
RESEARCH ARTICLE

The economic loss of health effect damages from PM2.5 pollution
in the Central Plains Urban Agglomeration

Xiangshan Fu1,2
& Li Li1,2,3 & Yalin Lei1,2 & Sanmang Wu1,2

& Dan Yan4
& Ximing Luo1,2

& Hui Luo1,2

Received: 11 November 2019 /Accepted: 23 March 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
The Central Plains Urban Agglomeration is an important growth pole of China’s economy, but the rapid economic growth is
accompanied by serious air pollution problems. In this paper, the latest available PM2.5 monitoring data in 2015–2017 and
exposure-response relationship model are used to quantitatively analyze the health effect damages due to PM2.5 pollution. The
way of disease cost, adjusted human capital, and willingness to pay were adopted to estimate the economic loss of health effect
damages. The results show that health effect damages of PM2.5 pollution in 2015–2017 were 11.9251 million, 11.4292 million,
and 11.1012 million, respectively, accounting for 7.41%, 7.05%, and 6.94% of the total population of this area. The health effect
economic loss was 97.398 billion RMB, 93.516 billion RMB, and 94.485 billion RMB, accounting for 1.73%, 1.53%, and 1.41%
of the GDP. Chronic bronchitis and premature death due to PM2.5 are the main sources of health effect economic loss. Elderly
people and infants are vulnerable groups of PM2.5 pollution. Affected by economic growth level, population density, and
economic structure, Heze, Zhengzhou, Handan, and Liaocheng were greatly affected by PM2.5 pollution, and their health effect
damages was larger. The health effect damages and health effect economic loss due to PM2.5 pollution in this area show a
downward trend, indicating that air pollution reduction measures have played a positive role. However, the whole effect is still
large. According to the results, this paper puts forward the policies.
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Introduction

In China, the rapid growth of economy has led to the deterio-
ration of the atmospheric environment, and the harm caused
by air pollution has also been increasingly severe, especially
the pollution by PM2.5.

In 2013, out of the monitored 74 cities in China, there were
only 3 cities that achieved air quality standards (Ministry of
ecology and Environment of the People’s Republic of China
2014). In 2016, 338 prefecture-level cities and above had
2464 days of severe pollution, 784 days of heavy pollution.
Among the heavy pollution days, 80.3% with PM2.5 as the
primary pollutant (Ministry of ecology and Environment of
the People’s Republic of China 2017). A total of 121 of the
338 cities achieved the air quality standards, with qualification
rate of 35.8% in 2018 (Ministry of ecology and Environment
of the People’s Republic of China 2019). It can be seen that
although the quality of China’s atmospheric environment has
been gradually improved since 2013, the situation is still not
optimistic, especially the PM2.5 pollution (Fig. 1).

The Central Plains Urban Agglomeration (CPUA) is locat-
ed in the central and eastern China, including 30 cities, namely
all 18 cities in Henan province, Liaocheng and Heze in
Shandong province; Changzhi, Jincheng, and Yuncheng in
Shanxi province; Huaibei, Bengbu, Suzhou, Fuyang, and
Bozhou in Anhui province; and Xingtai and Handan in
Hebei province. According to the Environmental Assessment
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Report on the Development Strategy for the Central Region
published by the Ministry of Ecological Environment in 2015,
PM2.5 concentrations in two thirds of the area in this region

were more than 70 μg/m3. The State Council pointed out the
environmental protection again in the Development Program
of CPUA in 2016 (National Development and Reform
Commission of the People’s Republic of China 2016). In
2017, Handan, Xingtai, and Zhengzhou in this area ranked
among the top ten cities with the worst air quality (Ministry
of Ecology and Environment of the People’s Republic of
China 2017). The air pollution of this region is still severe,
which not only seriously threatens the health of residents but
also brings about great economic loss.

World Health Organization statistics show that air pollution
causes two million premature deaths every year, of which fine
particulate matter has the greatest impact on human health.
PM2.5 is a fine particle less than 2.5 μm in diameter, which
can cause many respiratory diseases after inhalation.
Compared with other pollutants, PM2.5 is the most serious
hazard to human health (Zhou 2013).

