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Abstract Aggravated air pollution in Beijing, China has
caused serious health concern. This paper comprehensively
evaluates the health losses from illness and premature death
caused by air pollution in monetary terms. We use the con-
centration of PM10 as an indicator of the pollution since it
constitutes the primary pollutant in Beijing. By our estimation,
air pollution in Beijing caused a health loss equivalent to
583.02 million or 0.03 % of its GDP. Most of the losses took
the form of depreciation in human capital that resulted from
premature death. The losses from premature deaths were most
salient for people of either old or young ages, with the former
group suffering from the highest mortality rates and the latter
group the highest per capital losses of human capitals from
premature death. Policies that target on PM10 emission reduc-
tion, urban vegetation expansion, and protection of vulnerable
groups are all proposed as possible solutions to air pollution
risks in Beijing.

Keywords Air pollution . Health damage . Corrected human
capital method

Introduction

As Chinese people enjoyed an economic miracle during the
past 30 years, they also unfortunately witnessed some by-
products of the miracle, such as energy resource deprivation,
serious air pollution, other kinds of environmental degrada-
tion, as well as the resultant increase in health risks and mor-
tality rates. In 2001, about one third of China’s air quality
monitored cities failed to attain the lowest level of National
Ambient Air Quality Standard (NAAQS).1 Annual mean con-
centrations of major pollutants, including sulfur dioxide
(SO2), nitrogen dioxide (NO2), and particulate matter smaller
than 10 μm (PM10)

2 in those cities, all exceeded the poorest
standards in the NAAQS. Another one third of Chinese cities
controlled their air quality within the range defined by grade
III, but exceeded grade II. Only one third of cities kept their
PM10 and NO2 pollution level below the nationally recog-
nized standard, which is 40 μg/m3. Although China has made
impressive progress in air quality management in the past
decade (2001–2009),3 its air condition would still be consid-
ered hazardous compared with that in the developed world
(Fig. 1), and its pollution concentrations are far above the

1 The National Ambient Air Quality Standard specifies three levels of
compliance (NAAQS I-III). Grade I indicates that annual mean concen-
trations of NO2 and PM10 are lower than 40 μg/m3 and that of SO2 is
lower than 20 μg/m3; grade II in the range of 40–70 μg/m3 for PM10 and
20–60 μg/m3 for SO2; and annual mean concentrations of SO2, NO2, and
PM10 exceeding 60, 40, and 70 μg/m3, respectively, reflect air quality
worse than the grade III standard (see GB 3095-2012).
2 By definition PM10 consists of particular matters with diameters less
than 10 micrometer, definitely including those less than 2.5 micrometer,
which are PM2.5.
3 According to a recent survey of air quality in China by the World Bank,
almost 80% cities were in grade I or II, and only a few left above grade III
(China Ministry of Environmental Protection and World Bank 2012).
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levels that are considered safe by the US, the European coun-
tries, and the World Health Organization (WHO) committee.

Air pollution definitely leads to health risks. It is estimated by
theWorld Health Organization (WHO) that about 7 million peo-
ple around the world die of air pollution related diseases each
year, which accounts for 12.5 % of the total deaths (Kuehn
2014). The report fromWHO (2013) addressed that air pollution
is most closely associated with two families of symptoms, i.e.,
respiratory and cardiovascular illness, which could lead to pre-
mature death. Given the well-known aggravated air pollution in
China, its health damage would be more serious compared to
other parts of the world. According to a rough estimation by
Reuters’staff, air pollution caused 350,000 to 500,000 premature
deaths in China each year (Reuters Staff 2014).

The health impacts of air pollution have drawn attention from
pathologists and have been widely investigated since the 1950s.
These studies confirm the correlation between severe air pollu-
tion and increased risk of respiratory symptoms and death,4 and
also indicate that such impacts may vary among human groups
from different regions, of different races, and at different ages.
For example, a long-run investigation (May 1996–December
2010) showed that for an interquartile range increase in NO2

concentration, the morbidity rate of respiratory diseases in-
creased by 2.43 % in São Paulo, Brazil (Bravo et al. 2016). As
to SO2, the same increase in pollutant concentration would raise
the morbidity rate of respiratory diseases by 1.6 % in
Switzerland, and the hospitalization rate by 0.8–2.2 % in
Brisbane, Australia, with adults relatively less affected and juve-
niles more affected (Holland et al. 2005; Samakovlis et al. 2005).
Such impact was more precisely measured in the European
Commission’s ExternE Project, which applied a dose-response

model to estimate the health impact of major air pollutants, with
the potential influence from weather condition, sunshine level,
and seasonal variation all controlled. The Commission reported
that 0.06% of people exposed to PM10 pollution would die from
related diseases if its concentration increased by 1 μg/m3.

The health impacts of these air pollutants, including NO2,
SO2, and PM10, have also been evaluated in some parts of
China. For example, NO2 pollution in Shanghai, China has
raised the morbidity rate of respiratory diseases by 1.50 %,
and for every additional 10 μg/m3 increase in PM10 concentra-
tion, the city’s mortality rate increased by 0.84 % (Chen et al.
2002; Li et al. 2004). As an effort to fight against air pollution,
the city of Chengde in Hebei province adopted an integrated
heating system in 1997, which successfully reduced local SO2

concentration from 3.86 to 0.264 μg/m3. Along with the im-
provement, mortality rate of respiratory diseases decreased
from 8.1 to 2.3‰ (Zhang et al. 2000). A 10 μg/m3 increase
in PM10 concentration in Beijing, China was associated with an
increase of 0.33 % in daily ischemic heart disease (IHD) mor-
tality (Xu et al. 2014). It is also found that the impact of PM10 is
more salient in summer than in other seasons. Males and older
people are more sensitive to PM10 pollution (Xu et al. 2014).

