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Abstract
Background: Substantial progress in air pollution control has brought considerable health benefits in China, but little is known 
about the spatio-temporal trends of economic burden from air pollution. This study aimed to explore their spatio-temporal 
features of disease burden from air pollution in China to provide policy recommendations for efficiently reducing the air pollution 
and related disease burden in an era of a growing economy.
Methods: Using the Global Burden of Disease method and willingness to pay method, we estimated fine particulate matter (PM2.5) 
and/or ozone (O3) related premature mortality and its economic burden across China, and explored their spatio-temporal trends 
between 2005 and 2017.
Results: In 2017, we estimated that the premature mortality and economic burden related to the two pollutants were RMB  
0.94 million (68.49 per 100,000) and 1170.31 billion yuan (1.41% of the national gross domestic product [GDP]), respectively. 
From 2005 to 2017, the total premature mortality was decreasing with the air quality improvement, but the economic burden 
was increasing along with the economic growth. And the economic growth has contributed more to the growth of economic costs 
than the economic burden decrease brought by the air quality improvement. The premature mortality and economic burden from 
O3 in the total loss from the two pollutants was substantially lower than that of PM2.5, but it was rapidly growing. The O3-con-
tribution was highest in the Yangtze River Delta region, the Fen-Wei Plain region, and some western regions. The proportion of 
economic burden from PM2.5 and O3 to GDP significantly declined from 2005 to 2017 and showed a decreasing trend pattern 
from northeast to southwest.
Conclusion: The disease burden from O3 is lower than that of PM2.5, the O3-contribution has a significantly increasing trend with 
the growth of economy and O3 concentration. 
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Introduction

Air pollution is a primary environmental risk factor 
that harms the public health and imposes economic 
burden.[1–11] As a developing country with a large popu-
lation, China has achieved considerable economic growth 
accompanied with severe air pollution and economic 
burden on health. A series of measures have been made 
to control and reduce air pollutants to decouple economic 
growth from air pollution, including the “Air Pollution 
Prevention and Control Action Plan” (APPCAP) between 
2013 and 2017 and the “Blue Sky Defense Battle” 
between 2018 and 2020.[12] Considerable reduction 
in fine particulate matter (PM2.5) pollution has been 

achieved after years of efforts, but the ozone (O3) issue 
has unexpectedly emerged. In 2020, the burden of disease 
related to air pollution remained at high levels and con-
tinued to increase because of the increasing and aging of 
population.[13,14] Many studies have investigated the rela-
tionship between air pollution and health, but only few 
have explored the economic loss from the health effects of 
air pollution, especially their spatial patterns and chang-
ing trends across China.[3–6,9] Most existing studies have 
employed the willingness to pay (WTP) and cost of illness 
(COI) methods to measure the economic cost of health  
impacts.[3–6,9,15,16] For example, Maji et al[15] adopted 
the WTP and COI methods to estimate an economic loss 
of 101.39 billion US dollars in 2016 from PM2.5-related 
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mortality and morbidity across 338 Chinese cities, which 
is 0.91% of the national GDP. According to a report by 
the Organization for Economic Co-operation and Devel-
opment (OECD, https://stats.oecd.org), the World Bank 
used WTP methods to calculate the welfare loss due to 
PM2.5 and O3 in China, which increased from 1.35 trillion 
US dollars in 2010 to 2.56 trillion US dollars in 2019. 
Limited by the lack of long-term historical exposure and 
evaluation parameter data, previous studies have mainly 
assessed the economic burden from the PM2.5 or O3 pollu-
tion in some cities or regions.[1,15,17–20] There is currently 
no study estimating the spatial patterns and changing 
trends of the combined economic burden from health 
effects attributed to the two pollutants in China.

This study quantified the health and economic burden 
from PM2.5 and O3, explored their spatio-temporal features 
across China between 2005 and 2017, and determined the 
regions with high or increasing trends of health and eco-
nomic burden attributed to PM2.5 and/or O3.