For Henan Province, the main province of CPUA, PM2.5 in
the central and western regions was mainly from local, and
40–50% of PM2.5 in the eastern and northern regions were
from the surrounding areas. Residential sources, industrial
parks and motor vehicle emissions were the main sources of
PM2.5 (Wang et al. 2016). The overall characteristics of PM2.5

pollution presented the winter > spring > autumn > summer
(Cao et al. 2018).

Specifically, taking Zhengzhou, the capital of Henan
Province, and Xingtai, Hebei Province as examples, the
sources of PM2.5 in Zhengzhou were soil dust, coal combina-
tion, and the secondary aerosol secondary aerosol, and its
main components were nitrate, sulfate, and carbon fragments
(Geng et al. 2013). The sources of PM2.5 in Xingtai were coal
combination, secondary nitrate, vehicle exhaust dust, and sec-
ondary sulfur, etc. The main components were sulfur, organic
carbon, nitrate, elementary carbon, and ammonium (Hu et al.
2019).

Scholars have done a lot of research on the effect of fine
particle concentration on the incidence of related health ends
(Pope III et al. 2002; Miri et al. 2016; Khaniabadi et al. 2019;
Phosri et al. 2019; Qu et al. 2019; Qiu et al. 2019; Wu et al.
2019a, b; Hashmi et al. 2019). Poisson regression and gener-
alized additive model are common methods to study the rela-
tionships between pollutant concentrations and health inci-
dence. Many previous studies using these methods have fully
demonstrated the impact of fine particle concentration on the
health incidence (De Leon et al. 1996; Burnett et al. 1997;
Samet et al. 2000; Wong et al. 2002; Dai et al. 2004; Zhang
et al. 2018; Hu et al. 2015; Li et al. 2019; He et al. 2016) and
found that the incidence of each related health end would
increase with the increase of pollutant concentration.

After the harm of air pollution to human health has been
confirmed, how to analyze the health effect damages and
health effect economic loss quantitatively is particularly
important. Miraglia et al. (2005) evaluated the health effect

Fig. 1 PM2.5 concentration in Central Plains Urban Agglomeration from
2015 to 2017
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damages and health effect economic loss in Sao Paulo area by
using Daly model. Nam et al. (2010) quantified economic loss
of air pollution by using European data and CGR model.
Nagpure et al. (2014) found that there were more premature
deaths from air pollution in big cities of developing countries
than in developed countries. Brand and Hunt (2018) found
that the health economic loss attribute to air pollution from
car fuel combustion in the UK was between 22.6 billion
pounds and 71.3 billion pounds. Lelieveld et al. (2019) found
that there were 790,000 premature deaths from air pollution
every year in Europe. Cromar et al. (2019) believed that if the
American Thoracic Society air pollution standard was follow-
ed, the excessive death caused by air pollution in the United
States would greatly reduce.

As for China, the study of Matus et al. (2012) shows that
the economic loss of ozone pollution and fine particle
pollution increased by 90 billion US dollars between 1975
and 1997. Miao et al. (2017) and Tian et al. (2018) found that
the premature deaths of air pollution were 1.7–1.99 million in
China in 2006, and in 2030, the economic loss of PM2.5 pol-
lution will account for 0.68% of GDP. Chen et al. (2017)
found that a total of 200 billion RMB was used to treat health
hazards due to air pollution from 2006 to 2012. Huang et al.
(2018), Sun et al. (2018), and Wu et al. (2019a, b) also found
that due to the implementation of environmental protection
policies, 47,240 to 60,213 people avoided premature death
from 2013 to 2017, and if the emission reduction measures
were continued from 2015 to 2025, Beijing Tianjin Hebei
region would generate 366–810 billion economic benefits.
Chen and Bloom (2019) calculated that the economic loss
caused by air pollution in China from 1990 to 2030 was
1137 billion US dollars.

The exposure-response relationship model is usually
adopted to assess the health effect damages due to air
pollution, and health loss can be quantified by using the
way of disease cost, adjusted human capital, and
willingness to pay. Ghude et al. (2016) and Balakrishnan
et al. (2019) used this model to evaluate the health loss and
economic loss due to air pollution based on India data. Liu
et al. (2016) and Maji et al. (2018) found that 1.37 million
and 0.964 million people died prematurely due to PM2.5 in
China in 2013 and 2016, respectively. Li et al. (2017) and
Wu et al. (2017) took Beijing and Shanghai as research
objects, evaluated the economic loss by PM2.5 pollution
in Beijing, and then predicted the influence of pollution
in Shanghai in 2030.

