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Abstract
Handan has been experiencing severe air pollution with significantly high fine particulate matter (PM2.5) and ozone (O3) levels in
recent decades, but its health and economic outcomes have not been well understood. In this study, health effects due to PM2.5

and O3 by exposure-response functions during 2015 to 2017 were quantified. The corresponding economic loss was evaluated
based on the value of statistical life (VSL). The years of life lost (YLL) due to PM2.5 exposure was also estimated. Annual average
O3 concentration increased by 35.1% from 2015 to 2017 compared to 2015, while PM2.5 concentration decreased by 6.6%.
Premature mortality of PM2.5 exposures due to cerebrovascular disease (CEVD, 6209) was the highest, followed by ischemic
heart disease (IHD, 3476), lung cancer (LC, 1415), and chronic obstructive pulmonary disease (COPD, 1265) in 2017. The
estimated total premature deaths in Handan due to PM2.5 were 12,361 (CI95: 5897–16,388), 11,802 (CI95: 5524–15,853), and
12,365 (CI95: 5848–16,528) people in 2015–2017. The total years of life lost (YLLtotal) attributed to PM2.5 exposures was
119,028, 113,826, and 118,239 in 2015, 2016, and 2017, respectively. The premature deaths and total YLL of female due to
PM2.5 exposures were 5317 and 47,529, and those of male were 7049 and 70,710 in 2017. O3-associated COPD premature
mortalities and YLLtotal in 2017 were 2.16 and 2.14 times more compared to 2016. Economic losses associated with PM2.5 and
O3 exposures were 18.0, 19.3, and 22.8 billion Chinese Yuan (CNY), accounting for 5.73%, 5.78%, and 6.21% of Handan’s
gross domestic product (GDP) in 2015, 2016, and 2017, respectively. Premature mortality and YLL due to PM2.5 exposures
would be reduced by 84.7% and 85.0% when PM2.5 was reduced to WHO Air Quality Guidelines (AQG) of 10 μgm−3. This
study improves the understanding of adverse health and economic effects of high pollution and indicates that Handan needs to
adopt more stringent measures to decrease PM2.5 and avoid O3 increase.
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Introduction

Air pollution is associated with human health, ecosystem, and
climate effects. Fine particulate matter (PM2.5) and ground-level
ozone (O3) are twomajor contributors to hazardous air pollution.
PM2.5 is a complexmixture of directly emitted components such

as organic carbon and elemental carbon and secondarily formed
components including nitrate, sulfate, ammonium, and second-
ary organic aerosol with aerodynamic diameter of 2.5 μm or
less. O3 is a reactive gaseous pollutant and strong oxidant
formed by photochemical reactions involving volatile organic
compounds and nitrogen oxides in the presence of sunlight
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(ultraviolet radiation) (Gao et al. 2017). Epidemiological studies
establish related relationships between long-term exposure to
PM2.5 and premature human mortality due to cerebrovascular
disease (CEVD), ischemic heart disease (IHD), lung cancer
(LC), and chronic obstructive pulmonary disease (COPD),
and thereby substantially reducing life expectancy (Apte
et al. 2015; Burnett et al. 2014; Hajizadeh et al. 2020;
Lelieveld et al. 2013; Lelieveld et al. 2015). O3 is the second
major contributor to hazardous air quality with health risk by
respiratory disease, including COPD linked to increased O3

(Abdolahnejad et al. 2018; Carey et al. 2013; Jerrett et al.
2009; Lelieveld et al. 2015).

PM2.5 and O3 have attracted much attention in China.
Besides the investigations of high concentrations of PM2.5

and O3, the adverse health effects have been estimated. By
adopting the integrated exposure-response (IER) function
(Burnett et al. 2014) to the global burden of disease due to
PM2.5 exposure (GBD 2013), Lelieveld et al. (2015) reported
1.36 million premature mortalities attributed to PM2.5 and O3.
A number of studies proved the adverse effects of PM2.5 on
premature mortality (Hu et al. 2017; Lin et al. 2016; Liu et al.
2016; Shang et al. 2013; Song et al. 2017; Xie et al. 2016) in
national and regional scales domestically. For instance, Liu
et al. (2016) and Hu et al. (2017) estimated that adult prema-
ture deaths linked to PM2.5 exposure in China. In addition to
premature mortality, years of life lost (YLL) is also very
meaningful for estimations of the health burden due to
PM2.5 pollution and environmental policy decision. There
are some studies analyzed PM2.5-/O3-related YLL (Ghude
et al. 2016; Guo et al. 2018; Guo et al. 2013; Nie et al.
2018; Pope III et al. 2009), and most of them mainly focus
on estimating health impacts on national/regional scales. The
estimation of health effects at the city level was relatively less.