Methods

Data sources

We used the five datasets to assess the economic loss of 
health effects from ambient PM2.5 and O3: Air pollution 
exposure, population, cause-specific mortality rates, the 
concentration-response (C-R) function from epidemiolog-
ical studies, and socio-economic parameters.

The PM2.5 and O3 concentration were derived from our 
previous studies, and the annual mean PM2.5 and O3 con-
centration of each county was used as the exposure.[23,24] 
We simulated the national-wide 1 km grid ambient PM2.5 
and O3 concentration by carrying out the method of 
multi-parameter-based random-forest model based on 
the many meteorological, geographic, and socioeconomic 
parameters. A previous study provided average mod-
el-fitting R2 values of 0.85, 0.88, 0.90, 0.77, 0.77, and 
0.69 from the daily, monthly, and annual estimations of 
PM2.5 and O3-1 h max from test datasets, respectively.[24] 
The root mean square error (RMSE) and mean absolute 
error (MAE) of PM2.5 simulation were 17.72 µg/m3 
and 9.37 µg/m3, and O3 simulation were 15.59 part per 
billion (ppb) and 9.59 ppb.[23,24] The county-level and 
age-specific population data were obtained from the sixth 
demographic census of China in 2010, covering more 
than 95% of counties across China. The provincial-level 
cause-specific mortality data for five diseases, including 
chronic obstructive pulmonary disease (COPD), lung 
cancer, ischemic heart disease (IHD), stroke in adults aged 
25 years or older, and lower respiratory infection for all 
age groups were obtained from Global Burden of Disease 
(GBD) studies.[25] The provincial-level socioeconomic 
data, gross domestic product (GDP), and consumer price 
index (CPI) were collected from the China Statistical 
Yearbook (http://www.stats.gov.cn/).

The C-R function described an association between 
exposure (long-term exposure to PM2.5 or O3) and 
mortality, including the integrated exposure risk (IER) 

function (for PM2.5)[26] and log-linear (LL) function 
(for O3).[27] The relative risks (RRs) of PM2.5 to deaths 
were estimated through the IER function, which can be 
expressed as follows:
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For O3-attributed mortality studies, LL function can be 
expressed as follows:

( )exp 0LLRR c c = − γ  (2)

In which, z and c are the actual PM2.5 and O3 concentration, 
respectively; z0, c0 refer to the threshold concentration of 
PM2.5 (2.4–5.9 µg/m3) and O3 (33.3 ppb), respectively; α, 
β, and δ determined the relationship between PM2.5 and 
mortality in IER; And γ is the exposure–response coeffi-
cient in LL.[26,27]

Estimation of premature mortality

We used the approach developed for the GBD study to 
estimate the premature mortality attributable to long-
term exposure to every air pollutant in each county from 
2005 to 2017.

,
, ,

,
=

−
× ×

1i j
i j i i j

i j

RR
M P I

RR
 (3)

Mi, j indicates the PM2.5/O3 related premature mortality 
for end point j in county i; Pi is the population in the 
county i; Ii, j is the mortality rate for end point j in county 
i; RRi, j is the relative risk for end point j in the county i.

Estimation of economic burden

We evaluated the economic burden of air pollution with 
the varying value of a statistic life (VSL), which repre-
sents the WTP value for an individual to reduce the risk 
of death. Cost-benefit analysis has been widely applied 
in the United States and Europe to estimate the benefits 
of savings.[16,28] To investigate the spatial patterns and 
changing trends of the economic burden from PM2.5 and 
O3, we applied the province-specific VSL that changes 
with annual change of GDP and CPI. Assuming that 
population growth, population aging, and age-specific 
mortality are constant, we decomposed PM2.5 and O3 
were only two driving factors of the changes in economic 
cost from premature mortality.

