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This is a draft edition of the Cost of Pollution in
China: Economic Estimates of Physical Damages
report, which will be presented at the interna-
tional conference on Sustainable Development in
Beijing, China on March 2, 2007. The purpose
of this conference edition is to present the findings
of the studies undertaken in China over the
past about 3 years as well as to obtain relevant
comments and feedback from the conference
participants that could be included in the final
edition of the report.

This report traces its origin to 1997, when the
World Bank published the China 2020 – Clear
Water Blue Skies report. This work underscored
the economic implications of environmental
degradation by estimating that the cost of air and
water pollution in China is between 3.5 and 8
percent of GDP. Following these findings, the
Chinese government requested the World Bank
to collaborate with a number of Chinese and
international research institutes to develop an
environmental cost model (ECM) using
methodologies specific to the China context. 

This work includes an in-depth review of
international ECM studies, and development
and application of new methodologies (and soft-
ware) for annual estimations of water and air
pollution in China at both central and local lev-
els. The aim of this work is to increase awareness

of the economic impacts of air and water pollu-
tion in China, to provide relevant policy infor-
mation to decision makers and to enable the
Chinese government to make optimal resource
allocations for environmental protection. 

Prior to the publication of this report, com-
prehensive comments have been received by
both the Chinese Government, particularly the
State Environmental Protection Administration
(SEPA) and independent Chinese and Non-
Chinese reviewers. Some of the subjects that
have been carefully developed during the course
of implementation, including certain physical
impact estimations as well as economic cost cal-
culations at local levels have been left out of this
conference edition due to still some uncertain-
ties about calculation methods and its applica-
tion. How to possibly make use of these
materials will be continuously worked on during
and after the conference. Moreover, the com-
prehensive reference material that has been
developed by joint Chinese and International
expert team (including progress reports and var-
ious background reports), is going to be attached
in a CD-ROM in the final edition.

Wish you good reading of this edition and
looking forward to receiving your comments.

Report Authors 
February 2007
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xiC H I N A – E N V I R O N M E N T A L  C O S T  O F  P O L L U T I O N

In recent decades, China has achieved
rapid economic growth, industrializa-
tion, and urbanization. Annual in-
creases in GDP of 8 to 9 percent have
lifted some 400 million people out of
dire poverty. Between 1979 and 2005,
China moved up from a rank of 108th
to 72nd on the World Development
Index. With further economic growth,
most of the remaining 200 million
people living below one dollar per day
may soon escape from poverty. Al-
though technological change, urban-
ization, and China’s high savings rate
suggest that continued rapid growth 
is feasible, the resources that such
growth demands and the environmen-
tal pressures it brings have raised
grave concerns about the long-term
sustainability and hidden costs of
growth. Many of these concerns are
associated with the impacts of air and
water pollution.

Rapid Economic Growth Has Had Positive Environmental
Impacts but Also Created New Environmental Challenges 

Considering China’s strong economic growth over the last 20–25 years, there
is no doubt that it has had positive impacts on the environment. Along-
side economic growth, technology improvements over this period have cre-
ated much-improved resource utilization. Energy efficiency has improved
drastically—almost three times better utilization of energy resources in
2000–02 compared to 1978. As a result of the changing industrial structure,
the application of cleaner and more energy-efficient technologies, and pollu-
tion control efforts, ambient concentrations of particulate matter (PM) and
sulfur dioxide (SO2) in cities have gradually decreased over the last 25 years.
Implementation of environmental pollution control policies—particularly 
command-and-control measures, but also economic and voluntarily
measures—have contributed substantially to leveling off or even reducing
pollution loads, particularly in certain targeted industrial sectors. 

At the same time, new environmental challenges have been created. Fol-
lowing a period of stagnation in energy use during the late 1990s, total energy
consumption in China has increased 70 percent between 2000 and 2005,
with coal consumption increasing by 75 percent, indicating an increasingly
energy-intensive economy over the last few years. Moreover, between 2000
and 2005, air pollution emissions have remained constant or, in some
instances, have increased. The assessment at the end of the tenth five-year
plan (2001–05) recently concluded that China’s emissions of SO2 and soot
were respectively 42 percent and 11 percent higher than the target set at the
beginning of the plan. China is now the largest source of SO2 emissions in
the world. Recent trends in energy consumption, particularly increased coal
use, provide a possible explanation for the increase in SO2 emissions. 

Water pollution is also a cause for serious concern. In the period between
2001 and 2005, on average about 54 percent of the seven main rivers in
China contained water deemed unsafe for human consumption. This repre-
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sents a nearly 12 percent increase since the early
1990s. The most polluted rivers occurred in the
northeast in areas of high population density.
The trends in surface water quality from 2000 to
2005 suggest that quality is worsening in the
main river systems in the North, while improv-
ing slightly in the South. This may partly be the
result of rapid urbanization (the urban popula-
tion increased by103 million countrywide from
2000 to 2005), which caused COD loads from
urban residents to increase substantially and,
hence, surpass the planned targets for 2005.
Rapid industrialization probably also plays a part.

Northern China Bears a Double
Burden from Air and Water Pollution

While the most populous parts of China also
have the highest number of people exposed to air

pollution, it is striking that the areas with the
highest per capita exposure are almost all located
in northern China (Qinghai, Ningxia, Beijing,
Tianjin, Shaanxi, and Shanxi). The exception is
Hunan, which is located in the South. In Fig-
ure 1, the color of the provinces on the map
shows the percentage of the urban population
exposed to air pollution, while the bars indicate
the absolute number of people exposed.

Similarly, the most severely polluted water
basins—of the Liao, Hai, Huai, and Songhua
rivers—are also located in northern China (see
figure 2 for surface water quality). North China
also has serious water scarcity problems. Some
provinces—including Beijing, Shanxi, Ningxia,
Tianjin, and Jiangsu—seem to face the double
burden of exposure to high levels of both air and
water pollution. However, while air pollution
levels may be directly associated with population
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exposure, the same does not necessarily apply to
surface water pollution. This is because popula-
tions generally have different drinking water
sources that may allow them to escape high levels
of contamination. About 115 million people in
rural China rely primarily on surface water as
their main source of drinking water. Surface
water as a drinking water source is more vulner-
able to possible pollution compared to other,
safer drinking sources. 

Air and Water Pollution 
have Severe Health Impacts

According to conservative estimates, the eco-
nomic burden of premature mortality and
morbidity associated with air pollution was
157.3 billion yuan in 2003, or 1.16 percent of

GDP. This assumes that premature deaths are
valued using the present value of per capita GDP
over the remainder of the individual’s lifetime. 
If a premature death is valued using a value of 
a statistical life of 1 million yuan, reflecting
people’s willingness to pay to avoid mortality
risks, the damages associated with air pollution
are 3.8 percent of GDP. These findings differ in
two important ways from previous studies of the
burden of outdoor air pollution in China. First,
they are based on Chinese exposure-response
functions, as well as on the international litera-
ture; and second, they are computed for indi-
vidual cities and provinces. Previous estimates 
by WHO (Cohen et al. 2004) were based on 
the assumption that increases in PM beyond 
100 �g/m3 of PM10 caused no additional health
damage.( In the base case considered by WHO,
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relative risk does not increase beyond 50 �g/m3
of PM2.5, which is approximately equivalent to
100 �g/m3 of PM10.) This assumption implies
that the WHO estimates cannot be used to eval-
uate the benefits of specific urban air pollution
control policies. 

Two-thirds of the rural population is without
piped water, which contributes to diarrheal disease
and cancers of the digestive system. The cost of these
health impacts, if valued using a VSL of 1 million,
are 1.9 percent of rural GDP. Analysis of data
from the 2003 National Health Survey indicates
that two-thirds of the rural population does not
have access to piped water. The relationship
between access to piped water and the incidence
of diarrheal disease in children under the age of
5 confirms this finding: the lack of access to

piped water is significantly associated with excess
cases of diarrheal disease and deaths due to diar-
rheal disease in children under 5 years of age.
Although there are many indications that surface
and drinking water pollution problems con-
tribute to serious health impacts, the lack of
monitoring data on specific pollutants and data
on household behavior regarding avoiding expo-
sure to polluted drinking water make it difficult
to quantify all of the health effects of water pol-
lution. Specifically, the lack of exposure data
makes quantifying the relationship between
chemical and inorganic pollution and the inci-
dence of chronic diseases almost impossible. Pre-
liminary estimates suggest that about 11 percent
of cases of cancer of the digestive system may be
attributable to polluted drinking water. More
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attention, however, needs to be given at the pol-
icy level to reinforcing the surveillance capacity
for chronic exposures and disease incidence.

Health is Highly Valued 
by the People in China

The mortality valuation surveys conducted in
Shanghai and Chongqing as part of this study
suggest that people in China value improve-
ments in health beyond productivity gains. The
value of a statistical life estimated in these 
surveys—the sum of people’s willingness to pay
for mortality risk reductions that sum to one sta-
tistical life—is approximately 1 million yuan.
This number supports results of other studies,
which suggest that the value of an avoided death
is greater than what is implied by the adjusted
human capital approach, which is approximately
280,000 Yuan in urban areas. Evaluation of the
health losses due to ambient air pollution using
willingness-to-pay measures raises the cost to 
3.8 percent of GDP.

It is remarkable that the willingness to pay is
about the same in locations as different as
Shanghai and Chongqing, which differ greatly
in per capita GDP with a ratio as high as 5:1.
(However, sample per capita incomes showed a
more modest ratio of 2:1.) Furthermore, these
new findings illustrate that the urban Chinese
population has a willingness to pay to reduce
mortality risk comparable in PPP terms to the
levels seen in several developed countries with
much higher per capita incomes. This means
that the Chinese people highly value their health
status and their longevity. 

China’s Poor Are 
Disproportionately Affected by
Environmental Health Burdens

Although the objective of this study was not to
compare the impacts of air and water pollution
on the poor versus the non-poor, the findings
suggest that environmental pollution falls dis-

proportionately on the less economically ad-
vanced parts of China, which have a higher share
of poor populations. As shown in Figure 1,
Ningxia, Xinjiang, Inner Mongolia, and other
low-income provinces are more affected by air
pollution on a per capita basis than high-income
provinces such as Guangdong and other
provinces in the southeast. 

From another perspective, analysis of the
2003 National Health Survey showed that 
75 percent of low-income households in rural
China with children under 5 years of age have no
access to piped water, compared to 47 percent in
the higher-income categories. This implies that
low-income households rely more on other
drinking water sources. In fact, about 32 percent
of households within the lowest income quartile
rely primarily on surface water as their primary
source of drinking water, compared to 11 per-
cent in the highest income quintile. This 
means that the rural poor are at a substantially
higher risk from surface water pollution than 
the non-poor. 

The fact that water quality in the North is
worse than in the South may explain the slightly
higher diarrheal prevalence seen in lower income
groups in northern China (2.1 percent) com-
pared to southern China (1.9 percent). How-
ever, when focusing on differences between
income groups in the North, the data clearly
show that the poor (lowest income quartile) have
a much higher diarrheal prevalence (2.4 percent)
in households using surface water compared to
the highest income groups, where no diarrhea
cases have been recorded. 

Pollution Exacerbates Water
Scarcity, Costing 
147 Billion Yuan a Year

Water scarcity is a chronic problem, especially in
the North. It is closely related to problems of
water pollution. Surface water pollution has put
pressure on the use of groundwater for agricul-
tural and industrial purposes. The depletion of
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nonrechargeable groundwater in deep freshwater
aquifers imposes an environmental cost, since it
depletes a nonrenewable resource and increases
future costs of pumping groundwater. It can also
lead to seawater intrusion and land subsidence. 

Estimates of the cost of groundwater deple-
tion suggest that it is on the order of 50 billion
yuan per year, while estimates of the costs of
using polluted water to industry are comparable
in magnitude, bringing the overall cost of water
scarcity associated with water pollution to 
147 billion yuan, or about 1 percent of GDP.
These new findings indicate that the effects of
water pollution on water scarcity are much more
severe than previous studies have estimated. 

Air and Water Pollution 
Cause Significant Crop 
and Material Damage 

This study makes clear that the impacts of air
and water pollution on health are severe in both
absolute and in economic value terms. Although
we acknowledge that not all non-health-related
impacts can be quantified, the impacts of pollu-
tion on natural resources (agriculture, fish and
forests) and manmade structures (e.g. buildings)
are estimated to account for substantially lower
damages in economic terms. 

Acid Rain costs 30 billion yuan in crop damage
and 7 billion in material damage annually. It is
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estimated that acid rain, caused mainly by
increased SO2 emissions due to increased fos-
sil fuel use—causes over 30 billion yuan in dam-
ages to crops, primarily vegetable crops (about
80 percent of the losses). This amounts to 
1.8 percent of the value of agricultural output.
Damage to building materials in the South
imposed a cost of 7 billion yuan on the Chinese
economy in 2003. In addition to the human
health effects reported above, these damages pro-
vide an additional impetus for controlling SO2.
Damages to forests could not be quantified due
to lack of monitoring data in remote areas and
adequate dose-response functions.

Six provinces account for 50 percent of acid rain
effects. The burden of damages from acid rain 
is also unevenly distributed. Over half of the 
estimated damages to buildings occur in three
provinces: Guangdong (24 percent), Zhejiang 
(16 percent), and Jiangsu (16 percent). Almost half
of the acid rain damage to crops occurs in three
provinces: Hebei (21 percent), Hunan (12 per-
cent), and Shandong (11 percent). However, the
impacts of acid rain extend across international
boundaries and also affect neighboring countries.

Irrigation with polluted water costs 7 billion
yuan per year. This study has quantified part of
the damage caused by the use of polluted water
for irrigation in agriculture and a portion of the
impact of water pollution on fisheries. The
impact of irrigating with polluted water in desig-
nated wastewater irrigation zones—considering
only the impact on yields and produce quality,
but not on human health—was estimated to
reach 7 billion yuan in 2003. 

The cost to fisheries is estimated at 4 billion
yuan. The impact of acute water pollution inci-
dents on commercial fisheries is estimated at
approximately 4 billion yuan for 2003. The
impact of chronic water pollution on fisheries
could not be estimated for lack of exposure data
as well as adequate dose-response information.

Air Pollution Poses a Large Health Risk in
Urban Areas and Water Pollution a Significant
Health Risk in Rural Areas

The figures presented in the summary table at
the end of this chapter suggest that outdoor air
pollution poses a very serious problem in urban
areas. This is not surprising when one compares
the levels of ambient PM10 in Chinese cities with
other large cities across the world. With annual
average PM10 concentrations of over 100Ìg/m3,
several selected cities in both northern and
southern China are among the most polluted
cities in the world (see figure 5).

Although the health damages associated with
water pollution are smaller, in total, and as a per-
cent of rural GDP, they are still 0.3 percent of
rural GDP if conservatively valued and 1.9 per-
cent of rural GDP when valued using a 1 million
yuan VSL. Both figures ignore the morbidity
associated with cancer and therefore underesti-
mate the health costs associated with water pol-
lution. However, relative to other developing
countries, China’s diarrheal prevalence in rural
areas is quite low, actually lower than in coun-
tries where a larger percentage of the rural pop-
ulation has access to piped water supply (see
figure 6). 

The Benefits of Sound Policy
Interventions May Exceed the Costs

This study report shows that the total cost of air
and water pollution in China in 2003 was 362
billion yuan, or about 2.68 percent of GDP for
the same year. However, it should be noted that
this figure reflects the use of the adjusted human
capital approach, which is widely used in Chi-
nese literature, to value health damages. If the
adjusted human capital approach is replaced by
the value of a statistical life (VSL) based on stud-
ies conducted in Shanghai and Chongqing, the
amount goes up to about 781 billion yuan, or
about 5.78 percent of GDP. 

Setting priorities for cost-effective interventions.
Interventions to improve the environment in
China are likely to yield positive net benefits.
Indeed, one of the advantages of the environ-
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mental cost model developed in this project is
that it can be used to evaluate the benefits of
specific pollution-control policies and assist in
designing and selecting appropriate targeted
intervention policies. Once the impact on
ambient air quality of a policy to reduce partic-
ulate emissions has been calculated, the tools
used to calculate the health damages associated
with particulate emissions can be used to com-
pute the benefits of reducing them. To illus-
trate, researchers have examined the costs and
impacts on ambient air quality of measures to
control SO2 emissions and fine particles in 
Shijiazhuang, the capital of Hebei Province
(Guttikunda et al. 2003). The monetized value
of the health benefits associated with each mea-

sure could be calculated, using the techniques
developed in this study, and compared with the
costs. 

Targeting high-risk areas. The findings from
this project suggest that a focus on northern
China is essential, particularly the North China
Plain and areas located northeast and northwest
of the plain, where the study shows that there is
a double burden from both air and water pollu-
tion. This problem is further magnified by the
presence of disparities between the poor and
non-poor. On this basis, it seems relevant that
stronger policy interventions should be de-
veloped to address air and water pollution
problems. In addition, these efforts should be
complemented with emphasis on improving
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F I G U R E  5 .  Annual average PM10 concentrations observed in selected cities worldwide, 2004, 2005

Source: China Environmental Yearbook 2005 and WHO 2005.



access to clean water, with a specific focus on the
lowest income groups.

Responding to people’s concerns. This study
suggests that the Chinese value the avoidance of
health risks beyond productivity gains. This
implies that people’s preference for a clean envi-
ronment and reduced health risks associated
with pollution are stronger than past policies
appear to have acknowledged. Growing con-
cerns about the impacts of pollution are increas-
ingly expected to guide national policies as well
as local actions. Public disclosure of envi-
ronmental information such as emissions by
polluting enterprises, as well as ambient envi-
ronmental quality data by local authorities,
could be an important tool for responding to
people’s concerns and creating incentives for
improving local conditions.

Addressing the information gap. Past policies
and decisions have been made in the absence of

concrete knowledge of the environmental im-
pacts and costs. By providing new, quantitative
information based on Chinese research under
Chinese conditions, this study has aimed to
reduce this information gap. At the same time,
it has pointed out that substantially more infor-
mation is needed in order to understand the
health and non-health consequences of pollu-
tion, particularly in the water sector. It is criti-
cally important that existing water, health, and
environmental data be made publicly available
so the fullest use can be made of them. This
would facilitate conducting studies on the
impacts of water pollution on human and ani-
mal health. Furthermore, surveillance capacity at
the local and national levels needs to be
expanded to improve the collection of environ-
mental data, especially data on drinking water
quality. These efforts will further improve the
analysis begun in this project.
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Developing an environmental-health action
plan. At present, an environmental-health action
plan is being jointly drafted by the State Envi-
ronmental Protection Administration (SEPA)
and the Ministry of Health (MoH). This plan
should take into consideration the mortality and
morbidity impacts from water and air pollution

presented in this report. The plan should include
a focus on the geographical areas identified in
northern China, where there is a double burden
of both air and water pollution. Furthermore,
particular focus should be put on areas where
poor populations are adversely affected from
lack of access to clean water and sanitation. 
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AIR AND WATER
POLLUTION IN CHINA

In the last 25 years, China has
achieved rapid economic growth,
industrialization, and urbanization,
with annual increases in GDP of 
8 to 9 percent. During the same
period, advances in technology 
and economic efficiency, coupled
with pollution control policies, have
positively affected air and water
pollution loads. However, great
challenges remain in further
improving China’s environmental
status. 

To illustrate, China has not been able to meet 10 of its 13 critical 10th five-
year-plan targets for air and water pollution control (see table 1.1). The most
pressing off-target performance is the drastic increase in industrial-based SO2

emissions, which has reversed the downward trend in SO2 levels, and
degraded air quality and the increase in domestic COD loads, which have
caused water quality to deteriorate.

China is the world’s second largest energy consumer after the United
States. Almost 68 percent of its energy comes from coal, much of which is

Overview
1

�

T A B L E  1 . 1 Environmental Targets for the 10th Five Year Plan vs. 
Environmental Performance (million tons)

Actual 2005 Comparison 
Actual Planned (completed by with Planned 

Indicators 2000 2005 6/17/06) 2005 (+/− %)

Air Pollution
SO2 emissions 19.9 17.9 25.5 42

Industry 16.1 14.5 21.7 50
Domestic 3.8 3.5 3.8 9

Soot Emissions 11.7 10.6 11.8 11
Industry 9.5 8.5 9.5 12
Domestic 2.1 2.1 2.3 10

Industrial Dust Emissions 10.9 8.98 9.1 1
Water Pollution
COD discharge 14.5 13.0 14.1 8

Industry 7.0 6.7 5.5 −18
Domestic 7.4 6.5 8.6 32

Ammonia Nitrogen 1.8 1.65 1.5 −9
Industry 0.8 0.7 0.525 −25
Domestic 1.1 0.9 0.973 8

Source: Estimations based upon China Environmental Yearbook 2001 and 2006, the
10th Five Year Plan for Environmental Protection and status of the China environment
report, 2005



burned in thermal power plants or in industrial
boilers. This has led to continuously high levels
of SO2 and particulate air pollution. In addition,
water pollution and water scarcity problems are
also very severe, particularly in North China,
where the region faces some of the most severe
water quality and quantity challenges in the world
today. This section provides a brief overview of
these challenges.