Yang and Pan (2008) evaluated the impacts of individual
pollutants in Beijing and concluded that for every additional
10 μg/m3 increase in the concentration of SO2, NO2, and
PM10, the death risks of cardiovascular and cerebrovascular
diseases would increase by 0.40, 1.30, and 0.40%, respective-
ly. Zhang et al. (1999) comprehensively evaluated the impacts
of all the three pollutants on human health. They found that
the morbidity rate of respiratory diseases among juveniles was
four times as high in heavily polluted zones in Tianjin com-
pared to that in air-clean zones.

Health impact of air pollution has been separately related to
individual pollutants in some existing studies; these pollut-
ants, i.e., SO2, NO2, and PM10, however, are correlated, and
their impacts are in fact overlapped (Künzli et al. 2000). A
summation of the health impacts of individual pollutants
would overestimate losses from air pollution. Hence, we eval-
uate air pollution in this study with PM10 since both SO2 and
NO2 are important precursors of PM10 and their impacts are
part of that of PM10 (Pope and Dockery 2006). Moreover, in
the study year of 2012, PM10 constituted the primary pollut-
ant5 on 337 days of the 366 days in that year.
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Fig. 1 Comparison of annual average PM10 concentration trend of
China, USA, France, and Germany (1990–2011). Data source: The
World Bank World Development Indicators (WDI) Database

4 By comparing the health impacts of air pollution in coal-combustion
and non-coal-combustion regions, Jin and his colleagues (2002) conclude
that an adult is 1.7 times more likely to incur respiratory diseases in
regions severely polluted by PM10, NO2, and SO2 than a counterpart in
a relatively clean area, and the chance is 2.23 times higher for juveniles.

5 The concept of Bprimary pollutant^ is derived from the definition of Air
Pollution Index (API, GB3095-96). It was a comprehensive air quality
standard used in China between 1996 and 2012 (Air Quality Index, AQI,
replaced API in 2013). The index gauges pollution condition by compre-
hensively considering pollution caused by the three major pollutants,
PM10, NO2, and SO2, and measures air pollution with the concentration
of the worst pollutant, which is also called primary pollutant, on each day.
In this way, API can better reflect air condition improvement than other
indicators, such as average pollution level or the best level. The primary
pollutant may vary day to day, but the score is kept consistently.
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After the health impacts have been sufficiently assessed in
pathological studies, more attention now is directed to economic
valuation of these impacts. It is estimated that, each year, 1.2–
2.0% of the newly generatedwealth around theworld is lost due
to health deterioration from air pollution (WHO2006). The costs
consist of two parts: (1) increase in protection cost and medical
expenditure spent on treating air-pollution-related diseases, and
(2) human capital depreciation, i.e., the decline and incapacity of
labor force caused by physical condition deterioration, fatigue,
diseases, and death. As a pioneer scholar in this field, Ostro
(1983) delicately analyzed the US Health Interview Survey
and found that a 10 % decrease in ambient levels of total
suspended particular (TSP) was related to a 4.4 % decrease in
average working loss days and 3.1 % in restricted activity days.
The statistically significant and quantitatively important effect
was later confirmed by Hausman et al. (1984). In China, the
effect is also monetized. It is estimated that health loss caused
by PM10 pollution accounts for 0.53 % of the gross domestic
production (GDP) in Beijing (Cao and Han 2014; Zhang et al.
2007a, b) and 1.03 % in Shanghai (Kan and Chen 2004).6

While those aforementioned studies provided a useful per-
spective in detecting air pollution’s health impact in an era
characterized by pollution, the studies concerning China still
have some shortages. In the works with focus on a Chinese city,
many studies used dose-response coefficients cited from other
studies (the mostly cited work includes Xu et al. 2014 and
Aunan and Pan 2004) in assessing air pollution’s health impact
and the associated economics losses; meanwhile, the most fun-
damental work of estimating the dose-response coefficients
with field data is quite limited. Even among empirical studies
that did make first-hand estimation of the dose-response coef-
ficients, research attention was mostly restricted to the associ-
ation between air pollution and mortality, leaving the investi-
gation of air-pollution-induced morbidity quite sparse. This is
because data of mortality was relatively easy to access, but data
necessary for evaluating disease-specific morbidity are hardly
available in China. According to a 2004 survey (Aunan and
Pan 2004), only three studies, one for Beijing and two for Hong
Kong, used outpatient visit data to estimate simple association
between air pollution and hospital admission among Chinese
populations, and they became the primary citing sources in
following studies. However, those studies are quite old and
may not be able to properly reflect the impact of current air
pollution. For example, the study focusing on Beijing was pub-
lished far back to 1995, over 20 years ago (Xu et al. 2014).

Our primary contribution lies in the most updated empirical
estimation about how air pollution is associated with both death
and illness among Chinese people, with supporting morbidity
data collected from three local hospitals in Beijing in the year
2012. Possible human symptoms associated with air pollution

consist of circulation system diseases, respiratory system dis-
eases, and immune function deterioration (An et al. 2006; Dong
et al. 2007). Since immune disadvantage may cause circulation
diseases, and the impact of air pollution on them may overlap,
we do not separately consider the health impact channeled
through immune function deterioration in this study.

The second contribution is that we separate the impacts
among subgroups defined by among populations with varied
age, residence location, and etiology, with the potential influ-
ence from dietary habit and weather condition all controlled.