As the province-specific VSLs are not entirely available 
for China and only a few provinces have available VSLs 
from existing literatures, which are based on different 
approaches and are not conducive to statistics and 
comparative analysis among provinces. We derived the 
different VSLs for 31 provinces in the year 2005–2017 in 
the two scenarios, using the following equation.[29]
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VSLl,k is the value of VSL in province l in year k, VSLB,2010 
is the reference value for VSL in Beijing in 2010, which 
equals to RMB 1.68 million yuan.[1,30,31] β is the income 
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elasticity of health cost, representing 0.8 as recommended 
by OECD (2016).[28] GB,2010 is the GDP per capita in Bei-
jing in 2010. Gl,2010 is the GDP per capita in province l in 
2010. %∆Pl and %∆Gl are the percentage change in CPI 
and GDP per capital in the province l from 2010 to year 
k, respectively.

= ×, , ,  l k l k l kEconomic Burden VSL M  (5)

In which, the Economic Burdenl,k is the economic loss 
caused by the premature deaths in province l in year k, 
Ml,k is premature deaths attributed to PM2.5 and O3 expo-
sure in province l in year k.

Results

Spatio-temporal trends of PM2.5 and O3 pollution

The annual mean PM2.5 concentration in China showed 
a substantial downward trend from 2013 (58.82 µg/m3)  
to 2017 (44.41 µg/m3), while it experienced a slight fluc-
tuation trend from 2005 (55.8 µg/m3) to 2013 (58.82 µg/
m3) [Supplementary Figure 1, http://links.lww.com/CM9/
B851]. The high levels of PM2.5 concentration were 
mainly located in densely populated regions, such as 
the Beijing-Tianjin-Hebei (BTH), Fen-Wei Plain (FWP), 
Yangtze River Delta (YRD), and Sichuan-Chongqing (SC) 
regions [Figure 1A]. There was a different pattern from 
PM2.5, with a considerable increase in the annual average 
O3 concentration during the 2013–2017 period in China 
[Figure 1A and Supplementary Figure 1, http://links.lww.
com/CM9/B851]. The O3 concentration in the BTH, FWP, 
YRD has increased significantly. However, the concentra-
tion change of O3 in the Pearl River Delta (PRD) region is 
not obvious [Figure 1A].

Spatio-temporal trends of premature mortality caused by 
PM2.5 and O3

The sum of premature mortality from the two pol-
lutants showed a downward trend between 2005 and 
2017 (from 1.01 million [73.457 per 100,000] in 2005 
to 0.94 million [68.487 per 100,000] in 2017), espe-
cially after the implementation of the APPCAP in 2013  
[Figure 2A].The regions with great total premature mor-
tality were densely populated and heavily polluted, such 
as the BTH, SC, FWP, and YRD regions. After 2013, the 
total premature mortality declined significantly in all 
these regions and the relative reduction in total prema-
ture mortality was highest in the SC region (10.90%) 
and lowest in the FWP region (1.71%) [Supplementary 
Figure 2, http://links.lww.com/CM9/B851]. Some prov-
inces in the central, eastern, and northeast regions were 
associated with the highest total premature mortality 
per capita, while the total mortality per capita in the 
southwestern, southern, and southeastern regions were 
relatively lowest [Supplementary Figure 3, http://links.
lww.com/CM9/B851].

PM2.5-related premature mortality (8.47–9.28 million) 
accounted for majority of the total premature mortality 
(91.06%–92.29%), its spatial-temporal trends were sim-
ilar to the total premature mortality between 2005 and 
2017 [Figure  2A, Supplementary Figure 2, http://links.
lww.com/CM9/B851]. However, the O3-contribution 
showed an increasing trend in most regions but showed 
differences across regions. The highest O3-contribution 
occurred in the SC and the FWP regions, while the 
O3-contribution in Northeast China and PRD region was 
relatively lower [Figures 1A, Supplementary Figure 2, 
http://links.lww.com/CM9/B851]. During the 13-year 
period, the O3-related premature mortality increased 

Figure 1: Annual average concentrations (A) and premature mortality (B) of PM2.5 and O3 in the key regions from 2005 to 2017. BTH: Beijing-Tianjin-Hebei; FWP: Fen-Wei Plain; O3: Ozone; 
PRD: Pearl River Delta; PM2.5: Fine particulate matter; SC: Sichuan-Chongqing; YRD: Yangtze River Delta.
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significantly in the five typical regions, in which the  
highest increase was in the FWP region (56.46%), and the 
lowest was in the SC region (12.23%) [Figure 1A, 1B].