After analyzing the relevant research results, we find that
most of previous studies mainly focused on the influences of
PM2.5 pollution in Pearl River Delta, Jing-Jin-Ji Region and
Yangtze River Delta. By contrast, there is rare research on
CPUA, and even fewer quantitative assessments on the influ-
ences of PM2.5 pollution in this area. As the different indica-
tors have different characteristics and each method has its

limitations, using only one method for evaluation will lead
to deviation between the evaluation results and the actual
situation. Thus, this paper evaluated the health effect dam-
ages due to PM2.5 pollution from 2015 to 2017 in CPUA
by using exposure-response relationship model. After that,
the way of disease cost, adjusted human capital, and will-
ingness to pay were adopted to estimate the health effect
economic loss.

Methods and data

Evaluation of health effect damages

Selection of health effect ends

In terms of damage of population health, PM2.5 pollution
mainly causes increase of mortality, the admission rate, the
outpatient rate, and morbidity and weakens somatic func-
tion of individuals. On the premise of using Chinese re-
search results to ensure a relevant accurate evaluation re-
sults, this paper took the availability of data and the cov-
erage degree of health effect ends into full consideration
and selected several health effect ends which were highly
related to PM2.5 pollution.

Health effect ends selected include the death from cardio-
vascular disease, respiratory disease, and lung cancer.
Cardiovascular disease hospitalization and respiratory disease
hospitalization. Doctors’ office visiting from Pediatric clinic,
internal medicine. And Acute upper respiratory infection and
chronic bronchitis are also included.

Method for evaluating the health effect damages

The effect of pollutant concentration on human health is very
significant. When the pollutant concentration exceeds the
threshold, it will cause damage to human health. To evaluate
the health effect damages due to PM2.5 pollution reasonably,
the exposure-response relationship model was selected. In
assessing the health effect damages, this model is very com-
mon and can calculate the health effect damages of pollutants
at different concentrations. The incidence of health effect ends
(death, hospitalization, outpatient) at the actual concentration
was as follows. And the formulas (1)–(3) were all derived
from Huang and Zhang (2013).

R ¼ R0⋅exp β⋅ C−C0ð Þ½ � ð1Þ
where R = the incidence at the actual concentration. R0 = the
health risk at the reference concentration. β = the exposure-
response coefficient. C = the actual concentration of PM2.5.
C0 = the reference concentration of PM2.5.
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It can be seen from the above formula that the change of the
health effect ends incidence rate due to PM2.5 pollution is as
follows:

ΔR ¼ R−R0−R⋅ 1−
1

exp β⋅ C−C0ð Þ½ �
� �

ð2Þ

Thus, the health effect damages E can be calculated by
using the values of R, β, C, C0, and P:

E ¼ P⋅ΔR ¼ P⋅R⋅ 1−
1

exp β⋅ C−C0ð Þ½ �
� �

ð3Þ

Evaluation of health effect economic loss

When assessing the health effect economic loss, the way of
disease cost, adjusted human capital, and willingness to pay
are commonly used. The adjusted human capital method mea-
sures the economic loss due to premature death based on hu-
man economic output. The disease cost method includes the
loss caused by medical expenses and loss of working time.
The willingness to pay method generally refers to using the
way of investigating exposure population to obtain the mon-
etary expenses that the exposure population would pay to
avoid illness or death, which can directly reflect the health
effect economic loss.

Health effect economic loss by premature death

This paper using the way of adjusted human capital evaluated
the economic loss by premature death. This method can reflect
the different economic loss by premature death in different age
groups, and the evaluation results are closer to the actual sit-
uation. The formulas (4)–(7) all came from Zhao et al. (2014).

The first step is the calculation of the number of premature
deaths:

Pδn ¼ Pn⋅Rδn⋅ 1−
1

exp βδ⋅ C−C0ð Þ½ �
� �

ð4Þ

where Pδn = the number of premature deaths in the nth age
group due to the δth disease. Pn = the population of the n age
group. Rδn = the mortality rate in the nth age group due to the
δth disease. βδ= the exposure-response coefficient of death
due to the δth disease.