Economic losses arising from PM2.5- and O3-related health
burden are also of great interest. A number of studies on value of
statistical life (VSL) were conducted in different regions (Bayat
et al. 2019; Gao et al. 2015; Ghude et al. 2016; Hammitt et al.
2019; Huang and Zhang 2013; Lu et al. 2016; Viscusi and
Masterman 2017; Zeng et al. 2019). Using the Benefits
Mapping and Analysis Program (BenMap) model, Zeng et al.
(2019) estimated that the total economic losses due to premature
deaths, hospital admissions, and morbidity were 126.25 billion
Chinese Yuan (CNY), about 1.53% of China’s GDP. Lu et al.
(2016) presented that economic loss of premature death and
morbidity attributable to NO2, SO2, O3, and PM10 using the
VSL and cost of illness (COI) methods. The economic loss
was 91,458 to 156,714 million CNY and was about1.4–2.3%
of the annual GDP in 2013. Gao et al. (2015) assessed that the
economic loss of health impacts was 1571.8 (95% CI: 1054.0,
2051.1) million CNY during the January 2013 haze in Beijing
and might be 0.08% of the local GDP.

Handan, located in the south of Hebei province in the North
China Plain, suffers with severe PM2.5 concentrations. Unlike

other regions in the country, in addition to slower decrease of
PM2.5 concentrations in recent years, O3 concentration is in-
creasing gradually. However, the health and economic effects
of high PM2.5 and O3 in Handan have not been well
understood.

Therefore, this study aims (1) to investigate the character-
istics of PM2.5 and O3; (2) to estimate premature mortalities
(cause-specific and age-specific) and YLL linked to PM2.5 and
O3 exposures for adults by applying integrated exposure-
response functions in Handan for 2015–2017; (3) to assess
the economic losses resulted from PM2.5 and O3 pollution;
and (4) to examine the potential health benefits of PM2.5 con-
centrations in five reduction targets. In particular, this is the
first study assessing health damage of O3 and related econom-
ic loss in Handan. This study also focused on health benefits
of both PM2.5 and O3 at city level. This study should be of
important value to the government for designing comprehen-
sive goals and measures in reducing air pollution in Handan.

Data and methods

PM2.5 and O3 concentrations

PM2.5 hourly concentrations and O3 daily maximum 8-h con-
centrations in 2015–2017 in four air quality monitoring sites
in Handan were downloaded from the website of the Chinese
Environmental Protection Bureau (http://www.cnemc.cn/).
The sites are Cong Tai Park, East Sewage Treatment Plant,
Environmental Protection Bureau (all loaded in Cong Tai
District), and Handan Mining Institute (loaded in Han Shan
District) (Fig. S3). Strict quality control and assurance have
been conducted by the Chinese Ministry of Environmental
Protection before pollutant concentrations publication,
following the Technical Guideline on Environmental
Monitoring Quality Management (HJ 630-2011). The 8-h
peak ozone concentrations were calculated based on hourly
concentrations. The daily average concentrations of each pol-
lutant were calculated when these data are valid (considering
more than 16 h) for analysis.

Estimation of premature mortality

The premature mortalities for PM2.5- and O3-related diseases
were estimated according to the human health impact function
given in Eq. (1) (Anenberg et al. 2010).

ΔMort ¼ y0 �
RR−1
RR

� Pop ð1Þ

where ΔMort is premature deaths for a given disease due to
PM2.5/O3 exposure; y0 is the baseline mortality rate attributed
to a given disease for a certain population in Handan as given
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in Table S1-S3. The baseline mortalities of sex 10-year age
groups in 2015–2017 were from the China Public Health and
Family Planning Statistical Yearbook 2016–2018. The RR is
relative risk for a given disease due to long-term exposure, and
the expression (RR−1)/RR represents the attributable fractions
(AFs), which is the fraction of mortality for a given disease.
The Pop is the population for given age group, and the age
distributions in 2015–2017 (see Table S4) were obtained from
the China Statistical Yearbook.