Air Pollution Trends

Although levels of SO2 and particulates have
declined since the 1980s, China’s cities still rank
among the most polluted in the world. Figure 1.1
shows trends in annual average total suspended
particulates (TSP, SO2, and NOx in large and

medium-sized Chinese cities, beginning in
1980). (The averages in each year are arithmetic
averages—unweighted by population—of avail-
able readings for “major cities.” The set of cities
varies from 53 to 97, depending on the year.) Sep-
arate averages are reported for northern and
southern cities. Suspended particulate levels are
higher in northern cities, due in part to industrial
activity, but also to geographic and meteorologi-
cal conditions that make these cities more vulner-
able to particulate pollution than cities in the
south of China, holding emissions constant
(Pandey et al. 2005). In both northern and south-
ern cities, particulate concentrations show a
downward trend from 1980 until the early 1990s
and then remain relatively flat. Sulfur dioxide and
NOx concentrations also show a downward trend
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in northern cities. Since 2003, however, NOx and
particularly SO2 concentrations have increased. 

When measured in terms of the number of
cities violating Chinese air quality standards, air
quality has shown some improvement since
1999. Table 1.2 shows the number of cities vio-
lating at least one air quality standard (cities clas-
sified as Grade III or worse than Grade III) since
1999. The number of cities worse than Grade III
has declined steadily since 1999. Nevertheless,
in 2005 about 50 percent of China’s cities still
did not meet air quality standards.

Table 1.3 presents the distribution of moni-
tored cities by PM10 and SO2 levels in 2003 and
2004. In 2003, 53 percent of the 341 monitored
cities—accounting for 58 percent of the country’s

urban population—reported annual average
PM10 levels in excess of 100 µg/m3, which is twice
the U.S. annual average standard. Twenty-one
percent of cities reported annual average levels in
excess of 150 µg/m3. Only 1 percent of the coun-
try’s urban population lives in cities with annual
average PM10 levels below 40 µg/m3.

Sulfur dioxide levels in cities measure up bet-
ter in terms of international standards. In 2003,
almost three-quarters of cities had sulfur dioxide
levels below the U.S. annual average standard
(60 µg/m3), suggesting that particulate air pollu-
tion is likely to be a more important health con-
cern in the future.

A direct consequence of air pollution from SO2

and NOX is acid rain, which remains a serious
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Source: Abstracted from www.sepa.gov.cn/

F I G U R E  1 . 2 TSP and SO2 Concentrations in China, 2002

T A B L E  1 . 2 Trends in Air Quality in China’s Cities (%)

Air Quality Standards 1999 2000 2001 2002 2003 2004 2005

Grade II (Up to the standard) 33 37 34 36 42 39 52
Grade III 26 30 33 34 31 41 38
Worse than grade III 41 33 33 28 27 20 10

Source: Status of China Environment reports 1999–2005



problem in China. Figure 1.3 shows the distribu-
tion of rainfall by pH level in China in 2001,
2003, and 2005. The problem remains serious in
the south and southeastern portions of the coun-
try. As illustrated below, there are some indications
that the main areas affected are gradually moving
from southwest to southeast. Over half of China’s
sulfur dioxide emissions come from electric utili-
ties (Sinton, 2004). Total sulfur dioxide emissions
declined in the late 1990s, largely due to stricter
standards on emissions of SO2 by coal-fired power
plants and to the “Two Zones” control program
designed to reduce acid rain by controlling SO2

emissions in cities with high ambient SO2 levels
(see the second map in figure 1.2 and the maps in
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T A B L E  1 . 3 Distribution of PM10 and
SO2 Levels in 341 Cities,
2003 and 2004

% of Cities

Distribution of PM10 Levels 2003 2004

PM10 ≤ 100 µg/m3 46 47
100 < PM10 ≤ 150 µg/m3 33 39
PM10 > 150 µg/m3 21 14

Distribution of SO2 Levels

SO2 ≤ 60 µg/m3 74 74
60 < SO2 ≤ 100 µg/m3 14 17
SO2 > 100 µg/m3 12 9

Source: China Environmental Yearbooks 2004 and 2005.

F I G U R E  1 . 3 Distribution of Acid Rain in China, 2001, 2003, and 2005

figure 3). However, recent data (see table 1.1) sug-
gest that sulfur dioxide emissions are increasing
due to the high demand for coal in a rapidly grow-
ing economy. Emissions in 2005 were over 25 mil-
lion tons, 28 percent higher than in 2000, and
42 percent higher than the 2005 target.

Despite increased SO2 emissions over the last
three years (up 32 percent from 2001 to 2005),
it should be noted that the number of cities
reaching acceptable SO2 concentration standards
(i.e. reaching class II) has in fact increased in the
SO2 control zone and remained about the same in
the acid rain control zone (see table 1.4). This may
indicate that SO2 emission from high point
sources have increased, while emissions from low
point sources and area sources have decreased.

Water Pollution Trends and Quality

Surface water quality in China is poor in the most
densely populated parts of the country, in spite of
increases in urban wastewater treatment capacity.
Water quality is monitored by the State Environ-
mental Protection Administration (SEPA) in
about 500 river sections and by the Ministry of
Water Resources in more than 2,000 sections
across the main rivers. It is classified into one of
five categories based on concentrations of the 30
substances listed in Annex 2. Recent trends sug-
gest that quality is worsening in the main river sys-
tems in the North, while improving in the South
(see figure 1.4). For all the five main river systems
in the North (Songhua, Liao, Hai, Huai, and
Huang rivers), sections with class IV to VI ranked
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T A B L E  1 . 4 Distribution of SO2 Levels Among Cities in the Two Air Pollution Control
Zones, 1998–2005 (in %)

SO2 Concentrations 1998 2000 2002 2003 2004 2005

In the SO2 control zone:
Reaching Class II standards: 33 48 41 39 41 45
(SO2 ≤ 0.6 mg/m3)
Reaching Class III standards: 30 25 31 25 30 34
(0.06 mg/m3 < SO2 ≤ 0.10 mg/m3)
Below Class III standards: 37 27 28 36 29 21
(SO2 > 0.10 mg/m3)

In the acid rain control zone:
Reaching Class II standards: 70 81 79 75 73 74
(SO2 ≤ 0.6 mg/m3)
Reaching Class III standards: 14 6 14 15 20 22
(0.06 mg/m3 < SO2 ≤ 0.10 mg/m3)
Below Class III standards: 16 13 7 10 7 4
(SO2 > 0.10 mg/m3)

Source: Status of China Environment reports 2000–05

2000 i-iii 
2000 > iii 
2004 i-iii 

hujiang

southeast
yangziriver

huairiver

hairiver

liaoriver

songhuajiang

huangriver

southwest

northwest

2004 > iii 

F I G U R E  1 . 4 Surface Water Quality, 2000 and 2004

Source: China—Water Quality Management—Policy and Institutional Considerations (World Bank, 2006)
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water—i.e., non-potable water sources, but that
may be used by industry (class IV) and agriculture
(class V)—increased, while the better class I–III
ranked water—i.e. suitable for drinking water,
swimming and household use, and which also can
support aquatic life—increased in the South.

The overall trend for the period 1990 to 2005
indicates that water quality has become substan-
tially better in the water-rich south, but has not
improved and may even have worsened in the
water-scarce north (see figure 1.5).

In 2004, about 25,000 km of Chinese rivers
failed to meet the water quality standards for
aquatic life and about 90 percent of the sections
of rivers around urban areas were seriously pol-
luted (MWR 2005). Many of the most pol-
luted rivers have been void of fish for many
years. Among the 412 sections of the seven
major rivers monitored in 2004, 42 percent
met the Grade I–III surface water quality stan-
dard (that is, water that is safe for human con-
sumption), 30 percent met Grade IV–V
standards, and 28 percent failed to meet Grade
V. Figure 3.2 (chapter 3) shows for 2004 the
location of monitoring stations that failed to
meet Class I to III standards. The bulk of the
violations occurred in the north in areas of high
population density.

Pollution of sea water and lakes is also serious.
Thirty percent of sites at which sea water quality
is monitored have quality poorer than Grade III.
Seventy-five percent of the lakes in China
exhibit some degree of eutrophication. Among
the 27 major lakes and reservoirs monitored in
2004, none met the Grade I water quality stan-
dard, only two (7.5 percent) met the Grade II
water quality standard, and five (18.5 percent)
met the Grade III quality standard. Most sites
have lower quality levels: four (14.8 percent) are
Grade IV quality, six (22.2 percent) are Grade
V, and ten (37.0 percent) failed to meet the
Grade V quality standard. The “Three Lakes”
(Taihu, Chaohu, and Dianchi) were among the
lakes failing to meet the Grade V water quality
standard; total nitrogen and phosphorus were
the main pollution indicators contributing to
poor water quality (SEPA 2004).

From a health perspective, it is drinking water
quality that matters more than surface water qual-
ity. Although the last major, nationwide survey of
drinking water quality in China occurred in the
1980s, monitoring of drinking water and the
sources of drinking water in 300 rural counties,
together with data on disease incidence, suggest
that polluted drinking water continues to be a
problem in rural areas. Due to inadequate treat-



ment, drinking water standards are often violated
even in piped water in townships and villages
across China. Concerning non-piped water, mon-
itoring data from rural areas show extremely large
violations of guidelines. The main problem is
land-based contamination. Approximately two-
fifths of the rural population does not have piped
drinking water, according to the 2005 China
Health Yearbook. Analyses presented in Chapter
3 of this report suggest a correlation between
levels of bacteria and total coliform in drinking
water and absence of piped water, as well as a
clear relationship between lack of access to piped
water and prevalence of diarrhea in children.
When it comes to infectious diseases associated
with drinking water pollution, however, the an-
nual incidence rates have shown a marked down-
ward trend in the last 20 years.

Although information is not readily available
on the percent of the population exposed to vari-
ous levels of chemical and inorganic pollutants,
mortality rates associated with cancers of the diges-
tive system (stomach, liver, and bladder cancers) in
rural areas in China suggest that drinking water

pollution may still be a serious problem. Figure 1.6
contrasts mortality rates from esophageal, stom-
ach liver, and bladder cancers in different parts of
China with world averages. Death rates due to
stomach, liver, and bladder cancers in rural China
are considerably higher than world averages and
also much higher than in large cities in China.

Energy use, industrialization, and
urbanization affect environmental
performance

Trends in energy use offer a possible explanation
for the recent increase in SO2 emissions described
above. Following the economic slowdown in the
late 1990s, the economy grew by about 9 percent
each year. Total energy consumption in China
increased by 70 percent between 2000 and 2005
(see figure 1.7). Coal consumption accounted for
75 percent of this increase, while the fraction
of energy consumption met by hydropower
decreased during the 2001–05 period. Moreover,
following a marked decrease in the energy inten-
sity of GDP between 1978 and 2001—measured
in standard coal equivalents (SCE) used to
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produce 10,000 Yuan GDP—energy intensity
increased in the 2002–05 period (see figure 1.8).

Production of 10,000 Yuan GDP in 1978
required energy equal to 8.43 tons SCE. This
was reduced to 2.58 tons in 2001—a 3.2-fold
reduction. However, energy intensity increased
to 2.76 tons in 2005.

China has also experienced an unprecedented
increase in the rate of urbanization. From 2000
to 2005, China’s urban population increased by
103 million (see table 1.5). This has likely con-

tributed to increases in urban COD and ammo-
nia nitrogen loads. Although the rate of urban
water treatment is increasing (up to 45 percent in
2005), the absolute number of urban residents
not linked to water treatment systems has also
increased. Moreover, the share of the industries
that contribute most to water pollution loads—
pulp and paper, food production & processing,
textiles, and mining and tanning—have all
retained their respective Gross Industrial Output
Value (GIOV) in the industrial process. This
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implies that China has yet to realize a substantial
reduction in industry-based water pollution due
to changes in industrial structure favoring cleaner
downstream production.

WATER SCARCITY AND THE USE OF
POLLUTED WATER FOR IRRIGATION

Generally speaking, China’s water resources are
most abundant in the southern and western re-
gions of the country and scarce in the north. The
northeast plain areas account for one-third of
GDP, but only 7.7 percent of national water
resources, while the southwestern areas account
for 21.3 percent of national water resources, but
only 8.7 percent of GDP.

To cope with water scarcity, China has
developed strategies that have to some degree
put pressure on the environment. There are
three ways that water scarcity harms the envi-
ronment. First, water scarcity may lead to deple-
tion of groundwater. In some areas of China,
the groundwater table has fallen 50 meters since
1960, and it continues to fall 3 to 5 meters
annually. Second, water scarcity may lead to
excessive consumption of unsafe, polluted water.
Consumption of unsafe water in China runs to
billions of cubic meters every year. As a third
consequence, water scarcity may lead to indus-
try, agriculture, and households being periodi-
cally rationed.

Water depletion and consumption of unsafe
water are linked responses to water scarcity. In
some areas of China, authorities do not supply
unsafe water, with the implication that ground-
water depletion increases. For example, this
happens in the lower reaches of the Yangtze. It
is estimated that 25 billion cubic meters of non-
rechargeable deep-aquifer groundwater were
mined in China in 2000, 90 per cent of which
was used for agricultural purposes.

In other areas, polluted water is used to the
maximum extent and water depletion is less than
it would have been otherwise. Wastewater irri-
gation zones are spreading in China and now
account for about 4 million hectares of agricul-
tural land. The produce is likely to contain heavy
metals such as mercury, cadmium, lead, copper,
chromium, and arsenic.

The Chinese Environmental 
Pollution Impact Model

This report represents the culmination of a
joint effort between the Chinese government
and a team of Chinese and international experts
to assess the costs of environmental degradation
in China. The team (see figure 1.9) consisted of
staff members from China’s State Environ-
mental Protection Administration (SEPA) and
affiliates—the Chinese Academy for Environ-
mental Planning, the Policy Research Center of
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T A B L E  1 . 5 China’s Urbanization and Industrialization

Urban Population % Urban GIOV Values (Bio RMB in GIOV Values 
Year Total Population (million) Population constant 1990 prices) (indexed)

1978 963 172 18 255 100
1985 1,059 251 24 502 197
1990 1,143 302 26 686 269
1995 1,211 352 29 1723 675
2000 1,267 459 36 2753 1071
2004 1,300 543 42 4083 1600
2005 1,308 562 43 4594 1800

Source: Calculations based upon China Statistical Yearbook various years.



Environment and Economy, and the China
National Environment Monitoring Center—as
well as other government agencies such as the
Ministry of Water Resources (MWR), Ministry
of Health (MoH), and the Center for Disease
Control and Prevention (CDC). The team also
included staff from the World Bank, Resources
for the Future (USA), CICERO (Norway), and
ECON (Norway). It was formed with the
intention of both assessing current environ-
mental damages from air and water pollution
and developing the tools that would enable
these damages to be calculated on a continuing
basis at both the national and provincial levels.

The project, supported by the World Bank,
adopted a multi-sectoral approach to assessing
the magnitude of air and water pollution in
China, with critical data and inputs from SEPA
(and its affiliates) and affiliates under the MWR
and MoH including CDC).

As part of the multiyear effort to refine
methodologies and estimate the costs of pollu-
tion, an environmental cost model was devel-
oped to (a) help monitor annual environmental

impacts; (b) contribute to the development of
a National Environmental Accounting System;
and (c) contribute to provincial comparisons of
environmental performance.

To accomplish these aims, the project was
designed to fulfill a set of technical objectives:

1. To formulate, based on Chinese as well as
international studies, a Chinese Environmen-
tal Cost Model (CECM) that would calculate
the damages associated with air and water pol-
lution, by pollutant, sector, and province.

2. To undertake pilot studies on the valuation
of health risk (VEHR) that would estimate
willingness to pay (WTP) for reductions in
premature mortality for use in the CECM.

3. As an integrated part of the CECM, to develop
a software tool that would standardize and
make operational the calculation of environ-
mental costs.

4. To build capacity for environmental cost
calculation in China through collaboration
between China’s national expert team and an
international expert team.
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5. To identify gaps in knowledge—both gaps in
research and in the collection of environmen-
tal data—that must be filled if the ECM is to
form a basis for decision making in China.

It should be emphasized that the outputs of the
project can be used for three purposes: (1) to cal-
culate the total damages associated with air and
water pollution; (2) as an input to China’s Green
National Accounts; and (3) to calculate the ben-
efits of programs to reduce air and water pollu-
tion. Box 1.1 summarizes how similar analyses
have been used in other countries.

This report summarizes the results of the
environmental cost model (ECM) and valuation
of environmental health risks (VEHR) studies
and also describes the methods, data, and litera-
ture that have been used to calculate environ-
mental costs in this project. The development

of an ECM for China has been aided by three
factors:

• The advancement of methods for assessing
environmental costs over the past 20 years.
Methods to calculate the burden of disease
attributable to air and water pollution have
advanced significantly, as have methods of
estimating the economic costs of environ-
mental degradation.

• The expansion of studies of pollution
damages—for example, of the health effects
of air pollution—by Chinese researchers.
Previous studies of environmental damage in
China (World Bank 1997; Cohen et al.
2004) have relied largely on transferring
dose-response functions from the interna-
tional literature to China. A hallmark of the
current project is its reliance on studies con-
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The goal of this project—to quantify environmental degradation using a damage function
approach—parallels efforts undertaken by international agencies and governments throughout
the world. This box summarizes these efforts.

Global burden of disease due to environmental factors. The World Health Organization
(WHO) has calculated (by region) mortality and morbidity associated with both indoor and out-
door air pollution using the same methods as this study. In the case of outdoor air pollution,
WHO has estimated annual average PM10 concentrations for over 3,000 cities around the world
and has used concentration-response functions from Pope et al. (2002) to translate these into
premature deaths associated with air pollution. These are calculated by comparing current
annual average PM10 levels in each city with a reference level of 15 µg/m3, the same reference
level used in the CECM. To calculate the burden of disease associated with indoor air pollution
(which is the focus of a separate study), odds ratios from the international literature were
applied to the relevant populations exposed to biomass fuels. WHO converts cases of illness and
premature mortality into disability-adjusted life-years-saved (DALYs) rather than monetizing
cases of illness and premature death.

Benefit-cost analyses of environmental regulations. The United States, United Kingdom, and
other members of the European Union regularly conduct benefit-cost analyses of environmental
regulations. The techniques used in this report to calculate the health impacts of reducing pollu-
tion from current levels to background concentrations—the approach used in calculating the
global burden of disease—can also be used to calculate the benefits of smaller reductions in air
pollution that are likely to be delivered by various pollution control programs. In the United States
(and the EU), the methods described in Chapter 5 of this report are used to monetize health benefits
and compare them to costs.

In the United States, benefit-cost analyses must be conducted for all “economically significant”
regulations (those costing more than $100 million per year), and are routinely conducted for air
quality regulations, following the same protocols used in Chapters 2 and 4 of this report. Benefit-
cost analysis is typically used to judge the acceptability of a regulation (do benefits exceed costs?)
and sometimes to rank regulatory options—for example, different maximum contaminant levels
for arsenic in drinking water (USEPA 2000).

ducted in China, studies that are more appro-
priate to the Chinese context.

• The improvement in monitoring and environ-
mental data collection in China. Improvements
in monitoring of air and water pollution have
made it possible to quantify exposures to envi-
ronmental pollution and estimate associated
damages.

Project Components

Pollution costs are typically classified by pollu-
tion medium and by the sector affected. Pollu-
tion media include air, surface water, drinking
water, land-based pollution (solid waste), as well
as noise and heat. Pollution damages are usually
classified according to their effects—on human
health, agriculture, forests, fisheries, or materials

(including buildings and monuments). Air pol-
lution or pollution of rivers and lakes may also
detract from recreation and aesthetic experiences.
The CECM focuses on air and water pollution—
both surface and drinking water pollution—but
does not include solid waste pollution or radiation
at this time. The main sectors for which damages
are estimated are health, agriculture, forests, fish-
eries, materials, and water resources.