The second step is to calculate the residual life lost by
premature death, i.e., the difference between life expectancy
and age at the time of death:

tδn ¼ en−dδn ð5Þ
where tδn = the number of years of the early death of an indi-
vidual who dies in the nth age group due to the δth disease.
en = the life expectancy of the nth age group. And dδn = the age

at which an individual die at the nth age group due to the δth

disease.
The third step is to calculate the future loss of an individual

due to early death and discount it:

GDPδn ¼ ∑tδn
i¼1

GDP0 1þ αð Þi
1þ γð Þi ð6Þ

whereGDPδn = the individual health effect economic loss due
to the premature death who dies in the nth age group due to the
δth disease. i = the year (ith year). GDP0 = the per capita GDP
at the time of individual death. α = the GDP growth rate (the
World Bank’s forecast of China’s average GDP growth rate in
2019–2021). γ = the discount rate (take the bank’s medium
and long-term loan interest rate of 4.7%).

The fourth step is to sum up the health effect economic loss
due to premature death of all individuals:

CT ¼ ∑3
δ¼1∑

19
n¼1GDPδn⋅Pδn ð7Þ

where CT = the health effect economic loss of premature
death. Among the health effect ends, diseases causing prema-
ture death include cardiovascular disease, respiratory disease,
and lung cancer, and the total exposure population was divid-
ed into 19 age groups.

Health effect economic loss of hospitalization and outpatient
service

The health effect economic loss of hospitalization and outpa-
tient is calculated by using the disease cost method and the eq.
(8) is as follows (Huang and Zhang 2013):

Ci ¼ Cpi þ GDPp þ Di
� �� Ei ð8Þ

where Ci = the health effect economic loss of health effect end
i. Cpi = the unit expense of health effect end i. GDPp = daily
per capita GDP. Di = the delay times. Ei = the health effect
damages of health effect end i, which can be obtained by eq. 3.

Health effect economic loss of acute upper respiratory
infection

As there is no statistical data in China, based on the ratio of
unit economic loss of outpatient and acute bronchitis calculat-
ed in the research of Huang and Zhang (2013), this paper
estimated the unit economic loss of acute bronchitis in cities
of CPUA and takes it as the unit health effect economic loss of
acute upper respiratory tract infection.

Health effect economic loss of chronic bronchitis

Chronic bronchitis is a chronic disease, its health effect eco-
nomic loss is not short-term and cannot be directly assessed by
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disease cost method as other health effect ends. To make the
evaluation more accurate, on the basis of the research results
of value of a statistical life (VSL) obtained by Li et al. (2017),
using the CPI index of Beijing and the per capita disposable
income of CPUA, this paper calculated the VSL of the
residents in CPUA in 2015 and 2016. Then, based on the
research results of Magat and Huber (1991) and Chen
(2008), this paper found out that the unit economic loss of
chronic bronchitis accounted for 40% of VSL. Combined with
the VSL of each city resident, the health effect economic loss
of chronic bronchitis can be calculated.

Data processing

Data of PM2.5 concentration and exposure population

Previous studies show that PM2.5 can directly penetrate the
alveoli for blood gas exchange, which is harmful to human
body. In this paper, 0 is chosen as the threshold of PM2.5.

The data of PM2.5 concentration used in this paper are the
daily data published by the city monitoring points from
January 2015 to December 2017. Annual concentration is
the average daily concentration. The exposure population is
taken by the permanent population of CPUA in 2015–2017.
The data is from the sixth census yearbook and the city statis-
tical yearbooks.

Data of exposure-response coefficient and the incidence rate

The choice of exposure-response coefficient is critical.
However, China’s PM2.5 concentration is relatively high, and
most foreign scholars’ research is completed in low pollution
concentration areas. Direct use of foreign scholars’ research
results may lead to deviation in the evaluation results.
Therefore, the exposure-response coefficients selected in this
paper are taken from the research results of Chinese scholars
(Table 1).

In terms of mortality, due to the lack of the mortality of
specific age and specific disease in the health statistics of
China’s provinces, this paper uses the national mortality of
specific age and specific disease as the baseline incidence rate
of premature death. The data come from the China Health and
Family Planning Yearbook 2016, 2017, and 2018.

In terms of hospitalization rate, this paper firstly obtains the
ratio of the national hospitalization rate of each disease to the
national average hospitalization rate. It is assumed that all the
researched provinces follow the same ratio, and then, the hos-
pitalization rate of each disease equals to the average hospi-
talization rate of each province multiplied by the ratio in the
province.