The evaluation of economic losses caused by diseases and
premature death due to air pollution in Beijing constitutes our
third contribution. It is estimated in the study that the city of
Beijing lost 583.02 million in 2102 due to air pollution. Of the
losses, 18.3 % was spent to treat cardiovascular diseases that
resulted from air pollution and 12.6 % to treat respiratory dis-
eases. The other 69.1 % of the loss resulted from depreciation
of human capital due to premature death. As confirmed bymost
previous studies, people of old age are more vulnerable to air
pollution than their younger counterparts since they are most
likely to be infected with cardiovascular diseases and respira-
tory diseases. The rules are especially true for groups older than
35. People under this age are less likely to be affected by air
pollution, except for infants less than 5 years old, who are
another major group of victims of Beijing’s air pollution.

The remainder of this paper is organized as follows: BAir
pollution in Beijing^ section introduces current air pollution
conditions in Beijing. BMethodology and data^ section builds
a dose-response model and an economic loss assessment mod-
el to evaluate the pathological and economic impact of air
pollution in Beijing. BResults and discussion^ section dis-
cusses the results and BConcluding remarks^ section con-
cludes by offering policy suggestions.

Air pollution in Beijing

As indicated in the foregoing discussion, when discussing air
pollution in Beijing, SO2, NO2, and PM10 are the three most
referenced pollutants.7 Figure 2 shows air pollution level in
Beijing, as well as the respiratory disease mortality rates dur-
ing 1994 to 2012. The whole period can be roughly divided
into three stages. The first one, from 1994 to 1998, observed
an increasing trend of air pollutant concentration along with
an ascending mortality rate, which peaked in 1998. The

6 Since the record of PM2.5 concentration was not available before 2009
in China, the cited studies all focus on inhalable particulate matter (PM10).

7 This is especially true before the year 2012, when China employed the
air pollution index (API) to evaluate its air pollution condition. API con-
sists of only the three pollutants: SO2, NO2, and PM10. In later 2012,
however, the API system was replaced with the air quality index (AQI)
system which considers a broader range of pollutants. Since the study
evaluated the health impact of air pollution for the whole year of 2012, we
specifically focus on pollutants covered byAPI, which are SO2, NO2, and
PM10.
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second stage started from 1998 and lasted until 2008. It was
characterized by intensive pollution control policies and air
condition improvement. During this period, the concentra-
tions of the three major pollutants all declined by 50 %. The
remarkable improvement in Beijing’s air quality over this pe-
riod may be attributed to the 160 air pollution control mea-
sures adopted by the Beijing municipal government, which
aimed for greeting the 2008 summer Olympic Games. To
impress the world as an excellent host of the 29th summer
Olympic Games, the municipal government of Beijing also
cleansed 16,000 small coal-fired boilers, removed more than
140 polluters, shut down all intensively polluting factories,
and even cut off half of the traffic flow with an odd-even
number-plate restriction measure in the year 2008. These prac-
tices inevitably led to human health benefits. Figure 2 also
shows that the mortality rate of respiratory diseases
plummeted in 2004, which reached 0.43‰. This is because
SARS broke out in 2003 and many vulnerable people died of
it. In order to control this epidemic disease, industrial produc-
tion, business activities, and transportation volume were all
vastly reduced. As a result of both air pollution mitigation
and burst death of respiratory disease vulnerable people in
2003, the mortality rate of respiratory diseases plummeted in
2004. Air pollution concentration after 2008 was kept quite
stable, and so was the mortality rate. This is the third stage.

PM10

In addition to the individual air pollutant concentration stan-
dard (Table 1), China also employed the comprehensive air
pollution index (API) to evaluate its air quality. The index
gauges pollution condition by comprehensively including
the three major pollutants and measures air pollution with
the concentration of the worst pollutant (which is also called
primary pollutant) on each day. In this way, API can better
reflect air condition improvement than other indicators, such
as average pollution level or the best level. The primary pol-
lutant may vary day to day, but the score is kept consistently.

API in Beijing had been kept decreasing from 1994 to
2012, with three sharp declines in 2000, 2003, and 2008

(Fig. 3). This trend was at least correlated with, if not driven
by, Beijing’s air pollution control policies (Table 2). Also,
financial investment contributed to this improvement. From
1994 to 2004, the Beijing municipal government had been
consistently raising its investment in environmental protec-
tion, which peaked twice, respectively, in 1999 and 2004.
They may explain pollution mitigation in the following years.

While air pollution in Beijing, as indicated by both the
pollutant concentration (Fig. 2) and API index (Fig. 3), had
been kept relatively improved during the past decade, it
should be noted that the city’s annual mean concentration of
NO2 and PM10 were still 52 and 109 μg/m3, well above the
WHO standard of 40 and 20 μg/m3, respectively, for the two
pollutants and also above the grade I standard in NAAQS of
40 μg/m3 for both pollutants. The severe air pollution in
China, especially in Beijing, causes human health damage.

Methodology and data

Economic losses that resulted from air-pollution-related ill-
ness consist of two parts: (1) medical costs, i.e., excessive
protection cost and medical expenditure resulted from dis-
eases caused by air pollution, and (2) loss of premature death,
i.e., the decline and incapacity of labor force caused by pre-
mature death. The two parts are estimated separately and then
added up together for a general estimation.

Medical costs It is assumed that medical costs spent on each
patient with air-pollution-related diseases, mainly cardiovas-
cular diseases and diseases, are constant across all age groups,
which are denoted byCcar andCres respectively. Thus, the total
air-pollution-related medical and protection costs imposed on
a whole society (Cmed) equals individual costs multiplied by
the numbers of patients who are affected by cardiovascular
diseases and respiratory diseases, i.e., Zcar and Zres

Cmed ¼ Ccar � Zcar þ Cres � Zres ð1Þ

The data we used to evaluate Ccar and Cres are collected
from Beijing Short Compile for Health Statistics in 2012.

