USD (from 2.1%
to 7.6% of market consumption).

In the woPol scenario, PM2.5 pollution will cost China GDP loss of
2.0% and the health expenditure of 210 billion CNY in 2030. By con-
trast, with control policy in the wPol scenario, a control cost of 830
billion CNY (0.79% of GDP) is contrasted by a projected gain of 1.2% of
GDP in China from improving air pollution. As for the welfare loss,
which is defined as total consumption change measured by Hicks'

equivalent variation (Fujimori et al., 2015), China experiences 2.7%
and 0.63% welfare loss in woPol and wPol scenarios in 2030, respec-
tively, higher than GDP loss.

As indicated in Fig. 6, in 2030, China will experience a GDP loss of
about 0.09% in the woPol scenario, 0.08% in the wPol scenario and
0.07% in the wPol2 scenario due to ozone pollution. At the provincial
level, provinces in the west and southwest will experience higher GDP
losses, for example, Qinghai (0.23%, 0.22% and 0.21% in the woPol,
wPol and wPol2 scenarios, respectively), Sichuan (0.22%, 0.29% and
0.18%), Gansu (0.17%, 0.16% and 0.15%), Ningxia (0.15%, 0.14% and
0.13%), and Hunan (0.15%, 0.13% and 0.11%). By contrast, Hainan

Fig. 4. Health damage due to PM2.5 pollution (left) and benefit of mitigation (right).
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will experience almost ignorable GDP loss from ozone pollution, about
0.002% in the woPol (0.002% in the wPol scenario). GDP loss is
moderate in other regions: 0.09% (0.10%) in Beijing, 0.04% (0.05%) in
Tianjin, and 0.05% (0.04%) in Jiangsu. Furthermore, welfare loss from
ozone-related health impacts in 2030 is about 0.15%, 0.13% and 0.12%
in the woPol, wPol and wPol2 scenarios, respectively. Welfare loss is
higher in provinces such as Qinghai (0.46%, 0.45% and 0.43%),
Ningxia (0.34%, 0.32% and 0.28%), Sichuan (0.31%, 0.30% and
0.27%) in the woPol, wPol and wPol2 scenarios in 2030, respectively.
These provinces are in the west of China, where ozone from natural
sources is quite high. The difference between the two scenarios is not
significant.

3.3.3. Value of statistical life lost
The benefits of avoided air pollution mortality are monetized using

the value of statistical life (VSLs). In China, the VSL from PM2.5 pol-
lution is 38,000, 10,000 and 9300 billion CNY in woPol, wPol and
wPol2 scenario, respectively, which is about 38%, 10% and 9.3% of
GDP in 2030. At the provincial level, VSL is higher in Shandong,
Jiangsu, Hebei, Guangdong and Sichuan province, which is about 4200,
3600, 2700, 2700 and 2600 billion CNY in woPol scenario in 2030,
respectively.

For ozone, the national VSL is about 2300 and 2000 billion CNY
respectively in the woPol and wPol scenarios, which is about 2.7% and
2.3% of GDP. In wPol2 scenario, the VSL is quite similar to wPol sce-
nario. At the provincial level, Sichuan has the highest mortality and

Fig. 5. Health damage due to ozone pollution (left/red) and the benefit of mitigation in 2030 (right/green). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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moderate per capita GDP and the VSL is the highest (280 billion CNY, or
8.2% of GDP in woPol), followed by Hunan (190 billion CNY, or 7.8%),
Jiangxi (120 billion CNY, or 6.0%), the western provinces of Gansu (57
billion CNY, or 4.7%), Qinghai (17 billion CNY, or 6.1%).