In terms of outpatient rate, the number of pediatric clinic
and internal medicine in each province are from the China
Health and Family Planning Yearbook 2016, 2017, and

2018. The outpatient rate of pediatric clinic in each province
is obtained through dividing the number of pediatric outpa-
tients by the number of people under the age of 14 in the
province. The outpatient rate of internal medicine in each
province is obtained through dividing the number of internal
medicine outpatients by the number of permanent
populations.

In terms of morbidity, since China has not made detailed
statistics in the provinces, the data in Hebei and Shandong
provinces are replaced by the data from eastern China’s cities.
And the data of Henan, Shanxi, and Anhui Province are re-
placed by the data from the central cities. The data come from
the China Health and Family Planning Yearbook 2016, 2017,
and 2018.

The data of the per health effect economic loss
from hospitalization and outpatient

Per health effect economic loss caused by hospitalization con-
sists of hospitalization expenses and the loss of working time.
For the hospitalization expenses, this paper firstly obtains the
ratio of the provincial average hospitalization expenses to the
national average hospitalization expenses, and then, the pro-
vincial hospitalization expenses of the diseases are obtained
by multiplying the national hospitalization expenses by the
ratio. For the time loss, this paper used patient’s hospital stay
as the lost time. Firstly, this paper calculates the ratio of the
national hospital stay of each disease to the national average
hospital stay, and then, the provincial hospital stay for each
disease is estimated by multiplying the provincial average
hospital stay by the ratio.

Health effect economic loss caused by outpatient is also
composed of outpatient expenses and the loss of working
time. Since the provinces have not made detailed statistics
on the outpatient expenses of different outpatients, this paper
uses the provincial average outpatient expenses as the outpa-
tient expenses of pediatric clinic and internal medicine. The
time loss for internal medicine is calculated by 1 day, as the
diseased children need to be accompanied by their parents.
The time loss for pediatric clinics is also estimated by 1 day.
The above data are all from the China Health and Family
Planning Yearbook 2016, 2017, and 2018 (Tables 2 and 3).

Results

Health effect damage evaluation results

By substituting the incidence of each health effect end into the
model, the health effect damages was calculated and the re-
sults are shown in Table 4.

According to the calculation results, from 2015 to 2017,
PM2.5 pollution damaged the health of 11.9251 million people
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(5.3064–17.9269 million people), 11.4916 million people
(5.0703–1.7076 million people), and 11.3012 million people
(4.9886–16.9286 million people), accounting for 7.41%
(3.30–11.14%), 7.05% (3.13–10.53%), and 6.94% (3.06–
10.39%) of the total population in the CPUA, respectively. It
could be seen that it was extensive for the health damage of
the people affected by PM2.5 pollution. At the same time, we
could also see that due to the improvement of environmental
quality, the number of people whose health were damaged
decreased by 495,900 and 128,000, respectively, from 2015
to 2016 and 2016 to 2017. The decline rate reached 4.16% and
1.12%, which could be seen that the measures taken by the
government in recent years to solve environmental pollution
problems had achieved remarkable benefits.

Due to PM2.5 pollution, there were 38,582 premature
deaths in 2015 and the number were 34,112 and 32,786 from
2016 to 2017, respectively, with year-on-year decrease of
4470 and 1326, ranking the first among all health effect ends
and reaching 11.59% and 3.89%, respectively. In addition,
decrease rates of premature death caused by respiratory dis-
ease were 15.56% and 7.52%, respectively, in 2016 and 2017.
It can be found that PM2.5 has the most direct and serious
impact on the respiratory system. Thus, air pollution abate-
ment can reduce respiratory damage effectively.

In terms of hospitalization, outpatient service, and illness,
PM2.5 pollution caused 165.1 thousand, 165.4 thousand, and
167.8 thousand cardiovascular disease hospitalizations, 303.2
thousand, 303.2 thousand, and 311.0 thousand hospitaliza-
tions for respiratory diseases, 3.4 million, 3.2 million, and
3.4 million pediatric outpatient visits, 6.6 million, 6.2 million,
and 6.2 million medical outpatient visits, 1.2 million, 1.1 mil-
lion, and 1.1 million acute upper respiratory tract infections.
And 179.9 thousand, 187.8 thousand, and 181.8 thousand
people suffered from chronic bronchitis in 2015–2017.