In the case of air pollution, the model focuses
on particulate matter (TSP or PM10), sulfur diox-
ide (SO2), and acid rain. China is the world’s
largest producer and consumer of coal, much of
which has high sulfur content. PM10 and SO2

from coal burning, with attendant acid rain,
have caused severe pollution problems in China
for decades. Particulate matter is the key air pol-
lutant that has been studied in relation to human
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health. Associations have been documented
between PM and premature mortality; incidence
of chronic bronchitis, heart attack, and stroke;
respiratory and cardiovascular hospital admis-
sions; and restricted activity days. Acid rain,
caused by SO2 reacting in the atmosphere with
water, oxygen, and other substances, can reduce
crop and timber yields and forest canopy and
damage buildings and monuments, as can SO2

in gaseous form.
In the case of water pollution, a variety of pol-

lutants are monitored in China, both in surface
and drinking water. These include biological
pollutants such as coliform bacteria, which are
associated with fecal contamination, and chem-
ical pollutants, including naturally occurring ele-
ments such as arsenic and fluoride, heavy metals
(such as mercury), ammonia, nitrates, and toxic
petroleum compounds. From a health perspec-
tive, it is drinking water quality that matters most.
Epidemiological studies have linked virtually all
of the drinking water pollutants in Appendix 2 to
either chronic or acute health effects. Eventually,
the goal of the CECM is to link specific drink-
ing water pollutants to health endpoints such as
cancers of the liver and digestive system; to other
chronic diseases, such as diabetes and cardio-
vascular disease, which have been associated with
arsenic; as well as to acute illnesses, such as

hepatitis A and dysentery. Another goal is to link
surface water pollution to impacts on fish popu-
lations and to agriculture. The use of polluted
surface water for irrigation reduces both the
quantity of agricultural output that is suitable
for human consumption and the quality of out-
put. Pollution of surface water may also increase
pressure on groundwater resources, contributing
to the problem of water scarcity.

The goal of the CECM is to quantify and,
where possible, to monetize the effects of air
and water pollution listed in Table 1.6. using a
damage function approach. This entails five
steps: (1) identifying the nature of the pollution
problem—for example, high annual average PM10

concentrations in the ambient air or concentra-
tion of arsenic in drinking water; (2) identifying
the specific endpoints affected (cardiovascular
mortality in the case of PM10, or liver cancer in
the case of arsenic) and estimating an exposure-
response function that links exposure to each
endpoint; (3) estimating population exposures
(numbers of persons exposed to various PM10

concentrations or concentrations of arsenic in
drinking water); (4) calculating the physical
effects of exposure (deaths due to PM10 exposure
or cases of liver cancer attributed to arsenic expo-
sure); and (5) assigning a monetary value to the
physical effects.
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T A B L E  1 . 6 Sectors and Pollutants Included in the CECM

Environmental Sectors Health Agriculture Materials Forestry Water Resources Fishery

Pollutants
Air pollutants

TSP (PM10) ✓
SO2 ✓ ✓ ✓

Acid rain ✓ ✓ ✓
Water pollutants

In drinking water ✓
In surface water ✓ ✓ ✓

Source: the project team.



Step 1: Identify the pollution factors, polluted
area, and related conditions.

Step 2: Determine affected endpoints and estab-
lish dose-response relationships for pol-
lution damage.

Step 3: Estimate population (or other) expo-
sures in polluted areas.

Step 4: Estimate physical impacts from pollu-
tion using information from steps 2
and 3.

Step 5: Convert pollution impacts in physical
terms to pollution costs in monetary
terms.

The measurement of physical effects attributable
to pollution depends crucially on the existence
of dose-response functions linking pollution
exposure to physical effects, and also on the abil-
ity to characterize exposures. This has been done
more successfully in the case of human health
and air pollution and material damage and air
pollution than in other areas. For material dam-
age, exposure-response functions are available for
most building materials. However, a compre-
hensive exposure assessment is more difficult due
to lack of data on the amount and surface area of
materials in use. Concerning human health, the
availability of dose-response functions and data
on exposure differ greatly among pollutants and
health endpoints. For example, it is much easier
to estimate the health effects of PM10 in urban

areas than to estimate the effects of chronic expo-
sure to arsenic in drinking water.

In China, PM10/TSP and SO2 are regularly
monitored in 341 cities, some of which also
monitor nitrogen oxides (NOx). Dose-response
functions linking these pollutants to a variety of
health outcomes have been estimated by Chi-
nese and international researchers. As a result,
estimating the health impacts of air pollution in
urban areas is relatively straightforward, at least
for acute health effects. In the case of arsenic or
other pollutants in drinking water, monitoring
data are more difficult to obtain, and the defini-
tion of an exposure metric is more complicated
than for air pollution.

Drinking water is monitored in a sample of
counties by the Chinese Center for Disease Con-
trol and Prevention in Beijing, but the samples
are not sufficient to obtain an accurate estimate of
the fraction of the population exposed to differ-
ent concentrations of pollutants in their drinking
water throughout the country. Thus, although
there are epidemiologic studies linking arsenic to
liver cancer, it is difficult to apply them, as indi-
cated in Figure 1.11, for lack of exposure data.

The absence of dose-response functions
becomes more of a problem when examining the
effects of pollution in non-human populations.
For example, the literature linking fish popula-
tions to surface water pollution (either to acid
rain, or to eutrophication of lakes due to nitrogen

O V E R V I E W

C H I N A – E N V I R O N M E N T A L  C O S T  O F  P O L L U T I O N14

Pollution condition
(concentration)

Dose-response
relationship

Exposed
population and

activity

 Physical
impact

Monetary
impact

Polluted

area

F I G U R E  1 . 1 1 Flow Chart for Estimating the Economic Cost of Pollution

Source: the project team.



loadings) is sparse. So is the literature linking acid
rain or SO2 to timber yields and to tree cover.
This makes it difficult—in China, but also in
Western countries—to quantify the effects of air
and water pollution on forests and fisheries. For
these reasons, it has not been possible to quantify
all of the effects checked in Table 1.6.

The remainder of this report summarizes the
current state of analysis of the effects of air and
water pollution in the CECM. It is divided into
6 chapters, organized as follows:

Chapter 2. The Health Impacts of Ambient Air
Pollution. The CECM quantifies cases of
chronic bronchitis, premature mortality, and
respiratory and cardiovascular hospital admis-
sions associated with PM10 in urban areas in
China. This is a bottom-up analysis, con-
ducted at the city level, and aggregated to the
provincial and national levels. A distinguish-
ing feature of the CECM is its use of Chinese
concentration-response functions rather than
relying solely on dose-response transfer from
the international literature.

Chapter 3. The Health Impacts of Water Pollu-
tion. As noted above, it is not possible to mea-
sure population exposures to the pollutants
listed in Table 1.6 from available data. This
chapter presents an overview of surface water
pollution in China, as well as information on
the source of drinking water and the nature
of drinking water treatment. Information on
the levels of specific pollutants in drinking
water is presented for a sample of rural
counties, as well as for selected districts in
Chongqing. Information on the incidence of
diseases that have been associated with vari-
ous drinking water pollutants is presented,
together with a disease matrix summarizing
associations found in the Chinese and inter-
national literature. An attempt is made to
compute the impact of polluted drinking
water on cancer incidence in rural areas. The
chapter concludes with original research link-
ing incidence of diarrheal disease among chil-

dren under 5 living in rural areas of China
with availability of piped water.

Chapter 4. Valuing Environmental Health Effects.
An important goal of the CECM/VEHR
project is to contribute to the literature on
health valuation in China. This chapter sum-
marizes the results of original studies conducted
in Shanghai and Chongqing to estimate peo-
ple’s willingness to pay to reduce risk of pre-
mature death. The chapter also discusses the
Adjusted Human Capital (AHC) approach—
the official approach used to value health
costs in China, and uses both approaches to
value premature mortality associated with
air pollution. Estimates of the value of air-
pollution-related morbidity are also pre-
sented, as well as the health impacts of water
pollution.

Chapter 5. The Non-Health Impacts of Water
Pollution. This chapter concentrates on the
impacts from water pollution, where pollu-
tion of surface water bodies can reduce agri-
cultural yields and harvests of fish. It estimates
the damages associated with acute pollution
incidents affecting fisheries and the damages
associated with the use of sewage-contaminated
water for irrigation of crops. It also deals with
the related issue of water scarcity caused by
pollution.

Chapter 6. The Non-Health Impacts of Air Pollu-
tion. This chapter focuses on the non-health
impacts from air pollution, including SO2 and
acid rain damage to buildings and other ma-
terials and their impacts on crop and timber
yields. It values damages to buildings in South
China and crop losses due to acid rain and SO2

pollution throughout the country using Chi-
nese dose-response information. Effects on
forests are not quantified due to lack of data on
the area planted, by species, and lack of appro-
priate dose-response functions.

Table 1.7 below highlights some important types
of environmental damages that were not quanti-
fied due to lack of sufficient data.
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T A B L E  1 . 7 Environmental Damages in the CECM

Quantified Damages Non-quantified Damages Why Not Quantified

Health effects of ambient PM10

Diarrheal disease associated with no 
piped water connection; cancers 
associated with water pollution

SO2 and acid rain damage to crops
SO2 and acid rain damage to buildings

Acute effects of water pollution on fish

Agricultural damages from wastewater
irrigation

1 = Effect not quantified due to insufficient information about exposure
2 = Effect not quantified due to insufficient information about dose-response
Source: the project team.

Health effects of ambient ozone
Health effects associated with 

chemical and inorganic water 
pollutants

SO2 and acid rain damage to forests
SO2 and acid rain damage to other

types of construction
Chronic effects of water pollution 

on fish

1
1

1,2
1

1,2

A N N E X  1 . Concentration Values of Pollutants in Ambient Air

Concentration Values

Name of Pollutant Time Class I Class 2 Class 3 Concentration Level Unit

SO2 Yearly average 0.02 0.06 0.10
Daily average 0.05 0.15 0.25
Hourly average 0.15 0.50 0.70

TSP Yearly average 0.08 0.20 0.30 Mg/m3

Daily average 0.12 0.30 0.50
PM10 Yearly average 0.04 0.10 0.15

Daily average 0.05 0.15 0.25
NOx Yearly average 0.05 0.05 0.10

Daily average 0.10 0.10 0.15
Hourly average 0.15 0.15 0.30

NO2 Yearly average 0.04 0.04 0.08
Daily average 0.08 0.08 0.12
Hourly average 0.12 0.12 0.24

CO Daily average 4.00 4.00 6.00
Hourly average 10.00 10.00 20.00

O3 Hourly average 0.12 0.15 0.20

Pb Seasonal average 1.50
Yearly average 1.00 µg/m3

B(a)P Daily average 0.01
Daily average 7a

F Hourly average 20a

Monthly average 1.8b 3.0c µg/dm2 . d?
1.2b 2.0c

a. Urban area
b. Pasturing area, or Part Farming—Part Pasturing, or Silkworm-mulberry producing area
c. Farming and Forestry Area
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A N N E X  2 . List of Pollutants Monitored in Surface Water and Their Standards (mg/L)

Categories

No. Parameters I II III IV V

1

2
3
4
5
6
7

8

9
10
11
12
13

14
15

16
17
18
19
20
21
22
23
24
25

26
27
28
29
30

Basic requirements

Water temperature (C°)

pH
Sulfate (as SO4

2−)* ≤
Chloride (as CI− )* ≤
Soluble iron* ≤
Total manganese* ≤
Total copper* ≤

Total zinc* ≤

Nitrate (as N) ≤
Nitrate (as N) ≤
Non-ionic ammonia ≤
Kjeldahl nitrogen ≤
Total phosphorus (as P) ≤

Permanganate value ≤
Dissolved oxygen ≤

Chemical oxygen Demand (CODCr) ≤
Biological oxygen Demand (BOD5) ≤
Fluoride (as F−) ≤
Selenium (IV) ≤
Total arsenic ≤
Total mercury** ≤
Total cadmium*** ≤
Chromium (VI I) ≤
Total lead** ≤
Total cyanide ≤

Volatile phenol** ≤
Oils** (Petroleum ether extraction) ≤
Anionic surfactant ≤
Coli-index*** (Individuals/L) ≤
Benzo (a) pyrene (pg/L) ≤

below 250
below 250
below 0.3
below 0.1
Below 0.01

0.05

Below 10
0.06
0.02
0.5
0.02

2.0
90% of 

saturation
value

Below 15
Below 3.0
Below 1.0
Below 0.01

0.05
0.00005
0.001
0.01
0.01
0.0005

0.002
0.05

Below 0.2

0.0025

250
250

0.3
0.1

1.0 (0.01 for
fishery)

1.0 (0.1 for
fishery)
10
0.1
0.02
0.5

0.1 (0.025 for
reservoirs
and lakes)

4.0
6.0

Below 15
3.0
1.0
0.01
0.05
0.00005
0.005
0.05
0.05

0.05 (0.005
for fishery)

0.002
0.05
0.2

0.0025

250
250

0.5
0.1

1.0 (0.01 for
fishery)

1.0 (0.1 for
fishery)

20
0.15
0.02
1.0

0.1 (0.05 for
reservoirs
and lakes)

6.0
5.0

15
4.0
1.0
0.01
0.05
0.00001
0.005
0.05
0.05

0.02 (0.005
for fishery)

0.005
0.05
0.2

10000
0.0025

250
250

0.5
0.5
1.0

2.0

20
1.0
0.02
2.0
0.2

8.0
3.0

20
6.0
1.5
0.02
0.1
0.001
0.005
0.05
0.05
0.2

0.01
0.5
0.3

250
250

1.0
1.0
1.0

2.0

25
1.0
0.02
2.0
0.2

10.0
2.0

25
10
1.5
0.02
0.1
0.001
0.01
0.1
0.1
0.2

0.1
1.0
0.3

All water bodies should not contain substances from non-natural
causes as listed below:

a. Any substance that can subside and form offensive sediments
b. Floating matter, such as fragments, floating scum, oils, or any

other materials that can offend sense organs
c. Any substance that produces offensive color, odor, taste, or 

turbidity
d. Any substance that can harm human beings, animals, and plants,

or cause toxic or adverse physiological reactions
e. Any substance that can easily cause the breeding of offensive

aquatic organisms
Temperature changes in the water environment induced by human

activities should be within:
Summer weekly average maximum temperature rise ≤ 1
Winter weekly average maximum temperature down ≤ 2
6.5 ∼ 8.5 (mg/L) 6 ∼ 9 (mg/L)
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A N N E X  3 . Pollutants Monitored in Drinking Water in
China and Drinking Water Standards

Drinking Water Pollutants Class I Class II Class III

Chrome (degree) 15.0 20.0 30.0
Turbidity (degree) 3.0 10.0 20.0
Total dissolved solids (mg/L, CaCO3) 450.0 550.0 700.0
Iron (mg/L) 0.3 0.5 1.0
Manganese (mg/L) 0.1 0.3 0.5
COD (mg/L) 3.0 6.0 6.0
Chlorate (mg/L) 250.0 300.0 450.0
Sulfate (mg/L) 250.0 300.0 400.0
Fluoride (mg/L) 1.0 1.2 1.5
Arsenic (mg/L) 0.1 0.1 0.1
Nitrate (mg/L) 20.0 20.0 20.0
Total bacteria (/mL) 100.0 200.0 500.0
Total coliform (/L) 3.0 11.0 27.0
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This chapter reviews the health effects
associated with particulate matter,
summarizes population exposure to
PM10 in China and describes the
techniques used to estimate the
health damages associated with PM10

exposure in 2003. Specifically, the
CECM quantifies cases of chronic
bronchitis, premature mortality, and
respiratory and cardiovascular hospital
admissions associated with PM10 in
urban areas in China.

This is a bottom-up analysis,
conducted at the city level, and
aggregated to the provincial and
national levels. A distinguishing
feature of the CECM is its use of
Chinese concentration-response
functions rather than relying solely 
on dose-response transfer from the
international literature. The premature
deaths and cases of illness quantified
using the techniques described in this
chapter are valued in Chapter 4.

Energy consumption, especially coal consumption, is the main source of air
pollutants such as particles, SO2, NOx, and CO in most cities of China. As
the primary energy source, coal has accounted for about 65 to 70 percent
(China Statistical Yearbook 2004) of total energy consumption in recent
years, which has caused many environmental and human health problems.
Crude oil consumption has been increasing because of the rapid expansion
of the motor vehicle fleet in many cities. In recent years, epidemiological
studies conducted around the world have demonstrated that there are close
associations between air pollution and health outcomes. PM10 and SO2 are
chosen in many studies as the indicative pollutants for evaluating the health
effects of ambient air pollution. Although the mechanisms are not fully
understood, epidemiological evidence suggests that outdoor air pollution is
a contributing cause of morbidity and mortality. Epidemiological studies
have found consistent and coherent associations between air pollution and
various outcomes, including respiratory symptoms, reduced lung function,
chronic bronchitis, and mortality.

In China, epidemiological studies have been conducted beginning in the
1980s and 1990s in Beijing, Shenyang, Shanghai, and other cities. These
include two time-series analyses of the relationship between daily air pol-
lution and hospital outpatient visits/emergency room visits and daily cause-
specific population mortality in urban areas of Beijing (Chang et al. 2003;
Chang, Wang, and Pan 2003), a meta analysis of exposure-response func-
tions between air pollutants and cause-specific mortality derived from Chi-
nese studies, and a regression analysis of environmental monitoring data
and population mortality data for over 30 cities of China. (See CD-ROM
A.1). These study results suggest that urban air pollution in China causes
significant public health impacts and economic damage to the exposed pop-
ulations. They provide a good foundation for further evaluation of the
health impacts of air pollution in China.

Health Impacts of Ambient
Air Pollution

2
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HEALTH OUTCOMES FROM 
AIR POLLUTION

Epidemiological research has found consistent
and coherent associations between air pollution
and various health endpoints, or health effects.
These include reduced lung function, respiratory
symptoms, chronic bronchitis, cardiovascular and
cerebrovascular diseases, hospitalization, outpa-
tient visits, work and school absenteeism, and pre-
mature death. Although the mechanisms are still
not fully understood, research during the past 10
to 20 years suggests that outdoor air pollution
contributes to morbidity and mortality linked
with respiratory, cardiovascular, and cerebrovas-
cular illness and diseases. Some effects may arise
from short-term exposure, while others are asso-
ciated with long-term exposure. When we select
health endpoints to be accounted for in the envi-
ronmental cost model, the basic principles are as
follows:

• First priorities should be given to the health
endpoints that are registered in Chinese cities
on a regular basis and classified by ICD-9 code
(or by ICD-10, the latest revision of the classi-
fication system). This will ensure data availabil-
ity and enable comparisons between regions.
These data include population mortality,
hospital admissions, and hospital outpatient/
emergency visits.

• There are well-documented studies of expo-
sure-response functions between concentra-
tions of air pollutants (exposure) and the given
health endpoints (response).

• The methodologies applied in the epidemio-
logical studies forming the basis for exposure-
response functions should be as similar as
possible to studies in other countries to facil-
itate comparison.

As noted above, the selection of health endpoints
is restricted by the availability of exposure-
response studies. In this assessment we have

selected all-cause mortality, hospital admissions
for respiratory and cardiovascular disease, and
incidence of chronic bronchitis as endpoints
because of the availability of exposure-response
functions. Health endpoints can be classified in
broad disease groups or specified in detail accord-
ing to ICD codes. Different studies on exposure-
response relationships may address more or less
specific health endpoints. Typically, studies report
steeper exposure-response coefficients when cause-
specific health endpoints are addressed, as opposed
to studies focusing on broader groups of end-
points. For these endpoints, we therefore have to
apply a relatively crude classification, which in-
creases the uncertainty of the results.

In health cost estimation, it is also important
to make sure that the endpoints in the exposure-
response functions are consistent with the end-
points for which statistical data are available. At
present, the health data from regular surveillance
is often insufficient, and the system for reporting
prevalence of morbidity is not complete, espe-
cially for some chronic diseases. This limits the
choice of health endpoints. Since there is no
requirement from the Ministry of Health for
cause-specific registration for emergency visits
(EVs) and outpatient visits (OPVs), OPVs and
EVs for respiratory and cardiovascular diseases
cannot enter endpoint lists despite documented
studies on their dose-response coefficients.