4. Discussion

4.1. Comparative impacts of PM2.5 versus ozone

The national impacts of ozone and PM2.5 pollution are summarized
in Fig. 7. It is found that health and economic impacts from ozone are
much smaller than PM2.5 pollution except for per capita morbidity and
expenditure. Taking the wPol scenario in 2030 for example, the total
mortality is 2.4 million attributable to PM2.5 pollution, while the total
mortality due to ozone is 0.49 million. Moreover, per capita work loss is
only 2.4 h from ozone while 18 h due to PM2.5. Conversely, upper re-
spiratory symptoms dominate PM-related endpoints while the over-
whelming endpoints related to ozone are bronchodilator usage and
weaker respiratory symptoms. As a result, the per capita morbidity
caused by ozone (4.2% per capita per year) is nearly 10 times that of
PM2.5 (0.5% per capita per year) mainly due to bronchodilator usage.
Consequently, per capita expenditure due to ozone pollution is 87 CNY,
which is much higher than that caused by PM2.5 (40 CNY). Further-
more, ozone causes less GDP loss (0.08%) than PM2.5 (0.6% in the wPol
scenario and 2.3% in the woPol scenario). One city level study in China
shows the PM2.5-related death was from 0.77 million to 1.258 million
by using different exposure-response functions in 2016. Our result is
comparable with this estimation in 2015 in the wPol scenario (Maji
et al., 2018). Another study at the Chinese cities shows ozone pollution
leads to 74.2 thousand of premature deaths and 7.6 billion US$ eco-
nomic losses in 2016 in China. Our result is comparable with their study
(Maji et al., 2019).

In terms of spatial and temporal features, PM2.5 and ozone con-
centration also vary by region and by season. PM2.5 concentration are
much higher in densely populated areas, while daily maximum 8-hour
ozone concentration is higher in relatively low populated western
provinces. Furthermore, ozone concentration are higher in summer
(due to the higher active reaction of photochemical production) but
lower in winter in most provinces and cities, dominated by zero-out

ozone in some provinces while by anthropogenic sources elsewhere
(Fig. A9). In accordance with the features of ozone concentration dis-
tribution, ozone-related health impacts are more severe in the western
provinces with higher daily maximum 8-hour ozone concentration and
moderate population density. The provinces of Qinghai, Sichuan, Gansu
and Jiangxi suffer from higher per capita morbidity, more work hour
loss and higher economic impacts. In contrast, health impacts are lower
in east China, where the population density is much higher than in the
west. The provinces in the southwest and northwest experience higher
GDP loss and welfare loss due to ozone pollution. At the same time,
these provinces are relatively less developed and have less motivation
to control ozone pollution.

4.2. Policy implications

China is suffering from severe ambient air pollution. Ideally, air
pollution control policy aimed at reducing primary emissions such as
NOx, SOx and VOC should improve PM2.5 and ozone pollution si-
multaneously. However, we find that it is more difficult to reduce daily
maximum 8-hour ozone concentration compared with PM2.5 (Fig. A4)
because the ozone generation process is not in a linear relationship with
precursor emissions. Although ozone precursor emissions have been
reduced a lot in the wPol scenario (Fig. A4), the daily maximum 8-hour
ozone concentration reduction is quite limited (< 10%). Even more
aggressive reduction efforts are made in the wPol2 scenario, in contrast
to PM2.5 whose daily concentration will be reduced by over 70% in
almost all provinces, reduction rates of daily maximum 8-hour ozone
concentration are merely around 20% in most provinces. Conversely, it
even increases in urban areas around Beijing, Shanghai and Guangzhou.
This implies that in the longer term, ozone pollution will be a more
persistent air pollution problem.

A similar phenomenon has been reported in previous studies in
China. For instance, Chou et al. (2011) found that the mixing ratio of
ozone increased with the increasing NO2/NO ratio, whereas the NOz

mixing ratio leveled off when NO2/NO>8. Consequently, the ratio of
ozone to NOz increased to above 10, indicating the shift from a VOC-
sensitive regime to a NOx-sensitive regime. Xue et al. (2014) found
varying and considerable impacts of ozone generation processes in
different areas of China depending on the atmospheric abundances of

Fig. 6. GDP loss, welfare loss and value of statistical life lost due to PM2.5 (left) and ozone (right) pollution in 30 provinces in 2030.
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aerosol and NOx. This is partly because most of PM2.5 is from anthro-
pogenic activities like industry and transportation sectors. As the
emissions of sulfur dioxide decline significantly as a result of China's
strict control policies (e.g., in the power generation sector), the share of
NOx emissions from the transportation sector will rise in the future,
which will enhance the ozone pollution in the urban regions. Moreover,
a significant source of ozone is natural emissions that are beyond the
control of human activity, especially in the western provinces.