The RRs of premature deaths attribute to CEVD, IHD, LC,
and COPD linked with long-term exposure to PM2.5 pollution
are obtained based on the integrated exposure-response (IER)
model concluded by Burnett et al. (2014) as shown in Eqs. 2
and 3. Burnett et al. considered much higher PM2.5 exposure
concentration in the model, which may adapt those countries
with higher PM2.5 (such as East and South Asia). It is assumed
that PM2.5 toxicity depends on concentration instead of
sources or chemical compositions.

RR ¼ 1; for C < Ccf ð2Þ

RR ¼ 1þ α 1−exp −γ C−Ccfð Þδ
h in o

; for C≥Ccf ; ð3Þ

where Ccf is the threshold concentration under which there is
no additional risk and C is the mean PM2.5 concentration. A
total of 1000 sets ofα, γ, δ, andCcf values were used inMonte
Carlo simulations for four diseases category for adult. Dataset
is obtained from the Global Health Data Exchange website
(http://ghdx.healthdata.org/sites/default/files/record-attached-
files/IHME_CRCurve_parameters.csv, last access: 14
March 2018). In this study, RR is estimated for the total
population above the age of 25. We also adopted the bounds
to represent the 95% confidence interval (CI) of RR based on
the contents above.

The exposure-response function recommended by Ostro
(2004) was used to calculate O3-related COPD:

RR ¼ C þ 1ð Þ= C0 þ 1ð Þ½ �β ð4Þ

where C0 refers to the threshold concentration of 37.6 ppb
suggested by Lim et al. (2012). The β(0.1521) is the coeffi-
cient to show the association between concentration and RR
obtained from Lim et al. (2012). Uncertainties and sensitivity
of the shape of exposure-response functions were briefly
discussed in previous studies (Burnett et al. 2014; Lim et al.
2012).

Estimation of years of life lost

YLL is an important part of disability-adjusted life year
(DALY). As a precise term to evaluate the burden of diseases,
YLL also helps to explain the health effects of PM2.5

pollution. YLL can be predicted by the DALY calculation
template (http://www.who.int/healthinfo/global_burden_
disease/tools_national/en/). There are four diseases (CEVD,
IHD, LC, and COPD) involved in estimating total YLL in
this study. The YLL per 1000 people (YLL/1000) is
calculated by Eq. (5):

YLL

1000
¼ 1000� YLLtotal

Poptotal
ð5Þ

where YLLtotal is the YLL of male and female for specific
group, and Poptotal is the total population for given year.

Economic loss assessment

The VSL was used to further assess economic losses due to
PM2.5- and O3-related premature death in Handan from 2015
to 2017. VSL is a measure of total monetary value of individ-
ual mortality risk reduction and is widely used in economic
assessment of environmental health and safety risk policies. In
this work, the unit economic loss of health impacts comes
from historical research results. Authoritative results from pre-
vious publications of similar study scopes or years were se-
lected to provide reliable benchmarks for estimating economic
benefits. Equation (6) (Mu and Zhang 2015; Zeng et al. 2019)
shows the procedure used to estimate VSL of Handan. The
benchmark unit economic cost of death was obtained from
Huang and Zhang (2013) whose estimations were successful-
ly applied on the Beijing-Tianjin-Hebei region and the value is
0.908 million CNY for the base year of 2010.

VSLn ¼ VSLbase � Incomen
Incomebase

� �β

ð6Þ

where VSLn indicates the unit value of statistical life in the
year of n, income is the per capita disposable income, VSLbase

is the value of a statistical life of the base year (2010), and β is
the income elasticity (β = 1.4).