In line with the above principles, the health
endpoints evaluated in this project are described
as follows:

• Mortality. all-cause mortality
• Morbidity. respiratory and cardiovascular hospi-

tal admissions; incidence of chronic bronchitis

Two endpoints related to hospitalization are
selected, covering the bulk of hospital admissions
attributable to air pollution. The two endpoints
are hospital admissions due to cardiovascular dis-
eases and hospital admissions due to respiratory
diseases. A broad range of diagnoses, specified by
their ICD-9 code, were included in the studies
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from which the exposure-response functions are
derived, including cerebrovascular diseases, pul-
monary heart diseases, ischaemic heart disease,
COPD, and pneumonia. The prevalence of
chronic respiratory symptoms and diseases in
a population is related to long-term, integrated
exposure. Prevalence rates are often higher in
adults than in children. We selected the end-
point chronic bronchitis as an endpoint pre-
sumably representing an important share of the
economic impact and human suffering associated
with air pollution. Chronic bronchitis typically
constitutes the largest share of cases of chronic
obstructive pulmonary diseases (COPD) and
covers a range of sub-diagnoses, which are all
likely to entail substantial reduced well-being
and restricted activity.

CAUSAL AGENTS AND 
THRESHOLD VALUES

Causal Agents in Air-Pollution-
Related Disease

Although adverse effects on human health from
particulate matter, SO2, O3, NOx, and CO are
documented, most studies have focused on the
relationship between SO2, particulate matter,
and respiratory and cardiovascular diseases. After
thorough consideration, we decided to choose
PM10 as the single air pollutant index for the fol-
lowing reasons:

1) Ambient SO2 concentrations in most Chinese
cities have greatly decreased compared with a
few years ago, and are in many cities now
lower than the WHO Air Quality Guideline
(2000) of 50µg/m3. The air quality monitor-
ing results from Chinese cities in 2003 showed
that, among the 341 monitored cities, the
annual average ambient SO2 concentration
exceeded the Class-II standard (60µg/m3) in
26 percent of the cities. Fifty-five percent of the
cities had annual average PM10 (TSP) levels

violating the Class-II standard (100µg/m3).
Annual average NO2 concentrations of all
monitored cities met the Class-II standard
(50µg/m3). This suggests that particulate
matter has become the air pollutant of pri-
mary concern in China.

2) Different air pollutants may have a synergetic
effect on human health. For instance, the
combined effect of SO2 and PM10 may be
higher (or lower) than the sum of the two
components when they occur in isolation.
Moreover, a part of PM10 may be sulfate,
which is converted SO2. In spite of a large
body of studies, the contribution of each of
these pollutants to health damage is difficult
to disentangle. In our view, adding the health
cost from, respectively, PM10 and SO2 may
lead to double counting.

3) The trial calculation results showed that the
health cost estimated for SO2 (based on the
dose-response coefficients in the December
2002 Progress Report of Chinese Environmental
Cost Model) represented only about one-tenth
of the total health cost due to air pollution.

Because particulate matter under 10 µm is an
important vector for several toxic and hazardous
air pollutants and because of the close relationship
between PM10 and health effects found in many
epidemiological studies, we exclude SO2 from the
final estimation to avoid double counting.

Air Pollutant Thresholds

According to WHO (2000), there is no level
below which particulate matter may not result in
health effects in the susceptible population, but
there is a lower limit to the level at which results
have been reported in epidemiological studies.
We define 15µg/m3 as the lower threshold value
for PM10 effects, given that the lowest PM10 con-
centration observed in the ACS cohort study by
Pope (1995) is 15µg/m3. This lower threshold is
also applied by WHO (Cohen et al. 2004).
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POPULATION EXPOSURE

China is the largest developing country in the
world. Of the more than 1.3 billion inhabitants,
about 40 percent live in urban areas (China Sta-
tistical Yearbook 2004). With the growing econ-
omy, many cities in China have to face the
challenge of air pollution. The health impacts of
air pollution, especially in cities, are gradually
being acknowledged by researchers, government,
and the public. It is difficult to estimate the num-
ber of people exposed to high levels of air pollu-
tion at a national level, because there are large
variations across different geographic and meteo-
rological areas, as well as across socioeconomic
groups. Generally, ambient air pollution is closely
associated with industrialization and urbaniza-
tion. Hence, the urban population is likely to be
the primary group exposed to high levels of ambi-
ent air pollution. Moreover, the state-controlled
air pollution monitoring sites are distributed in
urban areas only, so the air quality data represent
air pollution levels in cities. “Exposed popula-
tion” in this health damage valuation refers to
urban residents, defined as the population of
urban districts as given in the China City Statis-
tical Yearbook (2004).

Table 2.1 shows the percentage of the urban
population exposed to different classes of PM10

levels in the 31 provinces of mainland China. Fig-
ure 2.1 maps the percentage of urban population
exposed to Class III and > Class III PM10 levels.
Over half of the urban population in China is
exposed to annual average PM10 levels greater than
or equal to the Class III standard (100 µg/m3).
Over 11 percent are exposed to PM10 levels in
excess of 150 µg/m3, which is three times the U.S.
annual average standard. The provinces with the
largest percentage of people exposed to PM10 lev-
els greater than or equal to the Class III standard
are generally in the north, while eastern and south-
ern provinces with high population densities—
Shandong, Guangdong, and Jiangsu—have the
highest numbers of people exposed.

There are few air pollution monitoring sta-
tions in rural areas in China, so we cannot eval-

uate the effects of outdoor air pollution on the
human health of the population in rural areas.
Chapter 3 of this report estimates the health
impacts of indoor air pollution in rural areas 
in China.

EXPOSURE-RESPONSE
RELATIONSHIPS

Review of Epidemiological Evidence

The effects of air pollution on human health
include the chronic effects of long-term exposure
and the acute effects of short-term exposure. In
the past two decades, a large number of studies—
especially short-term, time-series studies—have
reported exposure-response relationships between
air pollution exposure and human health. Long-
term cohort studies provide the best method to
evaluate the chronic effects of air pollution on
human health, whereas time-series studies are
appropriate for revealing the acute effects of short-
term fluctuations in pollution levels. Exposure-
response coefficients from cohort studies of
premature mortality are typically several times
higher than coefficients reported in time-series
studies. We assumed that the short-term effects
found in time-series studies are embedded in the
long-term effects on mortality rates derived from
cohort studies.

A large number of time-series studies of mor-
tality have been published in the past 20 years,
but only a few cohort studies have appeared. In
China, there are some time-series studies and sev-
eral cross-sectional mortality studies, conducted in
cities such as Beijing (Chang et al. 2003; Chang,
Wang, and Pan 2003; Dong et al. 1995; Dong
et al. 1996; Gao et al. 1993; Xu et al. 1995; Xu 
et al. 1994), Shanghai (Kan and Chen 2003;
Kan and Chen 2004), Shenyang (Wang, Lin,
and Pan 2003; Xu et al. 1996a; Xu et al. 2000;
Xu et al. 1996b), and Chongqing (Venners 
et al. 2003).

To derive exposure-response functions for air
pollution and mortality applicable to the entire
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T A B L E  2 . 1 PM10 Pollution Exposure of the Urban Population (population in 10,000’s)

I Class II Class III Class >III Class

PM10< PM10: PM10: PM10 Total 
Provinces Item 40µg/m3 40–100µg/m3 100–150µg/m3 >150µg/m3 Population/%

Beijing Population 0 0 1,079 0 1,079
% 0.00 0.00 100.00 0.00 100

Tianjin Population 0 0 759 0 759
% 0.00 0.00 100.00 0.00 100

Hebei Population 0 384 1,650 496 2,529
% 0.00 15.16 65.23 19.60 100

Shanxi Population 0 148 322 796 1,267
% 0.00 11.68 25.45 62.87 100

Neimeng Population 0 144 311 240 694
% 0.00 20.67 44.74 34.59 100

Liaoning Population 0 1,615 1,265 78 2,958
% 0.00 54.61 42.75 2.64 100

Jilin Population 0 807 473 407 1,687
% 0.00 47.80 28.06 24.14 100

Heilong Jiang Population 0 627 841 179 1,647
% 0.00 38.08 51.04 10.88 100

Shanghai Population 0 1,278 0 0 1,278
% 0.00 100.00 0.00 0.00 100

Jiangsu Population 0 639 3516 458 4,613
% 0.00 13.84 76.22 9.94 100

Zhejiang Population 0 1,532 1,782 0 3,314
% 0.00 46.22 53.78 0.00 100

Anhui Population 0 927 1062 0 1,990
% 0.00 46.61 53.39 0.00 100

Fujian Population 0 1,243 385 79 1,707
% 0.00 72.81 22.57 4.62 100

Jiangxi Population 0 448 800 159 1,407
% 0.00 31.85 56.85 11.30 100

Shandong Population 0 3,610 1,546 190 5,345
% 0.00 67.53 28.92 3.55 100

Henan Population 0 792 1,706 738 3,236
% 0.00 24.47 52.72 22.81 100

Hubei Population 0 1,520 2,351 0 3,871
% 0.00 39.26 60.74 0.00 100

Hunan Population 0 317 1,594 358 2,269
% 0.00 13.97 70.23 15.80 100

Guang Dong Population 0 5,005 293 0 5,298
% 0.00 94.47 5.53 0.00 100

Guangxi Population 204 473 689 254 1,619
% 12.57 29.20 42.55 15.68 100

Hainan Population 354 113 0 0 467
% 75.86 24.14 0.00 0.00 100

Chong Qing Population 0 0 1,488 0 1,488
% 0.00 0.00 100.00 0.00 100

Sichuan Population 0 489 1,337 1,276 3,103
% 0.00 15.77 43.09 41.14 100

Guizhou Population 0 357 582 0 939
% 0.00 38.00 62.00 0.00 100

(continued )



country, we undertook a systematic literature
review and analyzed the available studies by
means of meta-analysis and statistical trend analy-
sis, and made a final selection according to the
criteria mentioned above.

Cohort studies of long-term exposure

Cohort studies take advantage of spatial varia-
tion in air pollution concentrations to compare
the incidence of disease and death in popula-
tions exposed over the long term to differing
levels of air pollution. By following large pop-
ulations for many years, cohort studies estimate
both numbers of deaths and, more impor-
tantly, mean reduction in life span attributable
to air pollution.

Evidence from cohort studies of populations
in the United States indicates that long-term
exposure to outdoor air pollution is associated

with an increase in total mortality, cardiopul-
monary mortality, and lung cancer mortality in
adults. These cohort studies include the Harvard
six-city study (Dockery et al. 1993), the ACS
cohort study (Pope et al. 1995), and the ACS
extended study (Pope et al. 2002). The main
background information and results are shown
in Tables 2.2 and 2.3.

Ecological studies of air pollution 
and human health

There is no cohort study in China and only three
cross-sectional studies that reflect the effects of
long-term air pollution exposure on mortality.
In China, Jing et al. (1999), Xu et al. (1996a,
1996b, 2000), and Wang et al. (2003) investi-
gated the chronic effects of air pollution on mor-
tality in Shenyang and Benxi. They estimated
relative risks by comparing mortality rates in the
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T A B L E  2 . 1 PM10 Pollution Exposure of the Urban Population (population in 10,000’s)
(Continued )

I Class II Class III Class >III Class

PM10< PM10: PM10: PM10 Total 
Provinces Item 40µg/m3 40–100µg/m3 100–150µg/m3 >150µg/m3 Population/%

Yunnan Population 64 789 76 0 929
% 6.91 84.95 8.14 0.00 100

Xizang Population 0 14 0 0 14
% 0.00 100.00 0.00 0.00 100

Shaanxi Population 0 147 721 340 1,207
% 0.00 12.19 59.69 28.13 100

Gansu Population 0 124 339 272 735
% 0.00 16.92 46.04 37.04 100

Qinghai Population 0 0 107 12 119
% 0.00 0.00 89.92 10.08 100

Ningxia Population 0 0 72 157 229
% 0.00 0.00 31.34 68.66 100

Xinjiang Population 0 181 278 226 684
% 0.00 26.37 40.66 32.96 100

Total Population 622 23,720 27,422 6,716 58,480
% 1.06 40.56 46.89 11.48 100

Source: authors calculations.
Note: The PM10 pollution exposure is computed based on data from 660 cities. Because air pollution monitoring data
in China are available for 341 cities, the air pollution levels of non-monitored county-level cities refer to the data of
their upper-level prefecture cities.
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F I G U R E  2 . 1 Urban Population Exposed to Class III and > Class III PM10 Levels, 2003

Source: Based upon Table 2.1

T A B L E  2 . 2 Background of Cohort Studies in the United States

Authors Year Locations Pollutants Concentration Ranges Study Design

Dockery et al. 1993 U.S. 6 cities PM10 18.2∼46.5ug/m3 Cohort study
Pope et al. 1995 U.S. 61 cities PM2.5 9.0∼33.5ug/m3 Cohort study
Pope et al. 2002 U.S. 61 cities PM2.5 Mean=17.7ug/m3 Cohort study

Sources: Dockery et al. 1993; Pope et al. 1995; Pope et al. 2002.



worst-polluted and the least-polluted areas of
each city. The background and main results are
shown in Tables 2.4 and 2.5.

Transformation of TSP and PM2.5 to PM10

The particulate matter indices, including PM10,
PM2.5, and TSP, differ in the above cohort stud-
ies and ecological studies. In order to be applied
in the ECM and compared with each other, we
convert to the uniform indicator index—PM10.
Aunan and Pan (2004) suggest that the conver-
sion ratio of TSP to PM10 is 0.60. In Dockery’s
six-city study (Dockery et al., 1993), the ratio of
PM2.5 to PM10 is 0.60 to 0.64. Lvovsky et al.
(2000) suggest that the ratio is 0.65. In the recent
Chinese four- city study (Qian et al., 2001), the
ratio is 0.51∼0.72. Wan (2005) found an average

ratio of 0.55 in 28 cities in China. We apply a
conversion ratio of 0.60 for PM2.5 to PM10 and a
ratio of 0.50 for PM10 to TSP. The results are
shown in Tables 2.6 and Table 2.7.

Time-series Studies of Short-term
Exposure and Morbidity

Time-series studies have been conducted to ana-
lyze the relationship between daily rates of health
events, such as hospital admissions or deaths,
and daily concentrations of air pollutants and
other risk factors (e.g., weather). In time-series
studies, individual factors—such as smoking,
nutrition, behavior and genetic characteristics—
are unlikely to be confounders because they are
generally constant throughout the study period.
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T A B L E  2 . 3 Main Results of Long-Term Cohort Studies in the U.S.A.

Authors Health End Points Pollutants RR 95% C.I. Beta Std Error.

Dockery et al. All Cause PM10 1.26 1.08,1.47 0.82 0.28
Lung Cancer 1.37 0.81,2.31 1.10 0.94
Cardiopulmonary 1.37 1.11,1.68 1.10 0.37

Pope et al. All Cause PM2.5 1.17 1.09,1.26 0.64 0.15
Lung Cancer 1.03 0.80,1.33 0.12 0.53
Cardiopulmonary 1.31 1.17,1.46 1.10 0.23

Pope et al. All Cause PM2.5 1.04 1.01,1.08 0.40 0.16
Lung Cancer 1.08 1.011,1.16 0.79 0.35
Cardiopulmonary 1.06 1.02,1.11 0.57 0.22

Source: Dockery et al. 1993; Pope et al. 1995; Pope et al. 2002.
Note: In the study by Dockery et al., RR is the mortality-rate ratio for the most polluted of the cities as compared with
the least polluted. In the studies by Pope et al., RR is the relative risk associated with a 10 µg/m3 change in particu-
late pollution. Beta is the percentage increase in health effect per µg/m3 increment of air pollutant.

T A B L E  2 . 4 Background of Ecological Studies in China

Authors Year Locations Pollutants Concentration Ranges Study Design

Jing et al. 1999 Benxi TSP 290∼620ug/m3 Cross-sectional ecological study
Xu et al. 1996 Shenyang TSP 353∼560ug/m3 Cross-sectional ecological study
Wang et al. 2003 Shenyang TSP 200∼540ug/m3 Cross-sectional ecological study

Source: Jing et al. 1999; Xu et al. 1996; Wang et al. 2003.



Various regression techniques are used to esti-
mate a coefficient that represents the relationship
between exposure to air pollution and human
health outcomes. The usual regression methods
model the logarithm of the response variable,
such as daily deaths or hospital admissions, to esti-
mate the relative risk, or proportional change in
the outcome per increment of ambient pollution
concentration. Table 2.8 presents the results of
meta-analysis of time series morbidity studies
conducted in China (Aunan and Pan 2004).

Limitations of Previous Studies

The exposure-response functions mentioned
above are based on research conducted in China
and other countries during the past 10 years. A
range of factors may affect the magnitude of the
exposure-response coefficients. These factors
may have changed since the older studies were
carried out, including the general health status
and living conditions of the population, and
the level and composition of air pollution. The
main limitations of previous studies are the
following:

Change of air pollution level and type

Historically, air pollution in urban areas in China
has come primarily from coal combustion. Up to
5 to 10 years ago, research was focused on the

impacts of SO2 on human health. In recent years,
air pollution in urban areas in China has been
transformed from coal-smog air pollution into a
mixture of coal-smog and automobile exhaust.
Emissions of SO2 have decreased gradually and
particulate matter has become the principal pol-
lutant of concern in most cities in China.
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T A B L E  2 . 5 Main Results of Cross-Sectional Ecological Studies in China

Authors Health End Points Pollutants RR 95% C.I. Beta Std Error.

Jing et al. All Cause TSP 1.08 1.02,1.14 0.077 0.028
COPD 1.24 1.04,1.44 0.22 0.083
CVD 1.24 1.08,1.41 0.22 0.068
CEVD 1.08 1.00,1.15 0.077 0.036

Xu et al. All Cause TSP 1.20 1.15,1.24 0.059 0.0063
COPD 1.22 0.065
CEVD & CVD 1.21 0.062
Coronary-heart-disease 1.11 0.034

Wang et al. CVD TSP 1.01 1.00,1.02 0.024 0.0087

Source: Jing et al 1999; Xu et al. 1996; Wang et al. 2003.
Note: Beta is the percentage increase in health effects per 1µg/m3 increment of TSP.

T A B L E  2 . 6 Summary of the Results of Long-Term
Exposure Studies (PM10)

Authors Health End Points Beta Std Error

Dockery et al. 1993 All Cause 0.82 0.28
Lung Cancer 1.11 0.94
Cardiopulmonary 1.11 0.37

Pope et al. 1995 All Cause 0.38 0.09
Lung Cancer 0.07 0.32
Cardiopulmonary 0.66 0.14

Pope et al. 2002 All Cause 0.24 0.10
Lung Cancer 0.47 0.21
Cardiopulmonary 0.34 0.13

Jing et al. 1999 All Cause 0.15 0.06
COPD 0.43 0.17
CVD 0.43 0.14
CEVD 0.15 0.07

Xu et al. 1996 All Cause 0.12 0.01
COPD 0.13
CEVD 0.12
Coronary-heart-disease 0.07

Wang et al. 2003 CVD 0.041 0.02

Source: Dockery et al. 1993; Pope et al. 1995; Pope et al. 2002; Jing et al.
1999; Xu et al. 1996; Wang et al. 2003.



Limitation of study areas

The meta-analysis by Aunan and Pan (2004)
was primarily based on the results from several
large cities and not on middle and small cities.
However, the characteristics of air pollution in
middle and small cities are often different from
those in large ones, and the age structure and
susceptibility to air pollution of the local popu-
lation may also vary with city size. So the extrap-
olation of the exposure-response functions to the
other cities should be considered carefully.

Limitations of methodology

Large-sample epidemiological cohort studies, sim-
ilar to those carried out in the U.S. to study the
effects of long-term exposure to PM on mortality,

have not been undertaken in China. Most cross-
sectional studies in China have been ecological
studies, in which no detailed information at the
individual level is collected. This implies that the
studies in different locations may not be compa-
rable due to site-specific characteristics. More
importantly, the studies do not control for con-
founding factors that may affect mortality (such
as socioeconomic status), which may also be cor-
related with air pollution. For this reason, we rely
on the results of cohort studies from the U.S.
(1995, 2002) in the manner described below.

Proposed Exposure-Response
Coefficients

Exposure-response coefficients for 
long-term exposure and mortality

Since impacts on all-cause mortality are reported
both in long-term cohort studies and ecological
studies (the latter presumably representing the
chronic effects of air pollution on mortality rates),
we select all-cause mortality as an endpoint in
our assessment.

There are indications that the percentage
change in the mortality rate per 1µg/m3 increment
of PM10 changes with the concentration level. The
studies in the U.S. are all carried out in areas with
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Table 2.8 Exposure-Response Relationships of PM10

and Morbidity Outcomes

Health Endpoints Diseases Beta Standard Errors

Hospital admission RD 0.12 0.02
CVD 0.07 0.02

New Cases Chronic Bronchitis 0.48 0.04

Source: Aunan and Pan (2004).
Note: Beta is the increased percent of health effects per µg/m3 increment
of PM10.