30
35
40
45
50
55
60
65
70
75
80
85
90

0
50

100
150
200
250
300
350
400
450

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012

Respiratory
System Disease
Mortality Rates
SO2

NO2

Annual Average
Air Pollutant

P
o
ll
u
ta

n
t 
c
o
n
c
e
n
tr

a
ti
o
n
 

(
u

g
/m

3
)

M
ortality rate (%

)

Year

PM10 

Fig. 2 Air pollutant
concentration and respiratory
disease mortality rate in Beijing
(1994–2012). Data source: 1994–
2012 Beijing environment
bulletin, 1995–2012 Beijing
statistical yearbook

Environ Sci Pollut Res (2016) 23:11716–11728 11719

Author's personal copy



Both Zcar and Zres are assumed to relate with air pollutant
concentration, and the relationships are estimated with a dose-
response model developed by the U.S. Environmental
Protection Agency (EPA):

ln E Zi j

� �� � ¼
αþ β js X ið Þ þ DOW þ H þ s time; d f ¼ 7ð Þ þ s temperature; d f ¼ 6ð Þþ
s humidity; d f ¼ 6ð Þ þ s price; d f ¼ 6ð Þ

ð2Þ

where Zij is the amount of people going to see a doctor (PSD)
on the ith day in the jth sample hospital due to either cardio-
vascular or respiratory diseases. βj represents the correlation
between air pollutant concentration and the PSD in the district
where the jth sample hospital locates. Xij is air pollutant con-
centration on the ith day at the location of the jth sample
hospital. DOW is a dummy variable indicating whether the
ith day is a working day or not. DOW=1 represents working
days and DOW=0 represents non-working days. This vari-
able is included because the pattern of hospital visits may vary
under the two conditions. For a similar reason, we also include
in the model the dummy variable of H, with H=1 indicating
heating period and H=0 indicating non-heating period. s is
the denotation of cubic spline function. The model explicitly
considers the spline functions of air pollution, time, tempera-
ture, humidity, and price levels of meat and eggs8 since these
factors are all assumed to be non-linearly related to the inci-
dent of cardiovascular and respiratory diseases (Dusseldorp
et al. 1995; Kwiterovich 1997; Chen et al. 2012).

The EPA dose-response model is open in terms of selection
of pollution index. In this study, we use the concentration of
PM10 as the indicator of air pollution concentration (Xij) on
each day9. We refer to the grade I standard in NAAQS when
setting up the thresholds10 in this study: 40 μg/m3 for PM10.

This model is estimated with disease-specific PSD data
(Jan 1st–Dec 31st 2012) collected from three local11 hospitals
respectively located in the districts of Shijingshan, Fengtai,

and Daxing of Beijing. The three districts locate in the central
and southern parts of Beijing, as shown in Fig. 4. The reason
we use the local hospital visiting data is that such data can
help eliminate potential sample contamination arising from
non-local visits on our estimation of Beijing residents’ health
conditions. Since air pollution in the central and southern parts
of Beijing is a little more severe than that in the north, this
would make simulation from our study slightly exaggerating
the health impacts of air pollution in Beijing (Fig. 5).

Air pollution data in the three districts were collected from
the air quality monitoring stations in each area, one in
Shijingshan, two in Fengtai, and two in Daxing. For the dis-
tricts with more than one monitoring station, air pollutant con-
centration is equaled with the average of readings from each
station. For the city of Beijing as a whole, air pollutant concen-
tration is average among all pollution monitoring stations. All
air quality monitoring stations involved in this study are run by
the government, thus all the readings of pollutant concentration
used are official data.Meteorology data, including temperature,
air humidity, and rainfall in Beijing, were collected from
Beijing Meteorological Bureau. The data of PSD associated
with each disease in Beijing is collected from 2012 Beijing
Health Statistics Yearbook, and the food price data is collected
from Beijing Xinfadi Agricultural E-Trading Center.

Based on Eq. (2), for each sample hospital, we estimate its
βj and derive the dose-response coefficient bj following
Eq. (3), which measures the percentage increase in PSD asso-
ciated with 10 μg/m3 increase in air pollutant concentration.

bj ¼
lnβ j

ΔD
ð3Þ

ΔD is the gap between annual average air pollutant con-
centration and its threshold. For a further step, bj is averaged
among the three sample hospitals to eliminate potential bias
that resulted from hospital scale and instability of daily PSD.
With the correlation between air pollution and disease-specific
PSD, we further estimate the number of people whose health
is affected by air pollution in the target city, Beijing, with
Eq. (4):

Zres=car ¼ ΔZ ¼ Zp−Zc ¼ Zp 1−
1

1þ b
� �ΔD

2
64

3
75 ð4Þ

where Zp is the overall PSD amount for the cardiovascular
diseases and respiratory diseases, Zc is the PSD amount with-
out pollution,12 ΔZ is the excessive PSD attributed to air pol-

lution, and b is the weighted average of bj
13.

8 Consumption of meat and eggs is an indicator of residential dietary
pattern, which has potential influence on morbidity rate. We assume that
supply of meat and eggs in the study period was stable and that price level
was positively related to the demand as well as total assumption. Thus,
the price index of meat and eggs could be used as an indicator of resi-
dential dietary habit.
9 The study focuses the impact of PM10, without explicit discussion about
that of PM2.5, which is stemmed from the following reason: PM10 is
referred as the inhalable particles with diameters less than 10μm. It harms
the human respiratory system and causes illness. The difference between
PM10 and PM2.5 is that the particles with a diameter of 10 μm deposit
generally at upper respiratory tracts, while the particles with diameters
less than 2.5 μm can enter into deeper place of respiratory tracts.
10 Thresholds refer to a pollutant concentration, below which we believe
air pollution would not harm human health. It is a key factor in almost all
evaluations of the health impact of air pollution.
11 By Blocal,^ wemean hospitals that mainly serve local residents. As the
national capital, there are also many national hospitals located in Beijing,
which serve both patients from and outside Beijing. These national hos-
pitals are deliberately excluded from our sample.