Health benefits of PM2.5 reduction

Based on WHO PM2.5 guidelines, five reduction PM2.5 stan-
dards were selected to estimate the potentially avoidable pre-
mature mortality and YLL by reducing PM2.5 concentrations
in Handan, i.e., WHO IT1 of 35 μgm−3 (or Chinese Ambient
Air Quality Standard (CAAQS) grade II), WHO IT2 of
25 μgm−3, WHO IT3 of 15 μgm−3 (CAAQS grade I), the
US Ambient Air Quality Standards (US AAQS) of
12 μgm−3, and WHO Air Quality Guidelines (AQG) of
10 μgm−3, respectively. We considered 8-h mean concentra-
tion of 100 μgm−3 (46.7 ppb) for O3. We assume that the
cause-specific premature death rates are independent of
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PM2.5 concentrations. The age distribution and population
were unchanged in all circumstances.

Results and discussions

PM2.5 and O3 characteristics and RRs

Figure 1 and Figure S1 list the monthly and seasonal varia-
tions of PM2.5 and O3 in 2015–2017. Annual average PM2.5

concentrations these years were 91 (± 43), 81 (± 46), and 86
(± 38) μgm−3, much higher than the CAAQS grade II of
35 μgm−3. Especially, December 2015, December 2016, and
January 2017 had severe pollution with concentrations of 173,
234, and 170 μgm−3, respectively. PM2.5 concentrations in
spring (from March to May), summer (from June to
August), and fall (from September to November) in
2017 were higher than those in 2016, while it was lower
in winter (from December to February) 2017 than in 2016
with extremely high value of 116 μg/m3. The changing
trends suggested that the efforts were not enough to ef-
fectively cut air pollution as requested by the local air
pollution action plan. PM2.5 in Handan rebounded in
2017 while it decreased in the Beijing-Tianjin-Hebei re-
gion (9.9%) and the whole country (4.5%).

A remarkable seasonal variation of PM2.5 was found with
the highest value of 116 μgm−3 in winter and the lowest of
64 μgm−3 in summer in 2017. Higher PM2.5 concentrations in
winter were likely attributed to more frequently stagnant
weather with weak wind, relatively low boundary layer
height, and higher anthropogenic emissions in Handan. New
particle formations and secondary aerosol productions could
further lead to increase of PM2.5 (Chen et al. 2008; Guo et al.
2014; Huang et al. 2014; Zhang and Cao 2015). PM2.5 was at
lowest level in summer because of reducing fossil fuel and

biomass burning of domestic heating. Higher atmospheric
mixing layer could also result in stronger dilution effect of
atmosphere (Yoo et al. 2014; Zhang and Cao 2015).

Figure 1 also shows monthly variations of O3 in Handan
from 2015 to 2017. Annual average O3 concentrations were
37 ± 13, 43 ± 13, and 50 ± 14 ppb, respectively, with a signif-
icant increasing rate of 7 ppb/year. The increase of O3 with
slightly decrease of PM2.5 from 2015 to 2017 indicates that
more comprehensive efforts are needed in pollution control.
Since O3 is formed through photochemical reactions that are
largely affected by strong solar radiation and high tempera-
tures (Pu et al. 2017), monthly O3 increased gradually from
the beginning of year and decreased after summer, reaching
maximum level in July. Since there were no major meteoro-
logical variations during 2015–2017, monthly variations were
consistent in the 3 years and were prominent in warm months.
It should be noted that low concentrations PM2.5 while high
O3 concentrations from April to October are partially related
in addition to the nature of their sources and formation path-
ways. PM2.5 could reduce solar radiation and acts as sink of
photochemical species; thus, high PM2.5 usually limits high
O3 concentrations (Li et al. 2019).

The peak values in July of the 3 years were 54, 69, and
92 ppb, respectively. The significantly high concentration in
July 2017 emphasizes the importance of considering O3 in
health analysis. O3 concentrations exceeded the WHO stan-
dard of 46.7 ppb from May to September. O3 concentration
was relatively low fromOctober toMarch in coldmonths with
the lowest levels of 14, 15, and 21 ppb in December. The
increase of O3 was similar across the country (8.0%) and in
the Beijing-Tianjin-Hebei region (15.6%).