In general, the health effect damages showed a declining
trend from 2015 to 2017, which should be attributed to the
strict implementation of pollution control policy by the
government.

In terms of the structure of the health effect damages, it can
be seen from the data in Table 4 that the number of outpatients
was the largest, which were 9.98 million, 9.56 million, and
9.47 million in 2015–2017, accounting for 83.70%, 83.69%,
and 83.81% of the total number of health effect damages. The
number of people suffered from premature death was the low-
est among the various health effect ends. Lung cancer was the
leading cause in premature death, followed by respiratory dis-
ease and cardiovascular disease. For hospitalization, illness
and outpatient visits, compared with hospitalization of cardio-
vascular disease, the number of hospitalization of respiratory
diseases is more, and the number of acute upper respiratory
infections is higher than that of chronic bronchitis. Besides,
the increase in the number of internal medicine was also great-
er than that of pediatric clinic.

For each city, as shown in Fig. 2, the health effect damages
due to PM2.5 pollution in Heze and Zhengzhou were obvious-
ly higher than those in other cities, and the damages of
Nanyang, Zhoukou, and Handan were also larger, while those
of Jincheng and Huaibei and Jiyuan were the smallest. In
general, areas with dense population and high pollution con-
centration are more affected by air pollution.

For all age groups, the older the age, the more premature
deaths, and the number of premature deaths began to increase
rapidly after the age of 45 to 49 (see Fig. 3).

It should be noted that the main cause of premature death
was respiratory disease which resulted from PM2.5 pollution
before the age of 15. Among the infants between 0 and 4 years
old, more than 90% of premature deaths were caused by re-
spiratory disease. After the age of 10, the harm of lung cancer

Table 1 The exposure-response
coefficient in different health ef-
fect ends

Health effect ends Exposure-response coefficient Source

Death

Cardiovascular 0.00053 (0.00015, 0.00090) Xie et al. (2009)

Respiratory 0.00143 (0.00085, 0.00201) Xie et al. (2009)

Lung cancer 0.00556 (0.00302, 0.00811) Fang (2014)

Hospitalization

Cardiovascular 0.00068 (0.00043, 0.00093) Liu et al. (2010)

Respiratory 0.00109 (0, 0.00221) Liu et al. (2010)

Outpatient

Internal medicine 0.00049 (0.00027, 0.00070) Liu et al. (2010)

Pediatric 0.00056 (0.00020, 0.00090) Liu et al. (2010)

Morbidity

Acute upper respiratory infection (0 ~ 14) 0.00494 (0.001924, 0.007946) Hu et al. (2001)

Acute upper respiratory infection (15~) 0.00477 (0, 0.00855) Jing et al. (2000)

Chronic bronchitis 0.01009 (0.00366, 0.01559) Kan and Chen (1989)
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gradually emerged and lung cancer became the main cause of
premature death after age of 25. At the 55 to 59 age group, the
proportion of premature deaths due to lung cancer to the total
deaths were 79.83%, 80.10%, and 79.76%, respectively, from
2015 to 2017. Then, proportions of deaths caused by respira-
tory disease and cardiovascular disease gradually increased
with age. The main cause of death of people at the age above
85 was respiratory disease. It could be seen that due to poor
immunity, infants at the age of 0 to 4 and old people at the age
above 85 were the vulnerable groups in PM2.5 pollution and
respiratory disease did the most harm to these two groups.

Health effect economic loss evaluation

According to the evaluation results of exposure-response re-
lationship model, this paper used the way of disease cost,
adjusted human capital, and willingness to pay to quantify
the health effect economic loss. The results are shown in
Fig. 4.

In 2015–2017, the health effect economic loss of PM2.5

pollution in this area was 97.4 billion RMB (73.03–123.78
billion RMB), 93.52 billion RMB (68.88–116.09 billion
RMB), and 94.39 billion RMB (68.97–117.75billion RMB),

respectively, accounting for 1.73% (1.30–2.19%), 1.53%
(1.13–1.90%), and 1.41% (1.03–1.76%) of the GDP.

Compared with 2016, the health effect economic loss in
2017 increased slightly, but its share of GDP decreased for
two consecutive years. That was because the rate of economic
growth in 2016–2017 was faster than the decline rate in health
effect damaged, which caused the absolute value of health
effect economic loss to increase. But its proportion to GDP
was declining (see Fig. 5).