12 We define pollution in this study with concentration of a pollutant
higher than its threshold.
13 The weight is identified by the proportion of the PSD for the cardio-
vascular disease or respiratory disease in a specific hospital to the total
PSD for the two kinds of diseases in the three hospitals.
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Loss in premature death

Similar to the estimation of pollution-illness relationship, the
daily number of disease-specific premature death is estimated
with the EPA’s dose-response model:

ln E Pikð Þ½ �
αþ βks X ið Þ þ DOW þ H þ s time; d f ¼ 7ð Þ þ s temperature; d f ¼ 6ð Þþ
s humidity; d f ¼ 6ð Þ þ s price; d f ¼ 6ð Þ

ð5Þ

where Pik represents the number of premature death on the ith
day caused by the kth kind of diseases (k=1 means respiratory
diseases and k=2 means cardiovascular diseases), and βk rep-
resents the correlation between the number of premature death
caused by disease k.

Disease-specific death toll for each day is necessary to
estimate βk in Eq. (5). However, such data are neither

available from the city of Beijing as a whole nor from the
sample hospitals. As an alternative, we use data collected from
Hong Kong in 2012 to estimate age-specific βk. Those data
include air pollutant concentration data collected from Hong
Kong Environmental Protection Bureau, humidity data from
Hong Kong observatory, food price data from Hong Kong
Census and Statistics Department, and daily death toll from
the Center for Health Protection. Thus, the premature death
dose-response coefficient we used in this study is derived
from the Hong Kong population. Although it may not perfect-
ly resemble the dose-response relationship among Beijing res-
idents, we think they are currently the best available substitu-
tion for two reasons. First, it has been shown in various path-
ological studies that the dose-response relationships are quite
similar among groups with similar races (HEI 2003; Dong and
Zhi 2010; Daniel and Petrolia 2011). Second, weights of most
chemical components of PM10 in the air (with similar degree
of pollution) collected from Beijing and Hong Kong are not
statistically different from each other (see Table 3). Thus,
substituting Beijing’s air pollution dose-response coefficients
with those of Hong Kong would at least provide us a reason-
able estimation of the impact of air pollution on premature
death in Beijing.

Once we obtain the estimation for βk, we can calculate the
dose-response coefficient bk (the percentage increase in pre-
mature death caused by 10 μg/m3 increase in air pollutant)
with Eq. (6).

bk ¼ lnβk

ΔD
ð6Þ

whereΔD is the gap between annual average concentration of
PM10 and its threshold.

The number of disease-specific daily premature death re-
sulted from air pollution in Beijing is estimated with the dose-

Table 1 The comparison of air quality standard between China and
WHO(2005)

Pollutant Standards Pollutant concentration limit(μg/m3)

1-h mean 24-h mean Annual mean

SO2 China 1st 150 50 20

China 2nd 500 150 60

WHO 125

PM10 China 1st 50 40

China 2nd 150 70

WHO 50 20

NO2 China 1st 200 80 40

China 2nd 200 80 40

WHO 200 40

Data source: China Environmental & Air Quality Standard (GB 3095-
2012), WHO air quality guidelines (2005 update)
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response model, and a whole year’s premature death is esti-
mated by totally summing the number of death on each day
and in each district, as shown in Eq. (7):

Pk ¼ ∑
365

i−1∑
17

n−1Pkin ¼ ∑
365

i¼1∑
17

n−1Pn �ΔDin � bk ð7Þ

where Pk is number of premature death caused by air pollution
and channeled through disease k (cardiovascular disease and
respiratory disease, respectively) in Beijing in the study year.
We calculate it by summing the number of disease-specific
death on each day (i) and in each district (n) that are attributable
to air pollution, which is Pkin. Pkin is estimated by multiplying
Pn, the total number of premature death in district n, withΔDin

(the district-specific gap between daily mean of air pollution
concentration and its threshold) and the dose-response coeffi-
cient bk. To estimate the economic loss caused by premature
death, we need to calculate the number of premature deaths for
various age strata to explore the economic loss with Eq. (8):

Pkm ¼ λkmPk ð8Þ

where Pkm is the number of premature deaths associated with
illness k in the nth age strata; λkm is the proportion of the
number of the premature death associated with illness k for
the mth age stage to the total premature death associated with
this disease. The total number of premature deaths caused by
air pollution is partitioned into 16 age strata (with five ages as
one group) in this study, as shown in Table 4.

The loss varies along with the age at which a patient dies
according to the human capital method. It would be reasonable
to assume that the younger the patient dies, the greater the loss
of human capital in premature death. Specifically, the per capita
loss in premature death cost is calculated with a revised human
capital method, which takes the loss mainly as the decrease in
human capital gain resulted from life expectancy reduction.

cdeatht ¼ ∑
80−t

i¼1

gdp 1þ gð Þi
1þ rð Þi ð9Þ

Equation (9) describes how to calculate the premature
death loss for an individual at age t, which is denoted as ct

death.
In this calculation, we take 80 years, the average lifespan for
Beijing residents in 2012, as life expectancy.14 Any death that
occurs before that would be considered as premature death,
and the resultant losses in potential human capital gains from
all following years till 80 are first converted to their present
values in 2012 and then added up together as estimation for
the per capita premature death loss. Human capital gains in
each year are estimated with the per capita GDP of that year,
which is assumed to increase at a rate of g. Per capita GDP in
2012 is gdp and the discount rate is r.

The annual average per capita GDP increase rate is estimat-
ed with the average increasing rate from 2001 to 2011, with
the growth data collected from the Beijing Statistical
Yearbook. The annual average discount rate data in Beijing
is collected from World Economic Outlook Databases (IMF
2012).