Figure 2 shows monthly variations of RR due to PM2.5-
associated COPD, IHD, LC, and CEVD from 2015 to 2017.
The RR (1.92, 1.89, and 1.90) of CEVD due to PM2.5 was
highest, followed by IHD and LC, while RR of COPDwas the

Fig. 1 Monthly variation of PM2.5 (a) and O3 (b) concentrations in Handan
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lowest in different months. The RRs of four diseases were
higher in winter and lower in summer. As shown in Fig. 3,
RRs of O3-associated COPD were significantly high from
May to September especially in July. In contrast, RRs from
Oct. to Feb. were less than 1, which was regarded as no health
risk. O3-related RRs in 2017 were generally higher than the
corresponding data in 2015 and 2016 due to increase of O3

concentration. It is implied that more attention should be paid

to O3 pollution in summer and more reasonable control poli-
cies should be taken in Handan for reduction of both PM2.5

and O3.

Premature mortality and YLL

RRs for disease-specific mortalities were given based on
the IER model (Table S5). Among the four diseases,
CEVD had the highest RR value, indicating the particu-
larly strong association between PM2.5 exposures and ex-
cess cerebrovascular disease mortality. The trends for RRs
of IHD and COPD were similar. The AFs (%) of the
premature mortality associated with PM2.5 for CEVD,
IHD, LC, and COPD were 47% (95% CI 17–57%), 31%
(95% CI 22–49%), 32% (95% CI 11–42%), and 25%
(95% CI 13–34%) in 2017, respectively (Table S6). The
AFs were generally consistent among these 3 years.
CEVD had highest AF value followed by IHD and LC
while COPD had the lowest estimation. Results were in
well accord with previous studies (Apte et al. 2015;
Cohen et al. 2017; Evans et al. 2013; Hu et al. 2017;
Liu et al. 2016). AFs would significantly decrease if the
Handan government improves ambient air quality to meet
the WHO IT1, IT2, IT3, and AQG standards. When PM2.5

was lower than 15 μgm−3, IHD had the highest AF and
became the major disease rather than CEVD.

Fig. 2 Monthly change of relative risk (RR) for chronic obstructive pulmonary disease (COPD), ischemic heart disease (IHD), lung cancer (LC), and
cerebrovascular disease (CEVD) due to PM2.5 exposures in 2015–2017

Fig. 3 Monthly change of relative risk (RR) for chronic obstructive pul-
monary disease (COPD) due to O3 exposure in 2015–2017
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The total premature deaths for adults (≥ 25 years old) at-
tributed to COPD, LC, IHD, and CEVD are shown in Table 1.
High PM2.5-associated premature mortality occurred in
Handan with high population density. The premature mortal-
ity associated with PM2.5 from 2015 to 2017 was approxi-
mately 12,361 with CI95 of 5897–16,388, 11,802 with CI95
of 5524–15,853, and 12,365 with CI95 of 5848–16,528,
respectively.

The disease-specific deaths associated with CEVD, IHD,
LC, and COPD in 2015 were 6258, 3263, 1414, and 1425,
respectively. The deaths caused by PM2.5 were slightly de-
creased to 5992, 3246, 1313, and 1251 due to slight reductions
of AF in 2016. However, the disease-specific deaths increased
to 6209 (CI95 2286–7489), 3475 (CI95 2420–5440), 1415
(CI95 479–1867), and 1265 (CI95 663–1733) in 2017, respec-
tively. This indicates that pollution control measures should
be strengthened in Handan. As shown in Table 1, CEVD had
the highest PM2.5-related premature mortality, followed by
IHD. These outcomes matched with the results from previous
estimations (Guo et al. 2018; Hu et al. 2017; Nie et al. 2018). It
is implied that the effects of PM2.5 on cerebrovascular diseases
were larger than on respiratory diseases. In addition, there
were significant differences in death among male and female
(Fig. 4) with higher disease-specific deaths in males than in
females when ages were lower than 84. The differences main-
ly resulted from gender-specific baseline mortality rates.
Especially, the age group ranged from 65 to 74 revealed the
largest differences of disease deaths caused by gender.
Premature death for the old females (> 85) was higher than
that for old males. It is mainly because of greater female pop-
ulations in this age group. Figure 4 also provides the total of
premature death in different age groups. The aged (> 65)