Spatio-temporal patterns of economic loss from PM2.5 and O3

Due to economic growth, the changing trend of the sum 
of economic loss from mortality caused by ambient PM2.5 
and O3 was different from that of the mortality [Figure 2]. 
The total economic burden was estimated to rise from 
RMB 695.96 yuan in 2005 to RMB 1170.31 billion yuan 
in 2017, representing 3.72% and 1.41% of the national 
GDP, respectively [Figures  2B, 3, and Supplementary  
Figure 4, http://links.lww.com/CM9/B851]. Between 
2013 and 2017, the decreased exposure to ambient PM2.5 
and O3 avoided the economic loss of RMB 101.29 billion 
yuan, but the economic growth in GDP and CPI raised 
RMB 166.57 billion yuan of economic cost [Figure 3]. In 
contrast, the proportion of total economic loss to GDP 
showed a stable declining trend.

The higher total economic loss was observed in the 
provinces with the heavy pollution and high GDP, such 
as Shandong, Guangdong, Henan, Hebei, and Sichuan 
provinces [Figure 4D]. Lower total economic burden was 
found in the western regions such as Xizang, Ningxia, 
and Qinghai [Figure  4D]. The number of high-burden 
provinces with the total economic loss of more than RMB 
50.00 billion yuan increased from one (Shandong) in 2005 
to eight (including Shandong, with a burden of more than 
RMB 100.00 billion yuan) in 2017 [Figure  4A–D]. In 
2017, the spatial feature of the proportion of O3-related 
economic loss to the total loss was coincided with that 
of the mortality [Figure 2]. But lower O3-contributions 

were observed in several northern regions with substan-
tially heavier air pollution, such as Hebei [Supplementary 
Figure 5, http://links.lww.com/CM9/B851].

The greatest proportion of economic loss from the two 
pollutants to GDP was mainly distributed in the north-
east and northern China over the 2005–2017 period. The 
proportion of total economic burden to GDP showed a 
gradient pattern, increasing from the southwest to the 
northeast. In 2017, the highest proportion was observed 
in the northeast and BTH region. The lowest proportion 
occurred in the south and southwest provinces, such as 
Hainan (0.61%), Xizang, and Yunnan [Figure 5A–D].

Discussion

This study comprehensively explored the spatial patterns 
and changing trends of premature deaths and economic 
loss attributable to PM2.5 and O3 pollution across China, 
aggregating the economic development and the concen-
tration change of the air pollutants. We confirmed that 
air pollution control measures significantly improved 
air quality and achieved health and economic benefits, 
but the disease burden was still heavy. In 2017, the sum 
of premature mortality from the two pollutants was  
0.94 million (decreased by 6.93% from 2005), of which 
the total economic loss was RMB 1170.31 billion yuan 
(about two times the number in 2005) with the national 
economic development [Figure  2A–B]. The premature 
mortality in this study was consistent with some exist-
ing studies.[32,33] However, the economic loss was higher 
than those in previously published studies,[34–36] and its 
proportions of GDP was near the range of the available 
estimates (2.9–5.9% in previous studies).[4,8,16,37,38] These 
differences may come from the various data sources, the 
C-R function, different methods of assessing economic 
burden, and studying periods [Supplementary Table 1, 
http://links.lww.com/CM9/B851]. The PM2.5 and O3-re-
lated premature mortality in 2017 that Xiao et al[39] 
assessed was slightly higher than that in this study, due to 
the various sources of exposure and population data. The 
exposure data from the tracking air pollution in China 
(TAP) and the population from the LandScan Global 
Population Database set, have slightly different spatial 
and temporal characteristics to our study.[39] Maji et 
al[15,40] and OECD (https://stats.oecd.org) estimated that 
the number of premature deaths associated with PM2.5 
and O3 was in accordance with the results of this study. 
However, the total economic burden of this study was 

Figure 3: Contribution of each driving factor to the change in economic cost of premature 
mortality due to ambient PM2.5 and O3 (the lengths indicate the contribution of each driving 
factor to the change in the economic loss; the marked percentages show the contribution 
as a proportion of the cost in 2005 or 2013). O3: Ozone; PM2.5: Fine particulate matter.