The total economic loss in premature death is calculated
with Eq. (10).

TCdeath ¼
X2

k¼1

X13

m¼1

Pkmc
death
t ð10Þ

where TCdeath is the total economic loss caused by the prema-
ture death of all individuals because of cardiovascular diseases
and respiratory diseases. Pkm is the number of premature
deaths associated with illness k in the mth age strata. ct

death is
the premature death loss for an individual at age t, which is
denoted in Eq. (9).

Results and discussion

In 2012, PM10was themajor pollutant in Beijing. On 337 days
of the 366 days in 2012, it constituted the primary pollutant for
API calculation. Its annual average concentration was far
above the NAAQS grade I standard (40 μg/m3) in all districts
of Beijing (Table 5).

Air pollution does lead to significant health impact. Its impact
on morbidity rate of cardiovascular diseases and respiratory dis-
eases may be inferred from Table 6. The positive correlation

14 According to the Chinese National Statistical Report (2013), life ex-
pectancy in Beijing is 80.18. We take the integer part in our calculation.

Table 2 Air pollution regulations implemented in Beijing, 2000–2008

Year Regulation title

2000 Air Pollution Prevention Law

Implementation Measures of Beijing
for the Air Pollution Prevention Law

Power Plant SO2 Emission Standards

Diesel Vehicle Free Accelerating Smoke
Emission Standards

2003 Discharge Levy Standard Management Approach

Environmental Impact Assessment Law

Cleaner Production Promotion Law

Collection and Usage Management
Approach of Beijing Municipal Sewage Charge

2008 Inform on Enhancing the Management of SO2

Emissions from Coal-Fired Furnaces

Inform on Monitoring Beijing Entry Crossroads
and Vehicles Exhaust Emission

Inform on Optimizing the Declaration Management
of New Cars Emissions
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coefficients in the table indicate that, as the concentration of the
pollutant increases, the morbidity of the both diseases will in-
crease, with the incidence of respiratory diseases more sensitive
to air pollution. To a further step, the dose-response coefficient
for each disease in each sample hospital is estimated with the
dose-response model and shown in Table 7.

According to the estimation (Table 7), PSD amount of
respiratory diseases increases by 0.71, 0.96, and 0.60 %,
respectively, for every additional 10 μg/m3 increase in the
concentration of air pollutant. We derive the city’s dose-
response coefficient by averaging the correlations for both
kinds of diseases among the three sample hospitals, with
the annual PSD amount for each kind as the average
weight. Taking the city as a whole, the dose-response co-
efficient is 0.42 % for cardiovascular diseases and 0.72 %

for respiratory diseases. In other words, for every addition-
al 10 μg/m3 increase in PM10 concentration, the PSD
amount of cardiovascular diseases will increase by
0.42 % and that of respiratory diseases will increase by
0.72 % in Beijing.

Plugging our estimation of the dose-response coeffi-
cients into Eq. (3), we estimated that the PSD associated
with cardiovascular diseases caused by air pollution was
278,000 and that of respiratory diseases was 190,700 in
Beijing in 2012. Multiplying the two numbers with the
per capital medical cost, we conclude that in the year
2012, air pollution in Beijing resulted in an economic loss
of 106.8632 million due to an aggravated risk of cardio-
vascular diseases and 73.3051 million of cardiovascular
diseases.

Similarly, the impact on mortality rate of cardiovascular
diseases and respiratory diseases due to air pollution may be
inferred from Table 6.

It is indicated in Table 6 that for every additional 10 μg/m3

increase in annual average concentration of PM10, the mortal-
ity rate of cardiovascular diseases rises by 0.2 % and that of
respiratory diseases rises by 0.48 %.

Next, the rates of premature death, respectively
channeled through cardiovascular diseases and respiratory
diseases, are calculated for each district in Beijing
(Table 8). Overall, air pollution in Beijing, as indicated
by PM10 concentration, leads to an economic loss of
402.8535 million in 2012. Also, the health threats diverge
markedly among people of different ages. Generally speak-
ing, the probability of air pollution induced death increases
with age. Among the cohorts of 5 to 35 years old, very few
people would die from air pollution. Beyond 35, noticeably
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more people are subject to premature death from air pollu-
tion. The mortality rate starts to moderately increase since
the age of 35, and the increase is accelerated beyond the
age of 65. For people older than 65, the risk of death from
air pollution is substantially raised. It is estimated for the
year 2012 that less than ten adults under age 35 would die
of air pollution in Beijing, whereas about 200 adults older
than 75 would be killed by the pollution. Finally, it should
be noted that the cohort of children under 5 years old is an
exception from the increasing trend of death risk with age.
They are even more susceptible to air-pollution-induced
death compared to juveniles (Table 9).

The health impacts of air pollution among age cohorts are
further evaluated in terms of economic losses. It is shown in
Fig. 6 that the loss is relatively higher among old age groups,
although reduction in human capital for each individual death
in these groups is low. Obviously, the size effect (the amounts
of premature death in old groups) outweighs the price effect
(the economic cost for individual death). Taking premature
death channeled through cardiovascular diseases as an exam-
ple, the death resulted in a loss of about half million among the
group with age 0–4, which increased to 6.2 million among
people above 70 years old. Compared to that, premature death
that resulted from respiratory diseases is generally less harm-
ful for old people. If evaluated in monetary terms, it would
only cause an economic loss of 2.7 million in that cohort.
However, respiratory diseases would sound terrifying for 0–
4-year-old children since deaths caused by respiratory dis-
eases are more than five times higher than those caused by
cardiovascular diseases.