T A B L E  2 . 7 Exposure-Response Relationship for Long-Term Impact of PM10

on Mortality Rates

Dockery Pope, 1995 Pope, 2002 Jing et al. Xu et al. Wang et al.

1 2 3 4 5 6 

All Cause 0.82 0.38 0.24 0.15 0.12
Lung Cancer 1.11 0.072 0.47
Cardiopulmonary 1.11 0.66 0.34
COPD 0.43 0.13
CVD 0.43 0.041
CEVD 0.15 0.12
PM10 (µg/m3) 18.2∼46.5 37.7 27.2 145∼310 178∼280 100∼270

Source: Dockery et al.1993; Pope et al.1995; Pope et al.2002; Jing et al.1999; Xu et al.1996; Wang et al.2003.
Note: Beta is the percentage increase in health effect per 1µg/m3 increment of PM10.



lower PM10 concentrations compared to Chinese
studies. The relative risk (RR) of dying at a PM10

concentration of C, compared to the threshold
concentration of 15 µg/m3 for the studies reported
in Table 2.6, is given by equation (2.1)

where ΔC is the difference between the current
PM10 concentration and the threshold. This func-
tion is plotted in blue in Figure 2.2 for β = .0024
from the Pope et al. (2002) study. The Pope rel-
ative risk function reaches 1.38 at a concentration
of 150 µg/m3, implying (as explained below) that
28 percent of deaths are premature deaths attrib-
utable to air pollution. This is clearly an implau-
sible result. WHO (2004) dealt with this issue by
assuming that the RR function becomes horizon-
tal at approximately 100 µg/m3 of PM10, as shown
in pink on the graph. This assumption implies
that there are no health benefits from reducing
PM10 from 150 to 100 µg/m3!

One alternative is to use as the RR function
equation (2.1) with β = .0012 from a meta-
analysis of cross-sectional Chinese studies (see
figure 2.3.) These studies, however, were con-
ducted in cities where average PM10 levels were
well above 150 µg/m3 and may not be applica-
ble to PM10 levels below 150 µg/m3. A compro-
mise solution is to assume that exposure is linear

RR C= ( ) ( ) = ( )exp exp exp ( . )β β βC 15 2 1Δ

in the logarithm of PM10 (Ostro 2004), imply-
ing that the relative risk function is given by

Ostro adds 1 to both concentrations, to avoid
taking the logarithm of zero, so that equation
(2.2) becomes:

When the data from Pope et al. (1995) are fit to
the log linear relative risk function, β = 0.073
(s.e. = 0.028) (personal communication from
Rick Burnett, July 2006). This relative risk func-
tion (labeled Ostro RR) is plotted in Figure 2.3.
It coincides with the RR function based on (2.1)
with β = .0012 at 150 µg/m3 and yields higher
relative risks at lower PM10 levels. Figure 2.3
compares this RR function with the RR func-
tion implied by equation (2.1) with β = .0012.
Equation (2.3) is used to compute the relative
risks of PM10 concentrations in the CECM.

Exposure-response coefficients 
for hospital admissions

Few studies have been carried out in China
addressing hospitalization associated with air
pollution (HEI 2004; Aunan and Pan 2004). We

RR C= +( )( )1 16 2 3
β

( . )

RR C

C

= +( ) +( )
= ( )

exp ln exp ln

( . )

α β α β
β

15

15 2 2
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apply the functions derived in Aunan and Pan
(2004) to estimate the number of annual excess
cases of hospital admissions for cardiovascular dis-
eases and respiratory diseases. The functions are
based on two time-series studies in Hong Kong
and indicate a 0.07 percent (S.E. 0.02) increase in
hospital admissions due to cardiovascular diseases
per µg/m3 PM10 and a 0.12 percent (S.E. 0.02)
increase in hospital admissions due to respiratory
diseases per µg/m3 PM10. The relative risks for
hospital admissions are given by (2.1) with the
values of β = .0007 and β = .0012, respectively.

Exposure-response coefficients 
for chronic bronchitis

Aunan and Pan (2004) report an exposure-
response coefficient of 0.48 percent (S.E. 0.04)
per µg/m3 PM10 for bronchitis in adults and
0.34 percent per µg/m3 PM10 (S.E. 0.03) for
bronchitis in children. Altogether, eight cross-
sectional questionnaire surveys addressing a range
of persistent/chronic respiratory symptoms and
diseases were included in Aunan and Pan (2004).
All surveys were carried out in Chinese cities, and
covered both urban and suburban areas. The
coefficients for bronchitis are the result of a meta-
analysis of the sub-sample of odds ratios esti-
mated for this particular endpoint (given for

Lanzhou, Wuhan, and Benxi). In the studies,
the definition of bronchitis was not precise in
terms of ICD-9 (or ICD-10) code, but was
described as “chronic” or “diagnosed by a physi-
cian.” We assume that the endpoint approxi-
mates chronic bronchitis, and use the relative
risk function (2.1) with β = .0048 for chronic
bronchitis in adults.

CALCULATING HEALTH DAMAGES

With the identified health endpoints and
exposure-response coefficients proposed earlier,
the health effects from PM10 pollution consist of
three parts: (1) all-cause premature death; (2) hos-
pital admissions for respiratory disease (RD) and
cardiovascular disease (CVD); and (3) new cases
of chronic bronchitis.

The number of cases of each health endpoint
attributed to air pollution (E) is calculated as the
size of the exposed population (Pe) times the dif-
ference between the current incidence rate ( fp)
and the incidence rate in a clean environment
( ft ) [equation (2.4)]. The latter is calculated
from the fact that the current incidence rate
equals the “clean” incidence rate times the rela-
tive risk, RR. Substituting (2.6) in (2.5) implies
that excess deaths are the product of current
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deaths ( fpPe) times the fraction of deaths attrib-
utable to air pollution—(RR-1)/RR. Formally,

implying

Calculation of Baseline Incidence (fp)

Hospital admissions

The Health Statistical Yearbook (Ministry of
Health 2004) provides only all-cause hospital
admissions by province, and not hospital admis-
sions for specific diseases such as respiratory dis-
ease. Another problem is that hospital admissions
by province include both rural and urban areas,
whereas only the urban population is used to cal-
culate the health costs of air pollution. We esti-
mate hospital admissions for respiratory disease
in urban areas in two steps. First, we estimate the
number of hospital admissions due to respira-
tory diseases by multiplying all-cause hospital
admissions by the ratio of respiratory diseases to
all diseases by province. The percentage of respi-
ratory disease to all diseases is reported in the
Analysis Report of the Third National Health
Services Survey (Ministry of Health Statistical
Information Center 2003). This is based on an
assumption that the share of patients being
admitted to the hospital for respiratory diseases
resembles the share of people suffering from res-
piratory diseases among all people who are ill.
Second, we estimate the number of hospital
admissions due to respiratory disease in the
urban population from the ratio of the urban
population to the total population. This is based
on an assumption that the hospitalization rate
per case of disease is the same in urban and rural
areas, which is a crude approximation. Annex A
at the end of this chapter presents a detailed
description of the data sources.

E RR RR f Pp e= −( )( )1 2 6( . )

f f RRp t= ∗ ( . )2 5

E f f Pp t e= −( ) ( . )2 4

Premature mortality

Current mortality rates, which vary by city size,
are obtained from the China Health Statistical
Yearbook.

Chronic bronchitis

Calculating annual cases of chronic bronchitis
associated with air pollution requires an esti-
mate of the incidence of chronic bronchitis by
city. Because only prevalence rates are available,
we approximate the annual incidence of chronic
bronchitis by dividing the prevalence rate by
the average duration of the illness (23 years).
This yields an incidence rate of approximately
0.00148.

Excess Cases of Premature Mortality
and Morbidity Attributable 
to Air Pollution

By combining baseline cases of each health end-
point with the selected relative risk functions, we
arrive at estimates of the number of excess cases
of premature mortality, hospital admissions, and
chronic bronchitis attributable to PM10. In addi-
tion to calculating the mean number of cases
attributable to outdoor air pollution, the 5th and
95th percentiles of cases are also calculated. The
monetary value of these damages is presented in
Chapter 4.
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The poor quality of China’s scarce
water resources, which is increasingly
attributed to nonpoint sources such
as agricultural runoff and municipal
wastewater, has a significant health
impact. The impact is particularly
high in rural areas, where about 
300 million people lack access to
piped water, as well as among
vulnerable groups, such as children
under 5 years of age and women.
This study attributes excess cases of
diarrhea and excess deaths due to
diarrhea among children under 5 in
rural areas (only in rural areas) to
lack of safe water supply. The study
also estimates the number of cancer
deaths in rural areas that are due to
the use of poor quality surface water
as a drinking water source.

China is facing a severe water shortage. In 45 percent of the national terri-
tory, annual precipitation is less than 400mm (Zonggu Zhang and Dehong
Shi). With a rapidly growing economy and burgeoning populations, the
country’s scarce water resources are seriously affected by pollution from
the vast discharges of industrial and domestic wastewater, indiscriminate
solid waste disposal, and runoff from an agricultural sector characterized by
excessive use of fertilizer and pesticides and large-scale livestock breeding.
Some 300–500 million people in rural areas do not have access to piped
water and are exposed to severe health risks related to polluted drinking
water. Most urban residents have access to piped water that has been sub-
ject to treatment. In smaller cities and townships, the drinking water qual-
ity guidelines are frequently violated in piped water and—to an even larger
extent—in nonpiped types of water.

The complex and fragmented system for monitoring drinking water
resources (using different classification systems and sometimes showing
contradictory patterns) complicates a comprehensive assessment of the health
effects of polluted drinking water. In this chapter, we have attempted to
quantify the health burden related to water pollution on excess diarrhea
morbidity and mortality in children under 5 years of age as well as water-
related cancer mortality in the general population. Although it seems clear
that there are large health risks associated with water pollution in China,
it could well be that the lion’s share of the costs to society of polluted
drinking water are avoidance costs—ranging from the cost of building
treatment plants to the cost to households of buying bottled water and
small-scale treatment devices.

Water quality is monitored in more than 2,000 river sections across the
main rivers in China (MWR 2005). About 25,000 km of Chinese rivers failed
to meet the water quality standards for aquatic life and about 90 percent of
the sections of rivers around urban areas were seriously polluted (MWR 2005).

Health Impacts of Water Pollution
3
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Many of the most polluted rivers have been void
of fish for many years. Among the 412 sections
of the seven major rivers monitored in 2004, 42
percent met the Grade I–III surface water qual-
ity standard, 30 percent met Grade IV–V, and
28 percent failed to meet Grade V (see figure
3.1).1 Among these seven rivers, the Zhujiang
River (79 percent) and Yangtze River (72 per-
cent) had the largest share of sections meeting
Grade I–III. The Haihe River was the most pol-
luted, with 57 percent of the monitored sections
failing to meet Grade V (Figure 3.1). Major pol-
lutants contributing to poor water quality are
ammonia nitrogen, oxygen-demanding organic
substances (measured by BOD5), permanganate
value, and toxic petroleum compounds (SEPA
2004). Water pollution has penetrated beyond
infecting the surface water found in lakes, rivers,
and streams, and over half of the cities now have
polluted groundwater (Siciliano 2005).

The amount of wastewater discharged from
larger, regulated industries has leveled off since
the early 1990s due to an increase in the number

and capacity of industrial wastewater treatment
facilities. However, discharges from the numer-
ous town and village enterprises (TVEs) and
municipal sources are increasing rapidly and are
causing extensive pollution of water bodies. 

The main pollutants are changing from heavy
metals and toxic organic chemicals, which are typ-
ically related to discharges of industrial wastewater,
to pollutants from nonpoint sources. Runoff from
agriculture, including pesticides and fertilizers, is
the single greatest contributor to nonpoint-source
pollutants. The consumption of chemical fertiliz-
ers nearly doubled in the period 1990–2004, and
in the same period the use of nitrogenous fertiliz-
ers grew by 40 percent (China Statistical Yearbook
2005). Nonpoint sources are difficult to monitor
and in many cases more difficult to control than
point sources (Yu et al. 2003).

Treatment of domestic sewage has been lim-
ited until recently but is increasing steadily. In
1999, China had 266 modern wastewater treat-
ment plants with treatment capacity account-
ing for only 15 percent of the total 20.4 billion
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tons of domestic sewage. By the end of the tenth
Five-Year Plan period (2001–2005), the gov-
ernment put special emphasis on improving the
situation in the three-river, three-lake drainage
area. (‘The three rivers’ are Huaihe, Liaohe and
Haihe, and ‘the three lakes’ are Taihu, Dianchi
and Chaohu. The total drainage area of the
three rivers and three lakes is 810,000 sq km,
traversing 14 provinces with a total population
of 360 million.) Four-hundred-and-sixteen sew-
age treatment plants in these areas have been
completed or are under construction, with a
daily treatment capacity of 20.93 million tons
(State Council 2006). By the end of 2004, the
rate of urban sewage treatment in China had
reached 46 percent.

As evident from Figure 3.2, the major river 
systems in the North are more heavily polluted
than those in the South, due to serious water
scarcity in northern China (MWR 2005). Pollu-
tion levels are particularly high in the case of
ammonia nitrogen, dissolved oxygen, BOD
and permanganate, with 17–33 percent of
monitoring sites not meeting class III drinking
water quality, mainly in the North (see figures
3.2A–2H). Moreover, population densities are
higher in the North, thus implying larger dis-
charges of municipal wastewater into the rivers
(see figure 3.3).

Among the 27 major lakes and reservoirs
being monitored in 2004, none of them met the
Grade I water quality standard; only two met the
Grade II water quality standard (7.5 percent); five
met the Grade III quality standard (18.5 percent);
four met the Grade IV quality standard (14.8 per-
cent); six met the Grade V quality standard
(22.2 percent), and ten failed to meet the Grade V
quality standard (37.0 percent). The “Three
Lakes” (Taihu Lake, Chaohu Lake, and Dianchi
Lake) were among the lakes failing to meet the
Grade V water quality standard. The main pol-
lution indicators contributing to poor water
quality were total nitrogen and total phospho-
rus (SEPA 2004).

DRINKING WATER—
ACCESS AND QUALITY

There is a close relationship between water and
health. Water is an essential ingredient for main-
taining human life, but, when contaminated, it
is also an important medium for the spread of
disease. To what extent polluted water resources
actually have an impact on people’s health
depends on the society’s capacity to treat sewage
and industrial discharges and to purify drinking
water. It also depends upon whether people take
action on an individual level to avoid consuming
polluted drinking water when treatment is absent
or not satisfactory. most people in China’s urban
areas have access to piped water—95 percent in
2003, according to the China National Health
Survey (CNHS).2 The corresponding figure in
rural areas is unclear. According to the survey,
34 percent of the rural population has piped
water, while the reported average percentage on a
national level is about 50 percent (Table 3.1).
These estimates are close to those based on data
from the nationwide China County Population
Census in 2000, which reported that 33 percent of
rural households had access to piped water and
54 percent of the population in China on average
had access to piped water.

The census data, which is based on a survey of
about 33 million households across rural and
urban China, also indicate that a large share of
the population does not have access to adequate
sanitary facilities, another factor of importance
for the spread of waterborne infectious diseases
(Table 3.2) (ACMR 2004). The health survey,
supported by the census data, implies that about
500 million people in rural areas do not have
access to piped water. According to the Ministry
of Health, however, 61 percent of the rural pop-
ulation had piped water in 2004 (Ministry of
Health 2005), which implies that about 300 mil-
lion people in rural areas did not have access to
piped water. This is in accordance with figures
from the Ministry of Water Resources.3 What-
ever the real figure is, it is clear that a substantial
number of people in rural areas still rely on well
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F I G U R E  3 . 3 Population Densities in China (number of people per square kilometer)

Source: China County Population Census (ACMR 2004).

B O X  3 . 1 Pollution Accidents

In addition to the continuous discharges of pollution into river systems, accidents may lead to tem-
porary high levels of pollutants. In the aftermath of the accident in the Songhua River in northeast-
ern China in November 2005, where a chemical plant released about 100 tons of the highly toxic
chemical benzene into the river, the government carried out an inspection of 127 major chemical
and petrochemical plants. The inspection found that many plants were located too close to major
bodies of water and that 20 of the inspected plants had serious environmental safety problems.
These plants included oil refineries and ethylene and methanol factories along the Yangtze River,
the Yellow River, and the Daya Bay near Hong Kong. In the period November 2005 to April 2006, 
76 more water pollution accidents were reported by the Chinese government (Associated Press 2006).

water or water from rivers, lakes, and ponds.
Figure 3.4 shows the share of households with
access to piped water for each county in China
(census data).

Having access to piped water, however, does
not guarantee access to clean drinking water. Like-

wise, dependence on other drinking water types
may not necessarily imply a health risk if the water
source is protected from contamination. The cov-
erage and technologies of treatment facilities for
piped water differ significantly across regions in
China. The most comprehensive treatment entails
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T A B L E  3 . 1 Proportion of Drinking
Water Types Among 
Households (urban 
and rural)

Water Source Percent of Households

Piped water 49.7
Hand pump 25.8
Well 6.5
Rain collection 2.6
Other (surface) 15.4

Total 100.0

Source: 3rd National Health Service Survey 2003.

T A B L E  3 . 2 Availability of Tap Water
and Sanitary Facilities 
in China (% of total 
households surveyed)

Water type
Piped water 45.7
Nonpiped water 54.3
Bathing facility (hot water)
Centralized support of hot water 0.9
Water heater in home 15.4
Other facility for bath 9.7
No facility for bath 74.0
Lavatories
WC in home 18.0
Sharing WC with neighbors 0.7
Other type of lavatory in home 49.3
Sharing other type of lavatory

with neighbors 3.9
No lavatory 28.0

Source: China County Population Census (ACMR, 2004).

F I G U R E  3 . 4 Households with Access to Piped Water (% of total in county)

Source: China County Population Census (ACMR 2004).



both sedimentation and disinfection, while much
of the piped water is subject only to partial treat-
ment (either sedimentation or disinfection). The
simplest form of treatment is chlorination.

As seen in Figure 3.5, the level of coliform
bacteria is lower in groundwater than in most
other drinking water sources. The level of fluo-
ride and arsenic, however, is highest in ground-
water. With respect to the mean values for all
300 counties for the different drinking water
types, drinking water quality guidelines (Class I)
are violated only for total bacteria and total col-
iform bacteria (see table 4).

The violations are large for some water types.
Among the other indicators, however, there is
large variability in the measurements for many
water types, implying that guidelines must be vio-
lated in many samples (see figure 3.5). It should
be noted that Class I of the drinking water qual-
ity guidelines (Table 3.3) represents the na-
tional standard and applies to urban areas. This
means that piped water produced by treatment
plants in urban areas should not violate the Class
I standard. In rural areas, Class III applies.

As evident from Figure 3.5, nitrate is leaking
into groundwater, since the level in groundwater
and spring water is not lower than in surface water
bodies. 

CAUSAL AGENTS AND 
IMPACT PATHWAYS

Water pollutants can be categorized into two main
types—biological pollutants (including microor-
ganisms causing infectious hepatitis A or E, dysen-
tery, typhoid fever, cholera and diarrhea),4 and
chemical pollutants (including inorganic sub-
stances such as nitrates, phosphates, mercury,
arsenic, chrome, fluorine and lead, and organic
compounds such as phenols, benzene and other
aromatic compounds, and oil). While infectious
diseases typically occur as an acute effect, expo-
sure to biological pollutants may also have long-
term health implications. For instance, chronic
intestinal infections may develop and infectious

hepatitis may in the long run lead to cirrhosis and
liver cancer. High levels of chemical pollutants
can cause acute poisoning, whereas—perhaps
more importantly—long-term exposure to lower
levels may lead to chronic health effects such 
as cancers and may enhance the risk of adverse
pregnancy outcomes such as spontaneous abor-
tions and birth defects.