Figure 2: Changing trends of premature mortality (A) caused by PM2.5 and O3 and its eco-
nomic loss (B) across China (the marked percentages indicate the contribution of O3 to the 
overall premature mortality and economic loss). O3: Ozone; PM2.5: Fine particulate matter.
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higher than that Maji et al[15,40] estimated (108.99 million 
US dollars), and lower than that of OECD (2.15 trillion 
US dollars). This is mainly because of the different VSL 
values of WTP methods. Furthermore, many studies are 
prospective, so they could not take into account historical 
spatio-temporal patterns of health and economic burden 
or benefits of two pollutants after clean air policies.[4,38] 
To minimize these uncertainties, we made estimates by 
using county-level statistics like county-level population 
and county-level exposure, as well as province-level var-
iables like provincial CPI and GDP per capita to adjust 
the VSL. To assess the data, we aggregated the health and 
economic burden from the two pollutants and created a 
coarse scale description and discussion to gain compre-
hension to aid macro decision-making, especially after the 
implementation of clean air policies.

Recently, China has implemented a series of national and 
regional air quality improvement policies and measures, 

achieving the significant reduction in PM2.5 concentration 
and the great health benefits. However, the annual average 
PM2.5 concentration was still higher than that of WHO 
Air Quality Guidelines (5 µg/m3), and its related prema-
ture deaths and economic burden were still great [Figure 2 
and Supplementary Figure 1, http://links.lww.com/CM9/
B851].[13] The PM2.5-related premature mortality for 
cardiovascular disease accounted for the majority, espe-
cially IHD and stroke. These findings are consistent with 
reports reported in the literature.[18,41–44] Moreover, some 
previous studies indicated that PM2.5-related premature 
mortality remained high in China even at the low con-
centration.[39,41] Therefore, China still must improve the 
management of PM2.5 pollution as well as the prevention 
and control of reducing the morbidity and mortality rates 
of cardiovascular diseases, in order to significantly lower 
the burden of disease. However, as O3 concentrations 
rose, the O3-related premature mortality and its economic 
burden increased, particularly in the YRD, FWP and SC 

Figure 4: Economic burden of premature mortality due to ambient PM2.5 and O3 of each province in 2005 (A), 2010 (B), 2015 (C), and 2017 (D). O3: Ozone; PM2.5: Fine particulate matter.
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regions. [Figures 1, 2, and Supplementary Figure 1, http://
links.lww.com/CM9/B851]. Many studies have demon-
strated that after implementing the APPCAP, several cities 
or regions had strived to address the PM2.5 issue, but the 
O3 concentrations were unexpectedly growing because 
of the complex chemical interactions.[12,45,46] These find-
ings emphasized that the great progress has been made 
in reducing PM2.5 concentrations across China in recent 
years, but the adverse effects of growing in O3 pollution 
could not be ignored. Therefore, the regions with higher 
PM2.5 concentration should pay attention to cutting down 
the PM2.5 pollution and, at the same time, keeping the 
O3 concentration from increasing. Some regions with 
both higher PM2.5 and O3 concentrations, such as the 
BTH, YRD, FWP, and SC regions were recommended to 
coordinately control the two pollutants. Nowadays, the 
14th Five-Year Plan for National Economic and Social 

Development (2021–2025) includes the coordinated con-
trol of PM2.5 and O3 pollution. It is important to adopt 
coordinated management measures that are based on the 
spatio-temporal patterns of two pollutants, the disease 
burden associated with them, population growth, and 
socioeconomic development.