According to our estimation, 32.1% of respiratory-disease-
induced depreciation in human capital could be attributed to
young child death, which accounted to 3.9 million. The cost
is so high because (1) newborns’ immunity systems are weak
and they are more likely to die if infected by air pollution, and
(2) individual death in the youngest cohort results in the
highest loss since they potentially have the most future
incomes.

Finally, we evaluate the loss of premature death from each
district of Beijing. As shown in Fig. 7, the three districts with
the highest risks of death from air pollution are Chaoyang,
Haidian, and Fengtai, with 20.5, 16.9, and 11.3 % of air-
pollution-induced premature deaths located in each district.

Population size is the primary reason for regional dif-
ferences in air-pollution-induced premature death and
economic losses. The districts that suffered the most from
such death are those with the largest populations, includ-
ing Chaoyang (population of 3.745 million), Haidian
(population of 3.484 million), and Fengtai (population of
2.214 million). In addition, regional emissions are also
responsible for regional variation of premature death due

to air pollution. As Kenneth et al. (1993) and Tolley et al.
(1994) analyzed, vehicle exhaust is one of the major

Table 3 A comparison of PM10’s chemical composition in Beijing and
Hong Kong

Beijing Hong Kong

Item Percentage Lower boundary Higher boundary

Source: Zhang et al. 2007a, b Source: Ho et al. 2003

OC 6.4–12.4 % 4.11 % 25.52 %

EC 2.3–5.6 % 1.01 % 12.01 %

Source: Sun et al. 2006

Ca 4.53 % 0.00 % 8.07 %

Fe 1.64 % 0.00 % 2.58 %

Al 3.81 % 0.04 % 2.29 %

Ti 0.23 % 0.00 % 70.53 %

Mg2+ 0.98 % 0.10 % 2.62 %

Mn 0.08 %* 1.65 % 96.29 %

Cr 4.19 % 0.89 % 19.18 %

Ni 0.04 %* 3.05 % 27.47 %

V 8.18 % 1.63 % 14.08 %

As 0.01 %* 1.01 % 20.57 %

Zn 0.16 % 0.00 % 2.01 %

Pb 0.08 %* 39.55 % 100.00 %

Cu 0.03 %* 11.09 % 100.00 %

Na+ 0.68 % 1.21 % 22.44 %

Cl− 1.00 % 0.34 % 29.39 %

K+ 0.58 % 0.63 % 4.06 %

NH4
+ 1.68 % 0.90 % 8.57 %

SO4
2− 3.71 % 3.80 % 41.91 %

NO3
− 1.48 % 2.47 % 14.38 %

Data presented in the table are either direct citations or calculations based
on the research results from the three field studies cited in the table.
Sample air of Beijing was collected in 2004 and that of Hong Kong
was collected in the winter season of 2001 (November 2000 to
February 2001). We would assume that air pollution composition in each
city would not change a lot over this period. All studies employed rigor-
ous procedures in evaluating PM10’s chemical composition, and all have
been published in well-recognized journals (see the reference list). In
addition to the common chemical symbols, the abbreviation of OC refers
to organic carbon and EC for elemental carbon.While the weights of most
chemical components of Beijing’s PM10 lie in the confidence intervals of
that in Hong Kong, which means those chemical components do not
differ significantly as a composition in polluted air of Beijing and Hong
Kong, those highlighted with * do involve such significance, and all
highlighted components are hazardous. However, for these hazardous
chemicals, their concentration was lower in Beijing, which is quite out
of our expectation. Further research efforts would be needed to explain
such counter-expectation phenomenon. If it is assumed that those hazard-
ous chemical components in air would impose greater risks on human
health, the substitution of Beijing’s dose-response coefficient with that of
Hong Kong may exaggerate our estimation about the loss from pollution-
induced death
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sources of urban emissions. Thus, the costs of air pollu-
tion, either in the form of a higher mortality rate or as the
associated economic loss, should concentrate around areas
with high volume of traffic. In the city of Beijing, two
regions are most susceptible to traffic jams: one covers
the eastern parts of the 2nd and 3rd Ring Road, both of
which are located in Chaoyang District, and the other
covers the western part of the 2nd Ring Road, which is
located at the intersection of Haidian and Xicheng dis-
tricts (Public Security Traffic Management Bureau,
Beijing Municipal Government). Chaoyang and Haidian
are the two districts that suffered most economic losses
from air pollution, as estimated in our study.

Another major source of urban emission is industry.
Pollution concentration tends to be upheaved in regions

Table 4 Mortality rates of
cardiovascular and respiratory
diseases across age cohorts, 2012
(unit = 1/100,000)

Age groups 0– 5– 10– 15– 20– 25– 30– 35–

CD 7.35 0.85 1.70 2.37 3.38 4.44 8.30 17.33

RD 34.95 1.13 0.66 0.61 0.99 0.79 1.55 2.72

Age groups 40– 45– 50– 55– 60– 65– 70– 75–80

CD 35.71 58.23 99.28 160.18 262.79 487.59 1020.39 1954.55

RD 4.27 5.58 12.10 20.85 41.07 90.29 228.31 538.04

Data source: calculated by the authors based on China Health Statistical Synopsis 2012

CD cardiovascular diseases, RD respiratory diseases

Table 5 Annual mean pollutant concentration (μg/m3) and population
(10,000) of districts in Beijing

District PM10 Population District PM10 Population

Dongcheng 113 90.8 Changping 97 183

Xicheng 111 128.7 Shunyi 98 95.3

Yizhuang 126 33 Pinggu 98 42

Haidian 114 348.4 Miyun 85 47.4

Chaoyang 114 374.5 Huairou 87 37.7

Shijingshan 124 63.9 Yanqing 82 31.7

Fengtai 113 221.4 Annual average 114

Tongzhou 119 125 Maximum 138

Daxing 124 147 Minimum 97

Fangshan 122 98.6 NAAQS grade I 40

Mentougou 109 29.8

Data source: 2012 Beijing environment bulletin

Table 6 Correlation between air pollution and the morbidity rates of
respiratory and cardiovascular diseases in sample districts