accounted for large percentages of total premature mortality,
and premature mortalities at 55–64 group in male were rela-
tively high (1000 people/year), while the younger people less
than 44 years old had slightly lower mortality. The differences
in baseline mortality rates among age groups resulted in the
differences in mortalities. In all diseases attributed to PM2.5

exposures, premature deaths of male were larger than those of
female from 2015 to 2017, mainly because of higher all-cause
mortalities (COPD, LC, IHD, and CEVD) rates (y0) in males.
For example, premature mortality of male was 3493 (CEVD),
1823 (IHD), 987 (LC), and 745 (COPD), while mortality of
female was 2716 (CEVD), 1652 (IHD), 428 (LC), and 520
(COPD), respectively in 2017.Moreover, CEVD had the most
significant effect on premature mortalities.

For mortalities associated with O3-related COPD, the pre-
mature mortalities increased with baseline mortality rate and
maximum increase was found for ≥ 60 years old. The prema-
ture mortalities were about 42 for 65–74 group, 79 for 75–84
group, and 73 people for ≥ 85 years old, respectively. The
greatest premature deaths were found in 75–84 group with
large population and high baselinemortality rate. It is revealed
that premature age-specific mortalities attributed to O3 expo-
sure showed similarity to those for PM2.5. The aggregated
estimation of O3-related COPD premature mortality was
about 99 and 214 in 2016 and 2017, respectively. The O3

concentration in 2015 was lower than the threshold concen-
tration, and the premature death was regarded as zero.

Table 2 shows that total YLLs for CEVD, IHD, LC, and
COPD attributed to PM2.5 exposures were 119,028, 113,826,
and 118,239 years, respectively. The lost years were higher in
males than in females, which is mainly because of higher all-
cause mortality rates in males. The contribution of ambient

Table 1 Premature deaths and 95% CI from chronic obstructive pulmonary disease (COPD), lung cancer (LC), ischemic heart disease (IHD), and
cerebrovascular disease (CEVD) due to PM2.5 in adults (> 25 years old) in 2015–2017

Year Disease Male Female Total

2015 COPD 823 (440, 1124) 603 (322, 823) 1426 (762, 1948)

LC 985 (348, 1298) 429 (151, 565) 1414 (469, 1862)

IHD 1714 (1201, 2683) 1549 (1086, 2424) 3263 (2287, 5107)

CEVD 3503 (1315, 4183) 2755 (1034, 3289) 6258 (2349, 7471)

Total 7026 (3304, 9288) 5335 (2593, 7101) 12,361 (5897, 16,388)

2016 COPD 724 (377, 1002) 527 (275, 730) 1251 (652, 1732)

LC 918 (304, 1225) 395 (131, 527) 1313 (435, 1751)

IHD 1711 (1192, 2689) 1536 (1070, 2414) 3246 (2263, 5103)

CEVD 3374 (1224, 4092) 2618 (950, 3175) 5992 (2174, 7267)

Total 6726 (3098, 9007) 5076 (2426, 6846) 11,802 (5524, 15,853)

2017 COPD 745 (390, 1020) 520 (273, 713) 1265 (663, 1733)

LC 987 (334, 1302) 428 (145, 565) 1415 (479, 1867)

IHD 1824 (1270, 2854) 1652 (1150, 2585) 3475 (2420, 5440)

CEVD 3493 (1286, 4213) 2716 (1000, 3276) 6209 (2286, 7489)

Total 7049 (3280, 9389) 5317 (2568, 7139) 12,365 (5848, 16,528)
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PM2.5 was the highest to YLLs for CEVD followed by IHD,
LC, and COPD and the risk of cardiovascular system diseases
(CEVD and IHD) was higher than that of respiratory system
diseases (LC and COPD). YLLT/1000 values (Eq. (5)) for
CEVD, IHD, LC, and COPD were 8.81, 4.61, 2.49, and
1.44 years in 2017, respectively. Same as the premature
mortality, 65–74 age group had the largest YLL in all
groups (Fig. 4). There was small difference in YLL among
genders for age groups of 75–84 and 25–34. YLLs of elder
females (> 85) were higher than that of males, while YLLs
of elder males were higher than elder female among 35–
74 years. The estimated total YLLs (> 25 years old) in
Handan were 1785 years per 100,000 (in 2015), higher than
the estimations from Nie et al. (2018). The YLLs per
100,000 were also much higher than that of the developed
countries in 2015 (Cohen et al. 2017), such as 337.1 years
for DALY per 100,000 in the USA and 261.7 years in
Japan. YLLs caused by CEVD, IHD, LC, and COPD were
59,989, 31,432, 16,983, and 9835 in 2017, respectively.
YLLs of COPD attributed to O3 exposure were 777 and