The disease matrix presented in Figure 3.6 on
the next page summarizes the different health
outcomes that may result from drinking polluted
water. The matrix is based on information collated
from WHO’s Guidelines for Drinking Water Qual-
ity (WHO 1996) for a number of biological and
chemical pollutants, as well as a comprehensive
literature search, which was conducted in order
to investigate associations between biological/
heavy metal pollutants in drinking water and
possible health outcomes. Most of the retrieved
studies gave a measure of effect or provided the
means to calculate it (see appendix 1 for details of
the studies). The objective of this exercise was not
to retrieve all possible publications on the associ-
ation between drinking water pollutants and
health outcomes (i.e. this was not a systematic
review), but rather to collect enough evidence

H E A L T H  I M P A C T S  O F  W A T E R  P O L L U T I O N

C H I N A – E N V I R O N M E N T A L  C O S T  O F  P O L L U T I O N 41

T A B L E  3 . 3 Drinking Water Quality Standards 
for China

Class I Class II Class III

Chrome (degree) 15.0 20.0 30.0
Turbidity (degree) 3.0 10.0 20.0
Total dissolved solids

(mg/L, CaCO3) 450.0 550.0 700.0
Iron (mg/L) 0.3 0.5 1.0
Manganese (mg/L) 0.1 0.3 0.5
COD (mg/L) 3.0 6.0 6.0
Chlorate (mg/L) 250.0 300.0 450.0
Sulfate (mg/L) 250.0 300.0 400.0
Fluoride (mg/L) 1.0 1.2 1.5
Arsenic (mg/L) 0.1 0.1 0.1
Nitrate (mg/L) 20.0 20.0 20.0
Total bacteria (/mL) 100.0 200.0 500.0
Total coliform (/L) 3.0 11.0 27.0

Source: SEPA
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to show possible associations. Studies relating to
mortality as an outcome have not been incorpo-
rated in the presented matrix.

From the matrix, it is clear that there are pos-
itive associations between exposure to chemical
pollutants, namely nitrate/nitrite and arsenic,
and at least nine different malignancies. How-
ever, studies on arsenic seemed to be more estab-
lished than those on nitrate/nitrites. Arsenic is
responsible for inducing several malignant tumors
affecting epithelial tissues including skin, liver,
lung, bladder and kidney. It is also associated
with cardiovascular, respiratory and neurologi-
cal disorders.

Much research has been conducted on the
effect of nitrate in drinking water on human
health; but, with considerable controversy over
some of the outcomes investigated, particularly
gastric cancers. Nevertheless, several epidemio-
logical studies have demonstrated increased risk
for bladder, ovarian and colorectal cancers asso-
ciated with ingestion of nitrates in drinking
water. Furthermore, there is strong evidence that
nitrates are also associated with an increased risk
of non-Hodgkin’s lymphoma.

Many epidemiological studies have looked into
the impact of prolonged ingestion of fluoride in
drinking water and have concluded that it pri-
marily affects skeletal tissues in different degrees
depending on the concentration levels detected.

At concentrations as low as 0.9–1.2 mg/liter,
fluoride could cause dental fluorosis. However,
with higher concentrations, it may cause skeletal
fluorosis and with even more elevated levels it
may result in crippling skeletal fluorosis. There
is inconclusive evidence on fluoride carcino-
genicity in humans.

Lead has been shown to cause renal disease
and may in some cases be associated with chronic
nephropathy, particularly with prolonged expo-
sure. Furthermore, strong associations have been
documented between blood lead levels in the
range of 7–34 microgram/dl and hypertension.
From another perspective, there is very little evi-
dence, if any, that lead is a human carcinogen.

The international literature clearly docu-
ments associations between fecal coliforms/total
bacteria and diarrhea. Moreover, associations
between these biological pollutants and other
digestive outcomes such as cholera, dysentery,
gastroenteritis, giardia, salmonella, typhoid, and
shigella have also been established

HEALTH AND CHEMICAL 
WATER POLLUTANTS

Chemical pollution of water resources may be
due to natural conditions. In China, chronic
endemic arsenism is among the most serious
endemic diseases related to drinking water (Xia

T A B L E  3 . 4 Exceeding Drinking Water Quality Standards for Total Bacteria and Total
Coliform Bacteria in Drinking Water Types in China (ratio between the mean
value of samples from 300 rural counties and the guideline value, Class I)

Piped
Piped Water Piped

Water Quality Water (partially Water Nonpiped Nonpiped Nonpiped
Indicator (treated) treated) (untreated) (by machine) (manual) (hand pump)

Total bacteria 6.6 7.2 5.8 8.3 8.0 4.9
Total coliform 11.4 23.7 18.7 20.4 103.1 12.4

Source: National CDC, Beijing.
Note: These data should be interpreted with caution as monitoring of rural drinking water is relatively new and there
may be errors in the data.



H E A L T H  I M P A C T S  O F  W A T E R  P O L L U T I O N

C H I N A – E N V I R O N M E N T A L  C O S T  O F  P O L L U T I O N44

Biological Pollutants Chemical Pollutants 

Health Outcome 
Fecal 

coliform 
Total 

bacteria 
Nitrate/ 
Nitrite

Fluoride Lead Arsenic

Malignancies

Bladder Cancer 
Colorectral Cancer 
Gastric Cancer

• •
•
• 

Liver Cancer 
Lung Cancer 
Renal Cancer 
Skin Cancer

•
•
•
•/ Pre-malignant Lesions 

Ovarian Cancer  
Non-Hodgkin Lymphoma

•
•

Cardiovascular

Peripheral Vascular Disease 
Hypertension

•
•••

Respiratory 

Bronchiectasis •

Bone/Skeletal Deformities

Bone Deformity 
Dental Fluorosis 
Skeletal Fluorosis 

•
•
•

Neurological

Central Nervous System Defects 
Mental Retardation 
Peripheral Neuropathy

•
• 

• 

Digestive

Cholera •
Diarrheal Diseases
Dysentery 
Hepatitis
Typhoid Fever 
Hepatomegaly (enlarged liver) 

•
• 
•
• 

•
• 
•
• 

•

Pregnancy-Related 

Adverse birth outcomes 
Spontaneous Abortion 

• •
• 

Other

Renal Dysfunction 
Diabetes Mellitus

• •
• 

F I G U R E  3 . 6 Matrix for Biological/Chemical Drinking Water Pollutants and Health Outcomes

Source: WHO 1996 and authors’ calculations.
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and Liu 2004). High levels of arsenic (As) in
drinking water are attributable to the geological-
geochemistry environment. In China, high lev-
els of As in groundwater are mainly found in the
(a) plain of the Great Bend of the Yellow River
and the Hu-Bao Plain in the Inner Mongolia
Autonomous Region; (b) the Datong basin of
Shanxi Province; (c) the floodplain of the north-
ern side of the Tian Mountain of Xinjiang Uygur
Autonomous Region; and (d) the southwest
coastal plain of Taiwan (Lin et al. 2002). Epi-
demiological studies have shown that high levels
of As in drinking water are associated with skin
cancers and other cancer, hypertension, and
peripheral vascular diseases. Dose-response rela-
tionships are reported for some health endpoints.
It is estimated that 2.3 million people are exposed
to high levels of As (>0.05mg/L)5 through drink-
ing water (Xia and Liu and references therein,
MWR 2005). About 7,500 patients were diag-
nosed with arsenism in the areas surveyed by the
Ministry of Health in 2003 (MoH 2004).

Geological conditions may also lead to high
levels of fluorine (F) in drinking water. Accord-
ing to the Ministry of Water Resources (2005),
63 million people drink water with high con-
centrations of fluorine. Endemic dental fluoro-
sis related to drinking water affected 21 million
people in 2003, whereas 1.3 million suffered from
drinking-water-related skeletal fluorosis (MoH
2004). Water-pollution-related fluorosis is more
prevalent in the northeast and central part of the
country, but cases are reported in nearly all
provinces.

In the environmental cost model, we do not
include the natural water contaminants but
focus on anthropogenic pollutants in drinking
water and their potential health risks. Although
the health effects of natural and anthropogenic
pollutants may overlap, and it may be difficult
to disentangle the individual contribution of
the two types—for instance, for cancers—it is
believed that anthropogenic pollution of drink-
ing water is the most important in today’s
China.

Mortality rates in China for cancers associated
with water pollution are shown in Figure 3.7,
along with the world average rates. For stomach,
liver, and bladder cancer, the rates are highest in
rural areas. For liver and stomach cancer in par-
ticular, the mortality rates in China are well above
the world average. Liver cancer is the most preva-
lent type of cancer in rural China.6

HEALTH AND BIOLOGICAL 
WATER POLLUTANTS

Drinking contaminated water is typically only
one of several ways of contracting infectious dis-
eases. Pathogens may also be spread by food and
by flies, and because pathogens are spread by
direct contact, hygiene is of primary importance.
Figure 3.8 below portrays the famous F-diagram,
which captures the potential exposure pathways
for fecal-oral transmission.

The F-diagram clearly shows that breaking the
fecal-oral transmission route, and thus reducing
infections, is not entirely dependent on the avail-
ability of clean water but also depends on other
factors, including safe disposal of feces (safe
sanitation), hygiene behaviors—especially hand-
washing with soap after defecation—and safe
food handling and storage. Generally, disease
incidence is high in areas, where basic sanitary
facilities are lacking.7 Water scarcity may also
enhance the spread of infectious diseases. Conve-
nient access to sufficient water quantity encour-
ages better hygiene and, therefore, limits the
spread of disease.8

As opposed to the chronic diseases arising from
long-term exposures to carcinogenic pollutants,
the incidence rates for infectious diseases may vary
substantially from one year to the next and from
one season to another (see Box 3.2 for Chongqing
study). Outbreaks of the disease may cause very
high incidence rates in an area during a limited
period of time. The fatality rates for these diseases
are, however, relatively low. The case-fatality rates
for dysentery, typhoid/paratyphoid, and cholera
in China in 2003 were on average 0.05 percent,
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0.06 percent, and 0.41 percent, respectively. As
shown in Box 1, the incidence rate of water-
pollution-related infectious diseases is highest in
children. The death toll is also highest in children,
particularly for diarrheal diseases. In China, the
mortality due to diarrhea in children under five
in rural areas is nearly twice the rate in urban
areas (1.35 vs 0.75 deaths per 100,000 children)
(MoH 2004).

Figure 3.9 shows the distribution of cases of
Hepatitis A, dysentery, and typhoid/paratyphoid
fever across provinces of China in 2003. Gener-
ally, higher rates prevail in western parts of the
country. Dysentery is the most frequent of the
water-related infectious diseases.

In spite of outbreaks every year, the occurrence
of dysentery has fallen dramatically in China in
the last decades and now seems to be stabilizing
(see figure 3.10A). The worst outbreak occurred
in 1975, when an incidence rate of 1,000 per
100,000 was reported. As evident from Table 3.5
and Figure 3.10 outbreaks of typhoid/paraty-
phoid fever are rarer than dysentery, with an inci-
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B O X  3 . 2 Drinking Water and Waterborne Infectious Diseases in Rural Areas in Chongqing

As part of this study, specific work in Chongqing found that the rural population in this province
faces many challenges with respect to drinking water supply. Not only do rural areas have limited
access to piped water as compared to urban areas, but most of the piped water undergoes little
treatment and has significant levels of contamination. This makes the rural population more sus-
ceptible to some waterborne infectious diseases.

Drinking Water in Chanqing
People in Chongqing Province get their main drinking water supply from a variety of sources,
including centralized piped water as well as wells, ponds, rivers, and ditches. Generally, the
decentralized (nonpiped) water sources undergo no treatment and are less safe for drinking
water purposes. Monitoring of drinking water across rural areas in Chongqing shows that the
level of the coliform group bacteria (an indicator of fecal contamination) in nonpiped drinking
water is about ten times the level in piped water, and there are more frequent incidents of
extreme bacteria levels in the rural nonpiped water.

In Chongqing, only around 30 percent of the population has access to piped water (China Cen-
sus 2000), and, as elsewhere in China, most of this population resides in the largest urban centers.
However, only a fraction of the piped water supply undergoes comprehensive treatment before it
reaches the end users. Among the 10 counties and urban districts for which detailed information
of water supply is available, the share of the population that has access to comprehensively
treated piped water is less than a third in all counties/districts, and on average only 15 percent of
the population has access to comprehensively treated piped water.

Share of population with centralized and decentralized water system according to a) treatment 
(for centralized) and means of distribution (for decentralized), and b) source (surface water or underground
water)

Piped No Treatment
14%

Piped 
Comprehensive

treatment
15%

Decentralized
manual

48%

Decentralized Pump
6%Decentralized by

Machine
9%

Piped Disinfection
2%

Piped Sedimentation
& Disinfection

6%

Decentralized
groundwater

42%

Decentralized
surface
21% 

Piped surface
35%

Piped groundwater
2%

(a) (b)

Source: Authors calculations.

The degree of treatment of piped water also varies between urban and rural areas. While drink-
ing water treatment plants in cities and to some extent in smaller townships provide comprehensive
treatment of the water through sedimentation and disinfection, a large share of the piped water in
townships and villages undergoes only limited treatment (either sedimentation or disinfection or
chlorination). The overall effectiveness of treatment is, therefore, very limited. According to 2001–04
monitoring data from 100 township treatment plants in 14 countries upstream of the Three Gorges
area, the levels of a number of contaminants—such as arsenic, fluoride, and nitrate—were not sig-
nificantly affected by treatment. Treatment did reduce the total bacteria content, but the resulting
water still had on average 83 percent more coliform bacteria than permitted by the national stan-
dard for drinking water quality (Class I). The mercury in the treated water was on average 38 percent
above the standard, and the levels of heavy metals like arsenic (As) and cadmium (Cd) were on aver-
age approximately 3 percent higher than the standard.

(continued )
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B O X  3 . 2 Drinking Water and Waterborne Infectious Diseases in Rural Areas in Chongqing
(Continued )

The urban/rural discrepancy is also evident in the water sources, which have strong implications
on drinking water quality. While the piped water in the 10 counties and urban districts mainly
comes from surface water, the decentralized sources are mainly underground water (wells and
springs) (see figure above). Most of the underground water is from shallow wells, however, which
are easily contaminated by wastewater and runoff from industry, agriculture and households. In
figure 1b, the combination of source and treatment most likely associated with the highest risk of
infectious diseases is decentralized surface water, on which 21 percent of the population is depen-
dent. In addition, untreated piped surface water probably entails a correspondingly high risk. As
nearly 40 percent of the piped water is sent untreated to the end-users, and most of the piped
water is from surface water bodies, a substantial share of the total population in these areas—
around 13 percent—has untreated surface water in their tap.

The measurements showed that the water quality in Chongqing varies substantially from year
to year and between seasons. The study found that the median values of main contaminants, as
Coliform bacteria, total bacteria, As, and Hg, did not fluctuate very much from year to year in the
period 2001–2004. The mean values did, however, fluctuate considerably, indicating that during
some of the years, there were incidents of very high pollution levels for a shorter period of time.
For most of the water pollution indicators, the noncompliance rate is higher in the flooding sea-
son compared to the dry season.

Waterborne infectious diseases in Chongqing
Hepatitis A, dysentery,9 and typhoid/paratyphoid fever are three main types of infectious diseases
associated with polluted drinking water. Fatality rates for all three diseases in Chongqing are low,
indicating that few people die from these diseases, but the annual incidence rates vary. Whereas
the incidence rate of Hepatitis A is somewhat higher in Chongqing compared to the average inci-
dence rates in China (12.3 vs. 7.4 cases per 100,000 in 2003), the incidence rates for the two other
diseases are lower (for dysentery 27.9 versus 34.5 cases per 100,000, and for typhoid/paratyphoid
0.9 versus 4.2 cases per 100,000) (MoH 2004). The incidence rates are, however, high relative to
those found in European countries and the United States, which indicates that there is still a lot of
potential for improvement.

The study found that outbreaks of infectious diseases vary considerably from year to year and
are generally more frequent in the flooding season as compared to the dry season. As shown in
the figure below, there may be large differences between counties when it comes to outbreaks. In
Chongqing, outbreaks of the three different diseases occurred independently during the period
2001–04, with no spatial correlation between them.

Children in Chongqing are much more likely than adults to contract infections diseases, particu-
larly dysentery and typhoid fever. The incidence rate for children under 5 years of age is 10 per-
cent higher than the rest of the population. For hepatitis A, incidence rates are also markedly
higher in children and adolescents; however, a considerable share of the cases also occur in the
older age groups (see figure below).

The data available from Chongqing, though limited, show a significant correlation between
the level of total bacteria in drinking water10 and incidence rates for dysentery. While the inci-
dence rate of typhoid was associated with total bacteria to some extent (for females), hepatitis A
did not show a clear association with the total level of bacteria or coliform group bacteria as mon-
itored in the rural drinking water.

(continued )
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dence rate of around 4 cases per 100,000 in 2003.
This rate is also much lower than the world aver-
age. The annual incidence of typhoid worldwide
at present is estimated to be about 283 cases per
100,000.11 The incidence rate of cholera has been
low in China in recent years—0.02 cases per
100,000 were reported in 2003.

Domestic sewage and agricultural runoff may
lead to eutrophication of water bodies. In addition
to the health risk associated with the eutrophio-
cation agents themselves, including nitrates and
phosphates, eutrophication supports the growth
of cyanobacteria that can produce toxins such as
microcystins. These are potent liver cancer pro-
moters and are directly hepatotoxic to humans.
Microcystins in drinking water cannot be com-
pletely removed by common disinfection and
heating (MWR 2004 and references therein:
Wang et al. 1995; Ling 1999).

CHINESE STUDIES OF HEALTH
EFFECTS OF DRINKING 
WATER POLLUTION

The basis for reliably estimating the full public
health implications of drinking water pollution
on a population level in China is limited for sev-
eral reasons. First, there are relatively few studies
in China and other developing countries address-
ing the exposure-response relationship between
drinking water pollution and health effects. Water
pollution epidemiology and its application is
severely hampered by the fact that a range of other
factors contribute to disease. Contaminated water
is typically one of several ways of contracting
infectious disease and is closely linked to sanitation
and hygiene, as discussed above. Similarly, in the
case of chemical pollutants, contaminated water is
also one of several ways of getting ill. Enhanced

B O X  3 . 2 Drinking Water and Waterborne Infectious Diseases in Rural Areas in Chongqing
(Continued )
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rates of disease may as well be related to occu-
pational exposure, smoking, food, and other
life-style factors.

Secondly, even when exposure-response func-
tions are available, the exposure assessment is
complicated by the fact that—in contrast to air
pollution—there is a larger scope for people
being protected from exposure. Finally, the assess-
ment of attributable risk from water pollution is
complicated by the fact that in many cases the
causal agent of disease is not monitored directly,
and indicators of exposure are needed. For
instance, even though hepatitis A is one of the
most prevalent waterborne infectious diseases in
developing countries, China included, hepatitis
A virus is rarely monitored directly. Instead, fecal
bacteria are used as an indicator of possible cont-

amination with hepatitis A virus and other
microorganisms. As the environmental resistance,
and thus lifetime, of the virus is higher than fecal
bacteria, it may not be a quantitative association
between the content of virus and bacteria down-
stream of the discharge area (Fernández-Molina
et al. 2004). Clearly, this implies that an expo-
sure assessment based on water quality at a lim-
ited number of monitoring sites will be rather
uncertain.

In China, most studies addressing health effects
from water pollution have looked at drinking
water pollution and cancers. Su De-long (1980)
explored causal factors of liver cancer in Qidong
county of Jiangsu Province, and found that the
morbidity of liver cancer was closely related to
drinking water contamination. Xu Houquan et al.

F I G U R E  3 . 9 Incidence Rates of Hepatitis A, Dysentery, and Typhoid/Paratyphoid Fever in
China in 2003 (1/100,000)

Source: MoH 2004.
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(1995) carried out a case-control study of risk
factors of liver cancer around the Nansi Lake,
Shandong Province. They showed that drinking
lake water, getting in touch with lake water,
drinking alcohol, and eating fish were all risk fac-
tors for liver cancer. The estimated odds ratios
were 6.55, 3.24, 1.86, and 2.55, respectively. Xu
Houquan et al. (1994) carried out a retrospective
cohort study on the relationship between water
pollution and tumors and showed that the mor-
tality rates of stomach, esophagus, and liver can-
cer for people drinking lake water were higher
than those drinking well water. The relative risks
(RR) were 1.56, 1.50, and 1.63. The nationwide
study on organic pollution of drinking water and
liver cancer by Wang Qian et al. (1992) showed
that mortality due to liver cancer for men and
women was positively correlated with the chem-
ical oxygen demand (COD) in drinking water.
In a 16-year retrospective cohort study in an area
with enhanced stomach cancer incidence rates,
Wang Zhiqiang et al. (1997) found that mortal-
ity due to stomach cancer in people drinking
river water was significantly higher than in peo-
ple drinking well water. Monitoring data showed
high levels of ammonia, nitrite, chloride, COD,
and heavy metals like lead and mercury, suggest-
ing that drinking polluted water is one of the
causal factors of stomach cancer. In Baoding city
in Hubei Province, Hu (1994) reported that the

mortality rates for liver and esophagus cancer
among residents relying on groundwater that was
contaminated by sewage was significantly higher
compared to people in the control area. Pan and
Jiang (2004) investigated the correlation between
various water quality indices in drinking water
and the mortality rates of a range of cancer types
in the Yangtze and Huai He river basins in the
period 1992–2000. They found a significant
positive correlation between the level of COD
(chemical oxygen demand), fluorine, and chlo-
ride, and male stomach cancer.