In terms of the structure of health effect economic loss,
more than 90% of loss came from chronic bronchitis and
premature death. The health effect economic loss of chronic
bronchus in 2015–2017 accounted for 67.21%, 67.17%, and
65.99% of the total loss, and the health effect economic loss of
premature death accounts for 24.61%, 24.51%, and 25.25% of
the total loss, respectively.

For each city, the relative scale of health effect economic loss
was basically the same as the relative scale of its health effect
damages (see Fig. 6). Health effect economic loss in Heze and
Zhengzhou was still significantly greater. Health effect eco-
nomic loss in Handan, Liaocheng, and Nanyang was also high,
while those in Huaibei, Hebi, and Jiyuan were the lowest.
Though health effect damages of some cities were smaller than
those of other cities, their health effect economic loss is large,

Table 3 Hospitalization expenses and outpatient expenses of different diseases in CPUA (yuan)

Classification Henan Province Handan, Xingtai Liaocheng, Heze Changzhi, Jincheng,
Yuncheng

Huaibei, Bengbu,
Suzhou, Fuyang, Bozhou

2015 Cardiovascular hospitalization 8976.92 9783.89 11,109.11 10,597.33 8926.62

Respiratory hospitalization 5011.30 5461.78 6201.57 5915.88 4983.22

Outpatient 167.60 218.00 235.60 235.10 209.90

2016 Cardiovascular hospitalization 8720.63 9592.52 11,007.55 9927.17 8535.76

Respiratory hospitalization 4834.10 5317.42 6101.82 5502.92 4731.63

Outpatient 172.20 214.90 241.00 237.70 216.20

2017 Cardiovascular hospitalization 9479.92 10,310.22 11,093.24 10,334.59 8565.48

Respiratory hospitalization 5209.78 5666.08 6096.40 5679.48 4707.24

Outpatient 183.20 222.80 244.20 240.80 226.30

Table 2 Hospitalization days of different diseases in CPUA (day)

2015 2016 2017

Classification Cardiovascular
hospitalization

Respiratory
hospitalization

Cardiovascular
hospitalization

Respiratory
hospitalization

Cardiovascular
hospitalization

Respiratory
hospitalization

Henan Province 9.84 7.85 9.64 7.69 9.54 7.61

Handan, Xingtai 9.04 7.22 8.75 6.98 8.75 6.98

Liaocheng, Heze 9.34 7.45 8.85 7.06 8.55 6.82

Changzhi, Jincheng,
Yuncheng

10.73 8.56 10.44 8.33 10.34 8.25

Huaibei, Bengbu, Suzhou,
Fuyang, Bozhou

9.04 7.22 8.75 6.98 8.65 6.90
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Fig. 2 The number of health effect damages in four types of health effect ends and 30 cities
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Fig. 3 The number and the proportions of death and pathogenies in different ages and health effect ends
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Fig. 4 Health effect economic loss of different health ends from PM2.5 pollution
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which was caused by higher per capita GDP. In conclusion, the
health effect economic loss was large in densely populated,
economically developed, and highly polluted areas, which
was consistent with the changing law of health effect damages.

As shown in Fig. 7, in terms of the health effect economic
loss of specific age and specific disease, the results were sim-
ilar to the change in the scale of health effect damaged. In the
age from 0 to 40, the health effect economic loss was relatively
small and then began to gradually increase. However, unlike
the continuous upward trend of health effect damages, the
health effect economic loss had not always increased with
age increasing. At the age from 60 to 64, the health effect
economic loss reached its peak and then began to decline.
This is because premature deaths among young people cause
more health effect economic loss than premature deaths among
older people, because young people lose more life expectancy.
Among the three diseases, the health effect economic loss due
to lung cancer was the biggest economic loss, and it showed an
upward trend. In 2015–2017, the economic loss caused by lung
cancer accounted for 63.59%, 64.19%, and 64.86% of the total
health effect economic loss of premature death, respectively.

Discussion

This paper collected the daily monitoring data of PM2.5 and
relevant data of mortality, hospitalization rate, outpatient rate,
andmorbidity in 30 cities in CPUA and carried out health effect
damage analysis by using exposure-response relationship mod-
el. Then, the economic loss was evaluated by using themethods
of disease cost, adjusted human capital, and willingness to pay.
However, there are still some uncertainties in this paper.