Table 2 Years of life lost (YLL) of four diseases due to PM2.5 in
Handan among 3 years

Year Disease YLLmale YLLfemale YLLtotal YLLT/1000

2015 COPD 6567 4695 11,262 1.69

LC 11,697 5306 17,003 2.55

IHD 16,892 12,934 29,826 4.47

CEVD 35,367 25,570 60,937 9.14

Total 70,523 48,505 119,028 17.85

2016 COPD 5787 4060 9846 1.46

LC 11,012 4936 15,947 2.36

IHD 17,010 12,684 29,693 4.39

CEVD 34,283 24,054 58,339 8.63

Total 68,092 45,734 113,826 16.83

2017 COPD 5895 3940 9835 1.44

LC 11,704 5279 16,982 2.49

IHD 17,899 13,533 31,432 4.61

CEVD 35,212 24,777 59,989 8.81

Total 70,710 47,529 118,239 17.36

Fig. 4 Premature mortality and years of life lost due to PM2.5 exposures in Handan
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1663 in 2016 and 2017, respectively. The premature deaths
and YLLs due to PM2.5 and O3 exposure were very high
and more rigorous pollution control policies should be tak-
en in Handan.

Economic losses

The economic losses were calculated for premature deaths due
to both PM2.5 and O3 exposures. Established VSL for 2015–
2017 was 1.46, 1.62, and 1.81 million CNY, respectively
(Table S7). The economic costs of premature death associated
with PM2.5 were 18.0, 19.1, and 22.4 billion CNY among
three years, and those for O3 exposure were 0.16 (2016) and
0.39 (2017) billion CNY, respectively (Table 3). The total
economic losses of O3 and PM2.5 were 18.0, 19.3, and 22.8
billion CNY, accounting for 5.73%, 5.78%, and 6.21% of
Handan’s GDP from 2015 to 2017.

It should be noted that the range of VSL was relatively
broad and using different values would give different results.
Thus, other published methods for calculating VSL were also
used and compared for more comprehensive understanding
(Table S7). In the recommended method by Organization for
Economic Co-operation and Development (OECD) (2014),
VSL is estimated in cost-benefit analysis and used for higher
income and low-pollution countries or districts as the USA
and Europe. This method is calculated country-specific VSL
and adjusted by the benefits transfer approach (mainly
adjusting the differences in income or national per capita out-
put). As for Lu et al. (2016), method is simplified form for
OECD formula, only considering the influence of consumer
price index (CPI). The other methods are the same expression
form with the different choices of two key factors, being the
baseline of VSL and income elasticity (β). The estimated VSL
(19.0, 21.8, 23.7 million CNY) for Handan was largest after
adjusting the differences in income and GDP per capita sug-
gested by OECD in 2014. This method was used to calculate
the national VSL evaluation with the base year of 2005.
Similar to Lu et al. (2016), VSL for China in 2010 (0.975
million USD) was selected as the baseline and only
considered the consumer price index. The established VSL
for Handan was 1.12, 1.21, and 1.26 million USD in 2015,
2016, and 2017, respectively. Hammitt et al. (2019) reported
that VSL of Chengdu was 0.55million USDwith β of 1.0–3.0
in 2016 by contingent value method. Using this value as

baseline, VSL of Handan was 0.38, 0.41, and 0.41 million
USD (β = 1.0) from 2015 to 2017, respectively. If β is 3.0,
the VSL would be 0.18, 0.22, and 0.22 million USD, respec-
tively. It should be noted that VSL baseline and income elas-
ticity were critical data and their reliability would affect the
assessment of economic losses.