A number of studies have also examined the
effects of water pollution on infectious diseases in
China. Pan and Jiang (2004) investigated the cor-
relation between coliform group bacteria and the
integrated water quality index (IWQI), which
includes a wide range of water quality indicators,
in drinking water and the incidence rates of infec-
tious diseases in the Yangtze and Huai He river
basins in the period 1992–2000. They found
significant correlations between the level of col-
iform group bacteria in drinking water and the
incidence rates of diarrhea, and between the IWQI
and incidence rates of typhoid/paratyphoid and
diarrhea for both men and women. No correlation
was found for either index regarding the inci-
dence of hepatitis A. They also show that there
was a strong correlation between the level of col-
iform group bacteria in surface water and drink-
ing water in rural areas in the two river basins.
Because monitoring sites were changed during
the period, the number of counties for which
both disease data and drinking quality data were
available was somewhat limited in the study.

In the present study, we found no statistically
significant relationship between the level of total
coliform bacteria in rural drinking water and inci-
dence rates for infectious diseases. However, due
to lack of data, it was not possible to control for the
range of possibly important confounding factors
in the analysis. The data included in the analysis
were incidence rate data for 2004 for infec-
tious diseases from the National Infectious Re-
porting System (dysentery, hepatitis A, typhoid/

T A B L E  3 . 5 National Average Incidence
Rates of Hepatitis A, 
Dysentery, Typhoid/
Paratyphoid Fever, and
Cholera in China in 2003
(1/100,000)

Incidence Rate
Disease (1/100,000)

Hepatitis A 7.37
Dysentery (viral and amebic) 34.52
Typhoid and paratyphoid 4.17
Cholera 0.02

Source: MoH 2004.



paratyphoid, diarrhea) and data for rural water
quality from the National Rural Water Quality
Monitoring System provided by the China Cen-
ter for Disease Control and Prevention (CDC).

VALUATION MODELS IN THE ECM

Estimating Excess Diarrheal Disease
Morbidity in Children

Data from the Third National Health Service
Survey—prepared by the Health Statistics and
Information Center in the Ministry of Health
(MoH)—were used to derive exposure-response
functions for diarrhea in children under 5 years
of age in rural China. The survey was carried out
in 95 counties in 31 provinces and incorporated
questions pertaining to household characteristics,
individual factors, disease prevalence, and costs
for treatment. Since no indicators directly related
to water quality were included in the survey, we
decided to use a conservative approach in the
analysis by considering access to piped water as
the safest drinking water source. We recognized
that piped water does not inherently equal safe,
clean water, and that there are sometimes viola-
tions of drinking water quality standards, partic-
ularly in rural China. But given the absence of
data on water quality in the survey, we used piped
water as a proxy indicator for safe water. The role
of sanitation was considered in the analysis and
was controlled for using multivariate modeling.
The role of hygiene, however, was not assessed
due to the lack of any indicators related to it,
especially handwashing. The present analysis and
results are based on a rural household-level rather
than an individual dataset to mitigate any disease-
clustering effects that may exist.

Outcome of interest

Household diarrhea prevalence was estimated by
calculating the proportion of households with one
or more diarrhea cases in children under 5 years
relative to the total number of households with
children less than 5 years of age in rural China.

Exposure assessment

The survey categorized drinking water sources into
five types, as shown in Table 3.6 below. Although
all sources except for surface water (drawn directly
from rivers, lakes, pools, canals, ditches, and
house drains) are considered to be relatively safe
in China, this analysis took a more conservative
approach in considering piped water as the only
safe drinking water source. An earlier survey esti-
mated that about 50 percent of the population in
Class IV rural areas still drinks water not meet-
ing the national sanitary standards.12 This could
mean that at least 30 percent of this population
(considering that surface water accounts for nearly
20 percent) are using unsafe water sources that
includes hand pumps, wells (i.e. underground
water), and rain collection. Therefore, classifying
piped water as the only safe source is the most
conservative approach.

Sample population description

After data cleaning and reduction, we conducted
a descriptive analysis to highlight the socioeco-
nomic and demographic profile of the 7,103
sampled rural households with children less than
5 years of age (see table 3.7).

From the table, it is clear that a small number
of the surveyed households (2.9 percent) were
officially listed as poor. However, the majority of
these households (84 percent) had an income of
less than 3,000 RMB, while half of them were
spending more than 500 RMB on health-related
costs—indicating that a very high share of a
limited income was used for health care.

Nearly 88 percent of mothers in these house-
holds had some education (most had completed
either primary or secondary education). Nearly
one-fifth of the surveyed population did not have
access to safe sanitation and hence relied on defe-
cation in the open.

Two-week household diarrhea prevalence

The two-week prevalence for household diarrhea
in rural China was computed and accounted for
2.2 percent of the total number of households.
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Exposure-Response Functions

Multivariate modeling

A binomial regression model was used to estimate
the risk of diarrhea in households with no access
to piped water versus those with access after
controlling for confounders.

The final model included piped water as the
exposure variable (comparing those with piped
water to those without) and included the follow-
ing covariates (confounders):

• Sanitation. A binary variable comparing risk of
diarrhea in households with a sanitation facility
relative to those with none.

• Income. A continuous variable showing percent
of diarrhea risk change for every unit increase
in income.

• Maternal education. An ordinal categorical
variable comparing risk of diarrhea for the dif-
ferent educational levels relative to the baseline
group of no education.

Table 3.8 shows the results of the binomial
regression quoting risk ratios (and 95 percent
confidence intervals) and their respective P-values
for diarrhea.

As the table indicates, the regression analy-
sis found that the risk for diarrhea in house-
holds with piped water (safe water proxy) is
0.66 times less than households with no access
(i.e., risk is 1.52 if comparing no access to piped
water versus access), which is significant at the
5 percent level

Estimating excess annual number 
of diarrheal episodes in rural China

Given that:

– The crude two-week prevalence for household
diarrhea is 2.2 percent;

– The risk for diarrhea in households with no
piped water is 1.52 more than households with
piped water supply; and

– The proportion of households with no piped
water is 0.664.

T A B L E  3 . 6 Water and Sanitation in
Rural China

Source Percentage

Water (n=7,036) Piped Water 33.6
Hand Pump 33.3
Well 8.2
Rain Collection 3.3
Other (Surface) 21.7

Source: Third National Health Service Survey, 2003

T A B L E  3 . 7 Socioeconomics and Demographics

Listed Poor Expenditure
Households Rural Class Income on Health
(n=7,042) (n=7,042)(%) (n=7,042) (%) (n=7,042)(%)

2.9% High Economic 18.7 <1000 RMB 26.4 <100 RMB 5.2
Medium-High 28.1 1000–1699 RMB 34.2 100–299 RMB 27.4
Medium-Low 35.4 1700–2999 RMB 23.1 300–499 RMB 18.1
Low Economic 17.8 ≥3000 RMB 16.4 ≥500 RMB 49.3

Maternal None 12.4 Ethnicity Han 78.1
Education Primary 32.8 (n=7,028) Other 21.9
(n=6,188) Secondary 47.7 Sanitation Safe 81.5

Higher 7.1 (n=7,038) Unsafe 18.5

Source: Third National Health Service Survey, 2003.
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And if:

Where:
AFp = population attributable fraction
Pe = Prevalence of risk exposure in the pop-

ulation
RR = Relative risk of the outcome for those

exposed

Then the population attributable fraction for
diarrhea associated with no access to piped water
(safe water proxy) can be calculated as follows.

Under the assumption that the calculated two-
week diarrhea prevalence is constant throughout
the year, then the annual incidence of household
diarrhea in rural China can be estimated as follows:

This denotes that, on average, each rural house-
hold experiences around 0.6 diarrhea episodes
per year (annual incidence) and therefore the
total number of diarrhea episodes in rural China
can be calculated as follows:

Finally, the product of AFp and the total number
of annual household diarrhea episodes in rural
China yields the morbidity attributable to lack
of piped drinking water.

Estimating Excess Diarrhea Mortality
in Children Under 5

The study made certain assumptions to esti-
mate the diarrhea mortality burden in children
under five in rural China. It used two different

No of households in rural China with child. rren

under Household Diarrhea Incidence513 × (( . )3 3

Household Diarrhea Two week prevalence

No

-

* .. ( . )of fortnights in a year 3 2

AFp = −( )[ ]
+ −( )

=

0 664 1 52 1

1 0 664 1 52 1

0 255 3

. .

. .

. ( .11)

AF Pe RR Pe RRp = −( )[ ] + −( )[ ]1 1 1

approaches to conservatively calculate the excess
total number of diarrhea deaths as a result of lack
of access to piped water, which as previously noted
has been used as a proxy indicator for poor quality
water. The first approach made use of the WHO
Global Burden of Disease (2002), which presents
figures for China, whereas the second approach
relied on figures estimated by Jacoby and Wang
(2004), who assessed environmental determinants
of child mortality in rural China.

Estimates based on Global Burden 
of Disease (2002)

Assuming that the AFp (population attributable
fraction) for household diarrhea mortality in chil-
dren under five equates to that of the diarrhea
morbidity as shown in (1), then it is possible to
estimate the excess number of diarrhea deaths
attributable to lack of piped water.

The Global Burden of Disease study, 2002,
estimated that nearly 94 percent of diarrhea mor-
tality in the East Asia region lies in the age-group
0–5 years. Therefore, the current study assumed
that the same rate applies to China. Using the diar-
rhea mortality estimates from the Global Burden
of Disease, 2002 for China, the total under-5 diar-
rhea mortality can be calculated as shown below:

Using the Disease Surveillance Point (DSP) sys-
tem, Yang et al. (2005) estimated that death rates

U5 Diarrhea Mortality Total Diarrhea Deaths×

×× Proportion of U5 Dying from Diarrhea

T A B L E  3 . 8 Binomial Regression for Risk Ratio 
for Diarrhea

Risk Ratio 95% CI P-value

Piped Water 0.66 0.44–0.99 0.046
Sanitation 0.64 0.38–1.06 0.028
Income 1.05 0.89–1.23 0.150

Maternal Education Primary 0.84 0.50–1.41 0.513
(baseline group: Secondary 0.82 0.50–1.35 0.436
No Education) Higher 1.41 0.69–2.89 0.343

Education

Source: Authors’ calculations based on Third National Health Service Survey
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in rural China were nearly double and triple that
in urban China in the years 2000 and 1991 respec-
tively. Taking the conservative assumption that
death rates are nearly twice as high in rural than
in urban China, we assumed that at least 67 per-
cent of the approximately 102,000 under-5 diar-
rhea deaths occur in rural China alone.

Finally, the product of AFp and the total number
of diarrhea deaths in rural China yields the attrib-
utable mortality count.

Estimates based on Jacoby and Wang (2004)

Jacoby and Wang estimated the impact of access to
safe water on under-5 diarrhea mortality probabil-
ity in rural China for the year 1992. In their study,
the definition of safe water incorporated both
piped water and deep wells. They estimate that
around 0.96 under-five deaths can be averted for
every 1,000 live births in the presence of a safe
water source.

Since their study reflects 1992 data, adjust-
ments to the averted death rate were conducted
to take into account the 2003 U5 mortality rate
in China.

Using the adjusted death aversion rate and the
proposed definition of safe water applied in this
current study (piped water only), a more conser-
vative estimate for the number of excess under-five
diarrhea deaths in rural China can be calculated
as shown below:

Adjusted Death Aversion Rate

Aversion Rate Per= 10000
5 1992

5

Live Births
U Mortality Rate in

U Mortal× iity Rate in 2003

0 96
33 2

31 0 896= × =.
.

.

= ×Total U Diarrhea Deaths oportion of

Diarrhea

5 Pr

DDeaths in Rurak China

The current study takes the mean of the excess
under-5 diarrhea mortality calculated using the
above two approaches as a conservative estimate
of the excess burden from diarrhea mortality in
the U5 population.

Estimating Excess Cancer Mortality

To estimate the excess cancer mortality attribut-
able to water pollution in rural China, we made
the following assumptions:

– Rural population size is 782 million (China
Statistical Yearbook 2004).

– Approximately 484,840 deaths in rural China
in 2003 due to esophageal, stomach, liver, and
bladder cancers (see figure 3.7) based on a total
of 62 deaths/100,000 population.

– Relative Risk of exposure is 1.56 for those using
surface water as a drinking water source versus
those relying on well water. This assumption
is based on the mean of three measures of effect
quoted in a study carried out in Nansi Lake
assessing the mortality of stomach, esophagus,
and liver cancers comparing populations using
lake water against those relying on well water
as their drinking water source. This is a very
conservative estimate of the RR since two other
Chinese studies have quoted ratios as high as
2.44 and 4.52 for overall cancer mortality rates.

– Prevalence of exposure is 21.7 percent (popu-
lation relying on surface water as their drink-
ing water source, see Table 3.6).

First, we calculate the AFp for cancer mortality
in rural China as follows:

Therefore, the cancer attributable mortality count
can be shown as follows:

AFp = −[ ] +[ ]Pe(OR Pe(OR1 1 1) – )

= ×Adjusted Death Aversion Rate Total Live

Births innThousands oportion of Diarrhea

Deaths in Rura

Pr

ll China

Excess deaths= _
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UNCERTAINTIES AND CAVEATS
The uncertainties in the estimated number of cases
of diarrheal morbidity and mortality in rural
China due to the absence of piped water supply
are mainly related to the following aspects:

• Limitations with Water Quality Data. Ideally,
household water quality indicators should have
been used to reliably assess the true impact of
water pollution on diarrhea. However, due to
the lack of data, the analysis fell short of doing
so and, instead, had to rely on a proxy measure,
which assumes that piped water is of high
quality. This approach may have introduced
some bias (nondifferential misclassification) in
exposure ascertainment.

• Exposure Definition. Although the analysis takes
a conservative approach in defining exposure
to safe/unsafe water supply (by considering
piped water as the only safe source), it should
be emphasized that in rural areas piped water
may also fail to meet drinking water standards
regularly, hence misclassification of exposure to
polluted drinking water may still occur with the
chosen exposure metric. This would inevitably
affect the estimated exposure-response function
and consequently the attributable diarrheal
morbidity and mortality counts.

• Limitations on Inclusion of Confounders for Diar-
rhea Morbidity. The present analysis, as men-
tioned earlier, has been carried out at the
household level, with the prevalence calculated
based on the presence of one or more diarrhea
cases. This approach, although it overcame the
problem of clustering, did not allow for the con-
sideration of some important confounders that
may affect the estimated exposure-response at
the multivariate stage. Age is one such con-
founder, since those less than 1 year of age prob-
ably have a higher risk of disease than those in
the other age groups. Another classical con-
founder that has not been considered for the
same reason in the analysis is the effect of sex.

AFp × Total Cancer Deaths in Rural China • Limitations on Cancer Mortality Data. The as-
sumptions used in the calculation of the attrib-
utable cancer mortality count assume that all
surface water is polluted, which is not true. The
approach used was largely dependent on the
results of the Nansi Lake study, which did not
deal directly with water quality/pollution, espe-
cially for carcinogens but compared lake water
consumption to well water, using the former as
a proxy indicator for poor quality drinking
water. A more rigorous approach would need to
consider water quality indicators and assess the
proportion of the population exposed not just
to a general indicator but more specifically to
known carcinogens such as ammonia nitrogen.

Endnotes
1. In China’s Surface Water Quality Criteria (Reference

Code: GB3838-88), ambient water quality is divided
into five categories based on an acidity level (pH) and
maximum concentrations for 28 major pollutants.
Grades I, II, and III permit direct human contact and
use as raw water for potable water systems. Grade IV
is restricted to industrial use and recreational uses
other than swimming. Grade V is restricted to irriga-
tion. Exceeding the pH or any of the concentration
standards for a given grade disqualifies the measured
water body from being designated as that grade.

2. The 3rd National Health Service Survey is a household
level survey covering about 195,000 households in
95 counties across China prepared every five years by
the Health Statistics and Information Center in the
Ministry of Health (MOH).

3. The annual report form the Ministry of Water Resources
2004–2005 states: “According to the primary investi-
gation, more than 300 million people in rural areas
cannot get safe drinking water.”

4. Contamination with organisms causing parasitic 
diseases and toxins produced by microorganisms
(e.g., blue-green algae) are not discussed in this chapter.

5. According to WHO/UNDP (2001), 15 million people
in China use drinking water from groundwater wells
with arsenic concentration between 0.03–0.65 mg/L
(WHO guideline is 0.01 mg/L).

6. In cities, lung cancer is the leading cause.
7. In China, nearly 30 percent of the population lack basic

sanitary facilities (China Census Data, 2000, provided
by All China Marketing Research Co.Ltd., 2004).

8. http://www.dcp2.org/pubs/DCP/41/
9. Includes both viral and amebic dysentery, of which the

first constitutes 93 percent of the cases in Chongqing.
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10. Bacteria levels in the different types of water reaching
end users (both piped and nonpiped), together with data
for the population depending on the different types,
were used to estimate the average population-weighted
exposure level.

11. WHO, 2006. The annual incidence of typhoid is esti-
mated to be about 17 million cases worldwide See
http://www.who.int/water_sanitation_health/diseases/
typhoid/en/

12. Report for the national medical and sanitary survey in
19 provinces. http://www.moh. gov.cn/jbkz/index.htm.
2002-10-11.

13. Number of households with children under five
obtained from the China 2000 National Census.
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This chapter provides an overview of
methods used by economists to value
morbidity and premature mortality and
uses them to quantify the health
damages associated with outdoor air
pollution and water pollution. An
important goal of the CECM/VEHR
project was to contribute to the
literature on health valuation in China.
This chapter summarizes the results of
original studies conducted in Shanghai
and Chongqing to estimate people’s
willingness to pay to reduce risk of
premature death. The chapter also
discusses the adjusted human capital
(AHC) approach—the official
approach used to value mortality risks
in China. The excess deaths associated
with PM10, when monetized using the
AHC approach, total approximately
0.8 percent of GDP; when valued
using the best estimate of the VSL
based on studies in Shanghai and
Chongqing (1.0 million Yuan), they
reach 2.9 percent of GDP. Total health
costs associated with air pollution
are 1.2 percent (using AHC) and 
3.8 percent (using VSL) of GDP.
Premature mortality constitutes
approximately three-quarters of the
total monetized health costs of air
pollution, using either approach.

The purpose of this chapter is to attach monetary values to the health effects
associated with air and water pollution in Chapters 2 and 3 of this report.
Physical measures of health damages are useful indicators of the costs of envi-
ronmental degradation, and hence of the benefits that would accrue if air
pollution were reduced. However, it is often useful to measure environ-
mental damages in monetary terms. This chapter describes the methods used
to monetize health effects and ends by presenting the dollar value of the
health damages associated with air pollution and water pollution that were
quantified in Chapters 2 and 3.

The chapter begins with a brief review of the economic concepts behind
valuing human health effects. We then discuss how we derived the unit values
applied in this analysis, followed by the results of the analysis.

VALUING MORTALITY RISKS

In benefit-cost analyses of environmental programs conducted in the United
States and the European Union, mortality risks are typically valued using the
“value of a statistical life” (VSL)—the sum of what people would pay to
reduce their risk of dying by small amounts that, together, add up to one sta-
tistical life. When estimates of the VSL are unavailable, the human capital
approach (foregone earnings) is often used to place a lower bound on the
VSL. In valuing the premature deaths associated with environmental degra-
dation in China, we used both approaches: the VSL, estimated from original
stated preference studies conducted in Shanghai and Chongqing, and the
adjusted human capital (AHC) approach.

The Willingness to Pay (WTP) Approach

The reductions in premature mortality presented in Chapter 2 describe the
number of statistical lives lost due to air pollution. In reality, decreases in air

Valuation of Environmental 
Health Risks
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pollution reduce the risk of dying over a stated
period for each person exposed to air pollution.
If the risk of death is reduced by 1 in 10,000
annually for each of 10,000 people exposed to
air pollution, then on average one life—termed
a statistical life—will be saved.