The disproportionate health at the regional and province 
level were influenced by the concentration changes of 
air pollutant, population density, and baseline mortality. 
However, due to the economic growth, the economic bur-
den in China showed an increasing trend. In the central 
China (such as Hubei and Hunan provinces), the prema-
ture deaths were relatively slight, but the economic losses 
were relatively higher due to the high GDP [Figure 4A–D]. 
Hence, China must continue to make great efforts on 
air pollution prevention and control while maintaining 

Figure 5: Proportion of economic loss from deaths caused by ambient PM2.5 and O3 to GDP of each province in 2005 (A), 2010 (B), 2015 (C), and 2017 (D). GDP: Gross domestic product; 
O3: Ozone; PM2.5: Fine particulate matter.
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economic growth. Greater targets and tougher regula-
tions of air quality improvement must be implemented 
in densely inhabited and economically developed areas. 
The proportion of the economic burden of PM2.5 and O3 
in GDP decreased significantly in all provinces of China, 
with the highest decline occurring in the southeast region 
between 2005 and 2017 [Figure 5A–D]. This indicated 
that the speed of economic development was higher 
than the growth of economic burden from air pollution 
issues as the Chinese government has been paying more 
and more attention to environmental protection while 
fostering economy growth. The area with the highest 
proportion mainly shifted from southwest China (Sichuan 
and Guizhou) to northeast China (Liaoning and Jilin) 
[Figure 5A–D]. These findings suggested that the ability 
of each region across China to withstand and respond 
with the economic losses attributed with air pollution 
was different due to the economic growth. The southeast 
region (Guangdong Province) with high economy and 
rapid economic growth, has a higher capacity to cope 
with its great economic burden. The economic losses in 
the northeastern provinces were relatively small, but the 
economic burden had a greater impact in these regions 
compared to their overall GDP. Compared with other 
regions, the northeastern provinces have realized eco-
nomic growth through heavy industry, leading to serious 
air pollution. And this region with great mortality rate of 
chronic diseases and slow economic development, caused 
higher disease and economic burden.[41] It is urgent for 
the northeast China to optimize the industrial structure, 
encourage new energy development, and reduce the mor-
bidity and mortality, in order to economic growth and 
burden reduction.

This study demonstrated significant advantages in 
assessing the changing trends and regional patterns of 
the economic burden of premature deaths attributed to 
long-term PM2.5 and O3 exposure in China, but there 
are a few limitations. First, our estimation used the 6th  
census data in 2010 and did not consider the population 
change during the 13 years. Moreover, the spatial features 
of any sociodemographic aspects might not change over 
time. Therefore, we used the 2010 census data for all the 
13 years in this study. Because our pollutant exposure 
data were based at the county-level and collected yearly 
from 2005 to 2017, we believe that our study provides a 
scientific and reasonable estimation and crucial informa-
tion related to the economic burden associated with air 
pollution. Second, the health risks caused by air pollution 
also leads to medical cost and economic loss in the form 
of labor loss and lack of working hours. However, due 
to the lack of widely accepted exposure-response asso-
ciations between hospitalization and air pollution, and 
labor loss and air pollution, we estimated the economic 
burden from premature deaths associated with long-term 
PM2.5 and O3 exposure and estimate the medical cost and 
economic loss from labor loss and lack of working hours 
related to air pollution. The comprehensive estimation 
will be considered in our future studies based on the pro-
gresses of above relationships.

In conclusion, the clean air policy in China brought 
significant health and economic benefits but the disease 

burden from PM2.5 and O3 pollution remained at high 
levels and kept increasing during 2005–2017. Although 
the health and economic burden from O3 is lower than 
that of PM2.5, it has a significant increase along with the 
economic development and the rising of O3 concentration 
while the PM2.5 concentration has decreased thanks to the 
years of efforts. In an era to achieve the target of carbon 
peaking and neutrality, China has been taking a syner-
gistic pathway and continuous efforts to curb pollution 
and mitigate climate change, which could hopefully bring 
great health benefits.
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