Premature mortality benefits of PM2.5 reduction

The benefits of reducing PM2.5 concentrations were analyzed
to encourage more effects in pollution control. Figure 5 shows
the normalized premature mortality with proportional reduc-
tions (every 10%) in PM2.5 concentrations relative to 2017
concentrations for Handan. The benefits of PM2.5 reductions
to total premature mortality increased as PM2.5 concentrations
decreased. For example, 10%, 40%, and 80% reductions in
PM2.5 in Handan caused 3%, 16%, and 65% reduction in
premature deaths assuming the population stay unchanged.
A 20% and 50% reduction of PM2.5 concentrations would
lead to 4%, 7%, 12%, and 12% and 19%, 21%, 35%, and
35% reductions in premature deaths for CEVD, IHD, LC,
and COPD, respectively. The reductions of premature mortal-
ity associated with four diseases were 71%, 49%, 71%, and
70% when PM2.5 concentrations reduced by 80%. The bene-
fits of reducing PM2.5 for COPD and LC were higher than
those for CEVD and IHD. The benefits trend of COPD and
LC was almost identical in eight reduction scenarios. The
benefits of reducing PM2.5 for CEVD were smaller than that
for IHD at low fraction reduction (< 50%), while the benefits
for CEVD were larger than that for IHD when PM2.5 was
reduced by larger than 50%.

Figure S2 illustrates the premature death and YLL when
PM2.5 concentrations in Handan were reduced to five different
standards. Figure 6 shows the potentially avoidable premature

Fig. 5 Normalized premature mortality with a proportional reduction in
PM2.5 mass concentrations (relative to 2017 concentrations)

Table 3 Economic loss of premature mortality due to PM2.5 and O3 in
Handan (unit: billion CNY)

Economic loss 2015 2016 2017

PM2.5 18.02 19.13 22.37

O3 - 0.16 0.39

Total 18.02 19.29 22.76
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deaths, avoidable YLL, and relative changes. When PM2.5

was reduced to 35 μgm−3(CAAQS grade II), the premature
mortalities were decreased by 31.4% to 8486 and correspond-
ing total YLLs were reduced by 31.6% to 80,917 years. For
CAAQS grade I of 15 μgm−3, premature death and corre-
sponding total YLLs were reduced by 70.2% to 3689 and by
70.5% to 34,830 years, respectively. When PM2.5 was
dropped to AQG of 10 μgm−3, premature deaths between
2015 and 2017 due to PM2.5 exposure were reduced by
85.2% from 12,361 to 1824, by 84.6% from 11,802 to 1822,
and by 84.7% from 12,365 to 1895 people, respectively, and
the avoidable YLLs were reduced by 85.6%, 84.9%, and
85.0%, respectively. This indicates that reduction of PM2.5

has great potential in protecting human health and stricter
policies are needed to decrease health impacts of PM2.5 and
O3.

Conclusions

High PM2.5 and O3 concentrations caused significant health
effects in Handan. Annual PM2.5 concentrations were 91 ± 43,
81 ± 46, and 86 ± 38 μgm−3 in 2015–2017, and annual O3

concentrations were 37 ± 13, 43 ± 13, and 50 ± 14 ppb, re-
spectively. PM2.5 decreased slightly while O3 increased grad-
ually. The total premature mortalities due to O3 exposure were
99 and 214 people, and the corresponding total YLLs were
777 and 1663 years and YLLs per 1000 people were 0.11 and
0.24 years in 2016 and 2017, respectively. The premature

deaths and total YLL of female due to PM2.5 exposures were
lower than those of male. The premature mortality and YLL
due to PM2.5 exposure were 12,365 and 118,239 in 2017,
respectively. The economic losses due to PM2.5-associated
premature mortality were 18.0–22.4 billion CNY and due to
O3 were 0.16–0.39 billion CNY. The total losses accounted
for about 6.0%GDP in Handan. CEVDwas the main cause of
mortality, followed by IHD, COPD, and LC. Reducing PM2.5

concentrations led to great health benefits. When PM2.5 con-
centrations met the WHO IT1, IT2, IT3, US AAQS, and
AQG, mortality benefits were 31.4%, 46.9%, 70.2%, 78.5%,
and 84.6% of the total premature mortalities in 2017, respec-
tively. It is recommended that more efforts are needed for
protection of human health through keeping lowering PM2.5

and avoiding O3 increases in Handan.
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