Fengtai Shijingshan Daxing

Respiratory disease 0.642 0.638 0.710

Cardiovascular disease 0.385 0.384 0.639

Table 7 Morbidity dose-response coefficients of respiratory and
cardiovascular diseases

District Disease Dose-response coefficient Weight

Fengtai RD 0.0071 0.2161

CD 0.0056 0.1810

Shijingshan RD 0.0096 0.2774

CD 0.0031 0.3098

Daxing RD 0.0060 0.5066

CD 0.0043 0.5092

Table 8 Mortality dose-response coefficients of respiratory and
cardiovascular diseases

Air pollutant Disease City average dose-response coefficient

PM10 RD 0.004823154

CD 0.001957569

Table 9 Mortality rates of respiratory and cardiovascular diseases by
air pollutant

District PM10 District PM10

CD RD CD RD

Dongcheng 1.31 % 3.53 % Fangshan 1.48 % 3.96 %

Xicheng 1.28 % 3.43 % Mentougou 1.24 % 3.33 %

Yizhuang 1.55 % 4.16 % Changping 1.03 % 2.75 %

Haidian 1.33 % 3.58 % Shunyi 1.04 % 2.80 %

Chaoyang 1.33 % 3.58 % Pinggu 1.04 % 2.80 %

Shijing Shan 1.51 % 2.02 % Miyun 0.81 % 2.17 %

Fengtai 1.31 % 3.53 % Huairou 0.85 % 2.27 %

Tongzhou 1.42 % 3.82 % Yanqing 0.76 % 2.03 %

Daxing 1.51 % 4.06 % Average 1.28 % 3.34 %
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with extensive industrial activities, such as Chaoyang,
Haidian, Fengtai, Tongzhou, and Xicheng. The five dis-
tricts together produced 38 % of total industrial added
value of Beijing, and they also paid the most losses from
air pollution (Fig. 8).

Finally, lack of vegetation coverage may aggravate adverse
health impact of air pollution. As shown in Fig. 9, vegetation
coverage in the five districts that incurred the most economic
loss from air-pollution-induced premature death are all below
the city’s average level, i.e., 46.2 %.

Concluding remarks

We provide the most updated estimation of how air pol-
lution influences human health in Beijing with field data
collected in three local hospitals in 2012. We also esti-
mate the resultant economic losses. According to our es-
timation, 278,000 patients with cardiovascular diseases
and 190,700 patients with respiratory diseases were vic-
tims of the city’s air pollution. Among them, 346 people

died of cardiovascular diseases and 204 died of respirato-
ry diseases, respectively accounting for 1.27 and 1.64 %
of the total deaths from the two kinds of diseases.
Considering both the medical costs spent on disease treat-
ment and depreciation of human capital from premature
death, the economic losses that resulted from air pollution
in Beijing is 583.0218 million, accounting for 0.03 % of
the city’s GDP in 2012. The total is composed of four
parts: (1) medical cost of 106.8632 million spent on car-
diovascular disease treatment, (2) medical cost of
73.3051 million spent on respiratory disease treatment,
(3) human capital depreciation of 284.5620 million due
to premature death that resulted from cardiovascular dis-
eases, and (4) human capital depreciation of 118.2915
million due to premature death that resulted from respira-
tory diseases.

Our estimation should be used with caution. On the one
hand, we select sample hospitals from more polluted districts
in Beijing, and when estimating the mortality rate of prema-
ture death from air pollution, we substitute the dose-response
coefficient calculated based on the data from Hong Kong,
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where polluted air contains a higher percentage of hazardous
chemical components. Both facts may exaggerate the loss
from air pollution in our study. However, on the other hand,
we do not include the potential loss from infrastructure and
building accelerated aging, damaging the city image, reduced
investment opportunity, tourism slipping (tourist arrivals, es-
pecially inbound tourists, have decreased from 2009), and
people’s negative emotion that stemmed from air pollution,
all of which would make this study a conservative one.

Air pollution’s health impacts are significantly varied along
the dimensions of age and region in Beijing. Facing air pollu-
tion, people of old age and children generally suffer more than
the other groups. Senior people over 70 years old and children
under 5 years old are the major victims of Beijing’s air pollu-
tion. As to regional difference, health conditions of people
living Chaoyang, Haidian, Fengtai, Tongzhou, and Daxing
are more likely to be adversely affected by air pollution, with
the first three districts facing the highest risks of death from air
pollution.

In order to mitigate the negative impacts on human
health of air pollution in Beijing, the following policy in-
terventions are possibly effective. First, as the most fatal
pollutant in Beijing, emission of PM10 (of course including
PM2.5) should be strictly controlled, possibly in ways

including but not limited to shifting Beijing’s industrial
structure towards a highly technical and environmental
friendly one, curbing private vehicle ownership growth,
promoting the development of electric vehicles, reducing
traffic jam with improved traffic management system, and
cleaning power generation. Second, steps should be taken
to green the city, especially the most industrialized parts of
Chaoyang, Haidian, and Fengtai, through afforestation.
Third, special protective measures should be applied to
the elderly and children, as they are most vulnerable air
pollution harms.

The main contribution of the paper is to empirically inves-
tigate the impact of air pollution on people’s health and ac-
cordingly economic loss in Beijing, China. Due to the avail-
ability of data, our results may be biased because we only used
data collected from three sample hospitals, and we have to use
the correlation between the number of premature deaths
caused by diseases and air pollutants in HongKong to roughly
estimate that in Beijing.
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