Such unintended features of ozone have implications for residential
behavior in order to avoid adverse health impacts. One study from
WHO shows human exposure to ozone during the winter is reduced
because more time is spent indoors. Moreover, building structures and
slow rates of ventilation will reduce ozone penetration indoors even
during the summer (Amann, 2008). Therefore, the government and
residents should act interactively. For instance, the government should
provide daily public information about air quality, and the public
should adjust their lifestyles according to the air quality information.

4.3. Limitation, uncertainty and future work

Despite the efforts of quantifying the health and economic impacts
of ambient ozone and PM2.5 pollution in this study, there are some

limitations and uncertainties, which need further investigation.
Uncertainty within our framework is classified into three sources. The
first source is the uncertainty of future economic development and
energy consumption in the CGE model. CGE model can capture the
economic impact of air pollution-related health impacts. It could reflect
market impact and give more detail on the output change, labor force
price and so on. However, comparing with other approaches, such as
Willingness to Pay, CGE might underestimate the adverse impact of air
pollution, because so far, the CGE model can only quantify the impact
of labor supply reduction and cannot include the adverse impact on
suffering from air pollution-related health problem, such as stress, un-
comfortable feeling and so on. The second source is the estimation of
future air pollutant emissions and ozone concentration, which is related
to both technology selection and the behavior of the GEOS-Chem
model. The last source is related to ERFs used in the IMED/HEL model.
In terms of uncertainty of ERFs, the numbers in the parenthesis show
95% CI of ERFs. Besides these uncertainties, climate change also has
impacts on future ozone air quality and could have intersection effect
on ozone precursor emissions. But in this study, we do not quantify the
magnitude of the impact without a detailed model analysis.

Furthermore, many epidemiological studies show exposure to
higher ozone concentration not only leads to health problem, but also

Fig. 7. Comparing national health impacts between PM2.5 and ozone.
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reductions in labor productivity (Brauer et al., 1996; Korrick et al.,
1998). However, the effects on productivity cannot be quantified in this
study, implying that the current economic impact of ozone pollution
could be underestimated. Besides, our results may be underestimated
because we neglect mortality among those younger than 30, including
effects on children and neonatal effects (West et al., 2013). In our study,
we didn't simulate the contribution from ammonia emissions reduction
from agricultural sector. As the Giannadaki et al. pointed the reducing
agricultural emissions by 50% lead to economic benefit of many billions
US$ (Giannadaki et al., 2018; Lelieveld et al., 2015). However, in our
simulation we didn't consider this part. Last but not least, as noted in
the supplementary information, there are no ERFs for work loss days for
ozone, and as the second-best approach we converted it from the re-
stricted activity day, which leads to uncertainties concerning the
quantifying of the market economic impacts in the CGE model. We
expect future epidemic studies could fill this gap.

5. Conclusion

Air pollution could affect human health and economic welfare sig-
nificantly, and pollution control could bring substantial benefits. This
study provides a comparative assessment of such impacts resulted from
PM2.5 and ozone pollution. We find that PM2.5 pollution causes much
higher health and economic impacts than ozone, especially in east
China. However, it is more difficult to combat ozone pollution in the
long term. For instance, in 2030, PM2.5 annual average concentration
could decline by around 75% under the strictest mitigation scenario,
whereas ozone concentration reduction is merely around 20%. As a
result, mortality could be reduced by as much as 6.9 million, most of
which are from PM2.5. Mitigation could also increase work time by 41
and 0.1 h, and save health expenditure by 157 billion CNY and 50
billion CNY from PM2.5 and ozone control, respectively.

Air pollution control is found to be cost-effective at the national
level, although the situation could be different among provinces. At the
national level, the benefit is much higher than air pollution control cost.
In contrast to control cost of 830 billion CNY, the national net benefit is
about 1.3% of GDP in 2030. Nonetheless, a closer look at the provincial
situation reveals a mixed picture. The eastern provinces of China with
higher population density and heavy pollution will receive higher
benefit from air quality mitigation policy, such as Tianjin, Hebei,
Shandong. By contrast, southern and western provinces such as Gansu,
Qinghai and Yunnan will have lower benefit than cost.
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to this article can be found online at https://doi.org/10.1016/j.envint.
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