(1) Method for assessing the health effect economic loss.
The economic loss assessment method used in this paper

only quantifies the loss that directly related to social economy,
and it does not take into account the subjective loss factors

such as mental loss, which may make the assessment results
smaller than the actual situation.

(2) Selection of the health effect ends.
After fully considering the coverage of health effect ends,

nine health effect ends with high correlation with PM2.5 pollu-
tion have been selected in this paper. However, the research on
exposure-response coefficients are not completely accessible;
thus, this paper cannot cover all health effect ends, which
may make the evaluation results lower than the actual situation.

(3) The exposure-response coefficients.
Due to the different characteristics of PM2.5 pollution from

different regions or cities, the exposure-response coefficients
are also different, which makes the assessment results differ-
ent from the actual situation. But all of the exposure-response
coefficients selected in this paper are taken from the research
results of Chinese scholars, which can better adapt to the ac-
tual situation of China and reduce the evaluation error.

(4) The distribution of exposure population and PM2.5

concentration.
In order to facilitate calculation, this paper assumed that the

exposed population and PM2.5 concentration is evenly distrib-
uted in different cities without considering the characteristics
of population and concentration in different areas. To some
extent, it may underestimate the loss of heavily polluted and
densely populated areas and overestimate the loss of rural
areas with low pollutant concentration and areas with small
population density, which may make the evaluation results
different from the actual situation.

Conclusions and policy implications

Conclusions

(1) Though the PM2.5 pollution in CPUA has caused a huge
health effect and health effect economic loss, due to the

Fig. 5 Health effect economic
loss of PM2.5 pollution and its
percentage accounting for GDP
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Fig. 6 Health effect economic
loss from PM2.5 pollution in four
types of health ends in 30 cities
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Fig. 7 Health effect economic
loss of different ages and
pathogenies from premature death
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improvement of environmental quality, there was a decline in
the ratio of health effect economic loss accounting for GDP,
which was from 1.73% (1.30–2.19%), 1.53% (1.13–1.90%) to
1.41% (1.03–1.76%) in 2015, 2016, and 2017. For health
effect, it is the largest in increasing the number of outpatients.
While for the health effect economic loss, they mainly come
from the premature death and chronic bronchitis. For the
health effect economic loss due to premature death, the lung
cancer accounts for the largest proportion and the proportion
is continuously increasing.

(2) Infants at the age from 0 to 4 and the older people at the
age above 85 are the vulnerable groups in PM2.5 pollution.
Because the respiratory system of the infants or young chil-
dren is in the developmental stage, and the body of the older is
gradually weakened. From the results, it can be seen for peo-
ple under the age of 15 and above 85, the main cause of their
premature death of PM2.5 pollution is respiratory disease.

(3) Health effect economic loss in cities, such as Heze,
Zhengzhou, Handan, and Liaocheng, is higher than that in
other cities, which indicates that the cities of dense population
and developed economy suffer a severer health effect econom-
ic loss.

Policy implications

(1) Continue to strictly implement environmental protection
policies and reduce PM2.5 emissions.

This paper shows that China’s environmental protection
policy has achieved remarkable results in recent years. The
government should continue to strictly implement environ-
mental protection policies, reduce the use of traditional energy
sources, especially coal, increase the proportion of clean en-
ergy use, remove excess capacity, improve the clean produc-
tion audit of heavy industry-related enterprises, and carry out
vehicle restrictions while developing public transportation to
reduce PM2.5 emissions.

(2) Focus on vulnerable groups, namely children and the
elderly, with a special focus on respiratory diseases due to
PM2.5 pollution. Children and the elderly are vulnerable
groups in PM2.5 pollution and are much more affected than
other age groups. Therefore, health protection measures for
these two groups should be formulated from both the govern-
ment and residents’ perspectives.

(3) For cities with dense population, developed economy
and large health effect economic loss, combined with urban
pollution source structure to reduce air pollution. For example,
the air pollution source structure of Zhengzhou belongs to the
partial motor vehicle category, the Handan belongs to the
comprehensive industrial pollution, and the Liaocheng be-
longs to the meta-coking iron. The emission reduction mea-
sures should be formulated according to the structural charac-
teristics of different pollution sources in these cities to reduce
the health effect damaged of PM2.5.
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