Because programs to reduce air pollution
reduce the risk of dying for each person in the
exposed population, it is these risk reductions
that are valued. The willingness-to-pay approach
to valuing reductions in the risk of death values
each risk reduction by what a person would pay
to obtain it. For example, a person might be
willing to pay 200 Yuan to reduce his/her risk of
dying by 1 in 10,000 during the coming year.
This is his/her value of the risk reduction. By
definition, the value of a statistical life is the sum
of individuals’ willingness to pay for small risk
reductions that together add up to one statistical
life. If a reduction in air pollution reduces each
person’s risk of dying by 1 in 10,000, it will save
one statistical life in a population of 10,000. The
amount that the 10,000 people together would
pay for the risk reduction is known as the value
of a statistical life (VSL). If each of 10,000 peo-
ple were willing to pay 200 Yuan, the VSL =
10,000 × 200 Yuan = 2 million Yuan.

Approaches to Measuring the VSL

In practice, how do we know what people are
willing to pay for a 1-in-10,000 risk reduction?
Internationally, this is usually estimated from
compensating wage differentials in the labor
market, or from contingent valuation surveys in
which people are asked directly what they would
pay for a reduction in their risk of dying. The
basic idea behind compensating wage differentials
is that jobs can be characterized by various attrib-
utes, including risk of accidental death. If workers
are well-informed about risks of fatal and non-
fatal injuries, and if labor markets are competi-
tive, riskier jobs should pay more, holding worker
and other job attributes constant. In order to
estimate compensating wage differentials empir-

ically, an equation is estimated to explain varia-
tions in the wage received by workers as a function
of worker characteristics (age, education, human
capital) and job characteristics, including risk
of fatal and non-fatal injury (Viscusi 1993). In
theory, the impact of a small change in risk of
death on the wage should equal the amount a
worker would have to be compensated to accept
this risk. For small risk changes, this is also what
the worker should pay for a risk reduction.

For the compensating wage approach to yield
reliable estimates of the VSL, it is necessary that
workers be informed about fatal jobs risks and that
there be sufficient competition in labor markets
for compensating wage differentials to emerge.
To measure these differentials empirically requires
accurate estimates of the risk of death on the job—
ideally, broken down by industry and occupation.
The researcher must also be able to include
enough other determinants of wages that fatal job
risk does not pick up the effects of other worker or
job characteristics. For example, since data on risk
of injury are usually collected at the industry level,
it is important to control adequately for other
sources of inter-industry wage differentials.1

Empirical estimates of the value of a statistical
life based on compensating wage studies con-
ducted in the U.S. lie in the range of $0.6 million
to $13.5 million (1990 USD) (Viscusi 1993;
USEPA 1997). For Taiwan, Liu et al. (1997)
report a VSL of $413,000 (1990 USD); Liu
and Hammitt (1999) report a VSL of $650,000.
However, similar studies have not been conducted
in mainland China. It should be emphasized that
the average age of workers in compensating wage
studies is usually around 40 years of age and that
the risks assumed in the labor market are, to some
degree, voluntarily borne. Both of these points
pose difficulties in using compensating wage dif-
ferentials to value changes in environmental risks.
If risk of death due to air pollution is proportional
to baseline risk of death, as is assumed in Pope
et al. (1995, 2002), 59 percent of the statistical
lives saved by reductions in particulate matter in
China are estimated to accrue to persons over the
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age of 65 (Appendix Table A.1). To the extent that
older people with fewer years of life remaining
would pay less to reduce mortality risks, compen-
sating wage differentials may overstate the value of
their statistical lives. The fact that environmental
risks are involuntarily borne, however, argues that
compensating wage differentials, with all other
things remaining equal, may understate the value
of environmental risk reductions.

Problems with compensating wage differentials
suggest that it may be worthwhile to use direct
questioning approaches when valuing changes in
life expectancy, since they can be tailored to the
age at which risk reductions occur and to the
nature of the risks valued. Contingent valuation
(CV) studies have both advantages and disadvan-
tages. One advantage of a contingent valuation
study is that is easier to see how WTP for a risk
reduction varies with age and income. A disadvan-
tage of CV studies is that they often make appar-
ent respondents’ difficulties in consistently valuing
small probabilities.2

Because contingent valuation studies ask hypo-
thetical questions, it is standard practice for these
studies to include tests of internal and external
validity of responses. External scope tests vary the
size of the risk reduction valued across respondents
to see whether WTP increases with the size of the
risk reduction. Failure of WTP to increase with
the size of the risk reduction suggests that respon-
dents do not perceive risk changes correctly, or are
valuing a generalized commodity (“good health”)
rather than a quantitative risk reduction. Internal
scope tests check to see whether WTP increases
with the size of the risk reduction for a given
respondent. Tests of external validity also include
checking whether responses vary, as expected, with
income.

To our knowledge, three contingent valua-
tion studies have been conducted in China to
value quantitative reductions in risk of death:
Hammitt and Zhou (2005); Wang and Mullahy
(2006); and Zhang (2002). The VSLs obtained
in these studies, based on mean WTP, are listed
in Table 4.1. VSLs range from 250,000 to 1.7 mil-

lion Yuan, depending on the study and model
used to fit the data. Only one of these studies
performed an external scope test (Hammitt and
Zhou 2005). Unfortunately, respondents’ WTP
for reductions in risk of death failed to respond
to the size of the risk change. For this reason, and
in order to estimate the WTP of older persons,
original studies were conducted in Shanghai and
Chongqing to complement the environmental
cost modeling. The details of these studies, con-
ducted by Krupnick et al. (2006), are reported
in an Annex and in Box 1.

Choice of WTP Values for the ECM

In valuing premature mortality due to air pol-
lution, we use the preferred VSL reported by
Krupnick et al. (2006), 1.4 million Yuan, based
on pooled data from Shanghai and Chongqing,
but adjusted to reflect differences in income
between Shanghai, Chongqing, and the rest of
China. Once the income adjustment is made,
the Krupnick et al. (2006) figure is approximately
1 million Yuan.3 We note that this falls within
the range of values reported in the other studies
listed in Table 4.1. Following the practice used
in the U.S. and Europe, we apply the same value
to all lives lost due to air pollution, regardless of
location (i.e., of per capita GDP). This practice
is followed in the United States for political, rather
than economic, reasons.

As noted above, a key reason for conducting an
original valuation study was to examine how WTP
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T A B L E  4 . 1 Estimates of the Value 
of a Statistical Life in 
Chinese Studies

Study Million Yuan

Wang and Mullahy (2006) 0.3–1.25
Zhang Xiao (2002) 0.24–1.7
Hammitt and Zhou (2005)* 0.26–0.51
Krupnick et al. (2006) 1.4

Source: Authors calculation.



for mortality risk reductions varied with the age of
the respondent, and to examine the WTP of older
persons.4 In the international literature, there is
some weak evidence that WTP for mortality risk
reductions falls later in life. Alberini et al. (2004),
based on surveys similar to Krupnick et al. (2006)
conducted in the U.S. and Canada, find that the
WTP of persons over 70 is approximately 25 per-
cent lower than the WTP of persons 40 to 69. The
results of the survey work in China on this point
are mixed. When WTP from two samples of
respondents in Shanghai and Chongqing is ana-
lyzed as a function of covariates (Krupnick et al.
2006, Table 18), WTP is approximately 28 per-
cent lower for persons over 65 than for persons
below that age, other things being equal. This re-
sult, however, is not supported by analysis of a

third sample of respondents in Shanghai. In light
of this evidence, we do not allow the VSL to vary
with age in the tables below.

A related problem occurs in valuing the lives
of children. Chapter 3 estimates that significant
numbers of deaths among children under the age
of 5 would be avoided if rural households had bet-
ter access to water and sanitation. Valuing chil-
dren’s deaths is problematic using the willingness
to pay approach. Children are not thought to
have well-defined WTPs, so it is parents’ WTP for
reduced risks to their children that is usually mea-
sured.5 The USEPA does not believe that there are
enough such studies to use a separate estimate of
the VSL for children. We follow this approach and
apply the VSL estimated by Krupnick et al. (2006)
to value premature mortality in children.
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B O X  4 . 1 The Willingness to Pay for Mortality Risk Reductions in Shanghai and Chongqing

One goal of the valuation of the environmental health risk (VEHR) component of the project was to
estimate the value of reducing risks of death by conducting contingent valuation surveys in Shanghai
and Chongqing. The surveys were conducted in the winter and summer of 2005, respectively, with
a second survey in Shanghai in the spring of 2006. The survey questionnaire, with minor changes,
was identical to those administered in the U.S., Canada, U.K., France, Italy, and Japan by Alberini
et al. (2004). The target population comprised persons 40 to 80 years old. Respondents were asked
how much they would pay over the next 10 years for a product that would reduce their risk of
dying, over the 10-year period, by 10 in 1,000 and by 5 in 1,000 (i.e., by 1 in 10,000 and 5 in 10,000
per year). Bids were elicited by either a double-bounded dichotomous choice (DC) method or a
payment card (PC). The questionnaire was self-administered on a computer with voiceovers.

Samples, stratified by community and neighborhood, were drawn at random in each city. In
Shanghai, 1,920 persons were initially contacted and invited to take the DC survey, and 1,224 
participated, an acceptance rate of 64 percent. Another 600 accepted the payment card version of
the survey. In Chongqing, 1,250 persons were contacted and invited to take the survey; 1,067
enrolled, a response rate of 85.4 percent.

The results show that respondents care very much about reducing their mortality risks, and are
willing to pay for this. Indeed, the mean VSLs—using the same estimation approach as was used
for the countries listed above—are in the same range as the other countries, in PPP terms. Using a
conservative estimation approach gives a mean VSL of 1.4 million yuan when data are pooled for
the 5 in 10,000 annual risk reduction from the DC versions of the survey. When data from the two
cities are analyzed separately, the Chongqing VSL is slightly lower than that for Shanghai, but by
much less than would be suggested by income differences. The VSL estimates for the DC and PC
methods in Shanghai are not statistically different from one another.

The results pass some validity tests and not others. The external scope test (in which the WTP
for a 5-in-10,000 risk reduction by one group is compared to that of a 10-in-10,000 risk reduction
by another group) was passed by the general population using the PC method, but only by highly
educated people in Chongqing using the DC method. The regression results are reasonably intuitive
and conform to expectations. For instance, those persons with more income, more education, and
who are in poorer health are willing to pay more for the risk reduction.

One concern is that a large fraction of respondents had to be eliminated from each of the
analyses because of various problems with their WTP answers, such as illogical responses.



The Adjusted Human 
Capital Approach

An alternate approach to willingness to pay is to
use the productivity loss associated with prema-
ture mortality (i.e., forgone earnings) to value
loss of life. This values an individual by what he
produces and assumes that this value is accurately
measured by his earnings. The adjusted human
capital (AHC) approach, which is widely used in
China, represents an important departure from
the traditional human capital approach. Because
the use of foregone earnings would assign a value
of zero to the lives of the retired and the disabled,
the AHC approach avoids this problem by assign-
ing the same value—per capita GDP—to a year
of life lost by all persons, regardless of age. For
this reason, the adjusted human capital approach
can be viewed as a social statement of the value of
avoiding premature mortality.

In practice, the AHC values a life lost at any
age by the present discounted value of per capita
GDP over the remainder of the individual’s
expected life. In computing the AHC measure,
real per capita GDP is assumed to grow at rate α
annually and is discounted to the present at the
rate r. Adjusted human capital, HCm, is thus
given by (4.1)

where GDPpc0 is per capita GDP in the base year
and t is remaining life expectancy. In the base
case calculations α = 7% and r = 8%.

Equation (4.1) implies that HCm will vary
with the age of the person who dies and will vary
by city or province, assuming that per capita
GDP varies by city or province. Remaining life
expectancy, which does not vary by province in
the published data, is calculated using Chinese
life tables assuming that the age distribution of
deaths due to air pollution is identical to the age
distribution of deaths due to respiratory and
cardiovascular diseases. As shown in the appen-
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dix, the average number of life-years lost due to
air pollution is approximately 18. Per capita GDP
in the base year (2003) differs by city. Table 4.2
shows the adjusted human capital measure com-
puted for different cities, assuming r = 8% and
allowing α to equal 6%, 7%, and 8%. The cen-
tral case estimates below correspond to HCm in
the second column from the right.6

VALUING MORBIDITY

In principle, economists value avoided morbid-
ity by the amount a person will pay to avoid (the
risk of) an illness, just as risk of death is valued
by what people will pay to reduce it. In the case
of morbidity, WTP should capture the value of
the pain and suffering avoided, as well as the
value of time lost due to illness (both leisure and
work time) and the costs of medical treatment.
If some of these costs are not borne by the indi-
vidual, and are therefore not reflected in his will-
ingness to pay, the value of the avoided costs
must be added to WTP to measure the social ben-
efits of reduced morbidity.

In cases where WTP estimates are not avail-
able, analysts often rely on cost-of-illness (COI)
estimates as a lower bound to the theoretically
correct value of avoiding illness. Cost-of-illness
studies estimate the lost earnings associated with
chronic illness that result both from reduced
labor force participation and lower earnings con-
ditional on participation (Bartel and Taubman
1979; Krupnick and Cropper 2000), and add to
these medical costs associated with the disease.
The COI is a lower bound to WTP because it
ignores the value of pain and suffering associated
with illness and the value of lost leisure time. In
regulatory impact analyses of air pollution regu-
lations published by the U.S. Environmental
Protection Agency (USEPA 1997), it is often the
case that coronary heart disease and stroke are
valued using cost-of-illness estimates, as WTP
estimates are unavailable.

In the ECM, we approximate WTP for chro-
nic bronchitis using benefits-transfer methods.



For hospital admissions, we rely on cost-of-
illness estimates.

Estimating WTP to Avoid 
Chronic Bronchitis

In the case of common illnesses, such as diarrheal
disease, economists usually try to value reductions
in days of illness, treated as certain. For illnesses
that are rarer, such as chronic bronchitis, it is
appropriate to view exposure to pollutants as
increasing the risk of serious illnesses and to value
reductions in risk of illness.

To value reductions in the risk of chronic
bronchitis, one could ask individuals directly
what they would pay to lower their risk of experi-
encing these conditions. An alternate approach
that has proved successful (Viscusi, Magat, and
Huber 1991) is to ask individuals to make trade-
offs between the risk of contracting a serious ill-
ness and the risk of death (e.g., dying in an auto
accident). These risk-risk trade-offs establish an
equivalence between the utility of good health
and the utility of the disease. For example, in a
U.S. study involving trade-offs between risk of
contracting chronic bronchitis and risk of dying
in an auto accident, people’s choices implied that
the utility of living with chronic bronchitis was
about 0.68 of the utility of living in good health
(Viscusi, Magat, and Huber 1991). If good health
is scaled to equal 1 and death scaled to equal 0,
then this is equivalent to saying that living a year
with chronic bronchitis is equal to losing 0.32 of
a year of life. This number can be converted to the
value of a statistical case of chronic bronchitis by
multiplying the value of a statistical life by 0.32.

The risk-risk tradeoff approach is closely related
to methods used in the public health literature to
establish QALY weights for chronic disease—the
ratio of the utility of living with the disease to the
utility of living in good health (Miller, Robin-
son, and Lawrence 2006).7 It is therefore possi-
ble to draw on the QALY literature to establish
the fraction of a year lost if one has chronic bron-
chitis. Clearly this equivalence will depend on
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T A B L E  4 . 2 Adjusted Human Capital (HCm) of Different
Cities with Different Growth Rates of Per
Capita GDP (Base year: 2003)

Growth Rate of GDP/Capita (�, %) 6 7 8

Discount Rate (r, %) 8 8 8

Value 15.14 16.50 18

Hypothesis of
� � 7% Being 1 0.92 1 1.09

Per Capita
Cities GDP/Yuan HCm (10,000 Yuan)

Beijing 32,061 48.55 52.89 57.71
Tianjin 26,532 40.18 43.77 47.76
Shijiazhuang 15,188 23.00 25.06 27.34
Taiyuan 15,210 23.03 25.09 27.38
Huhehaote 18,791 28.45 31.00 33.82
Shenyang 23,271 35.24 38.39 41.89
Dalian 29,206 44.22 48.18 52.57
Changchun 18,705 28.32 30.86 33.67
Haerbin 14,872 22.52 24.53 26.77
Shanghai 46,718 70.74 77.07 84.09
Nanjing 27,307 41.35 45.05 49.15
Hangzhou 32,819 49.70 54.14 59.07
Ningbo 32,639 49.42 53.84 58.75
Hefei 10,720 16.23 17.68 19.30
Fuzhou 20,520 31.07 33.85 36.94
Xiamen 35,009 53.01 57.75 63.02
Nanchang 14,382 21.78 23.73 25.89
Jinan 23,590 35.72 38.92 42.46
Qingdao 23,398 35.43 38.60 42.12
Zhengzhou 17,063 25.84 28.15 30.71
Wuhan 21,457 32.49 35.40 38.62
Changsha 14,810 22.43 24.43 26.66
Guangzhou 48,372 73.25 79.80 87.07
Shenzhen 54,545 82.59 89.98 98.18
Nanning 7,874 11.92 12.99 14.17
Haikou 16,730 25.33 27.60 30.11
Chongqing 8,077 12.23 13.32 14.54
Chengdu 18,051 27.33 29.78 32.49
Guiyang 10,962 16.60 18.08 19.73
Kunming 16,312 24.70 26.91 29.36
Xian 12,233 18.52 20.18 22.02
Lanzhou 14,540 22.02 23.99 26.17
Xining 7,110 10.77 11.73 12.80
Yinchuan 11,788 17.85 19.45 21.22
Wulumuqi 19,900 30.13 32.83 35.82

Source: Authors calculations.
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the severity of the case of chronic bronchitis. It
is, therefore, not surprising that the QALY weights
reported in the literature for chronic bronchitis
vary widely.

Although one attempt has been made to esti-
mate a QALY weight for chronic bronchitis in
China, we choose a value from the international
literature. In survey work in China, Hammitt
and Zhou (2005) use both risk-risk tradeoffs and
standard gambles to determine the utility lost
due to chronic bronchitis. However, the case of
chronic bronchitis they describe is a very mild
one. We therefore appeal to the international
literature on QALY weights for chronic bron-
chitis, and select a value in the middle of the
range of weights reported by Miller, Robinson,
and Lawrence (2006, Appendix A). Specifically,
we assume that living a year with chronic bron-
chitis is equivalent to losing 0.4 years of life.

When excess deaths are valued using the VSL
from Krupnick et al. (2006), the value of a sta-
tistical case of chronic bronchitis is computed as
0.4 � VSL. When the AHC approach is used to
value excess deaths, we compute HCm using the
expected number of years a person will live with
chronic bronchitis in place of t in equation (1)
and multiply the result by 0.4.

Valuing Hospital Admissions

For most acute illness episodes (restricted activity
days, asthma attacks), contingent valuation is the
method most often used to value avoided mor-
bidity (Loehman and De 1982; Freeman 1993).
In China, few contingent valuation studies have
been conducted to value acute illness. Notable
exceptions are Hammitt and Zhou (2005), who
estimate WTP to avoid a cold in Anqing and 
Beijing, and studies conducted in Taiwan to esti-
mate WTP to avoid a recurrence of acute respira-
tory illness (Alberini et al. 1997). Unfortunately,
we know of no studies that estimate WTP to
avoid a respiratory or cardiovascular hospital
admission. We therefore use the cost-of-illness
approach to value hospital admissions.

National surveys on health services were car-
ried out in China in 1998 and 2003 in which
medical costs were reported. The 1998 survey
provided disease-specific medical cost informa-
tion, whereas the 2003 survey only provided all-
disease average costs. However, the 2003 report
calculated the increase in average medical cost
from 1998 to 2003. Assuming that each disease-
specific cost increased by the same proportion,
we estimate the disease-specific costs in 2003,
as shown in Table 4.3. The direct costs of ill-
ness include all the costs in hospital, including
expenditures for medical examinations, drugs,
and therapy, as well as the cost of the hospital
stay. Indirect costs include the patient’s time
lost from work, as well as the work-days lost by
patients’ families. In China, it is common that
the family, colleagues, or friends of the patients
leave their work to visit the patients in hospital.
The economic loss from this kind of work ab-
sence has been valued as well. Illness costs are bro-
ken down by city size, as well as type of hospital
admission.

MONETARY HEALTH COSTS OF
AMBIENT AIR POLLUTION

Tables 4.4 and 4.5 summarize the monetary costs
of ambient air pollution. Table 4.4 summarizes
the costs of ambient air pollution using the AHC
approach to value both premature mortality and
chronic bronchitis. Table 4.5 repeats the calcu-
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T A B L E  4 . 3 Illness Costs for Hospital Admissions in
China in 2003 (Yuan/episode)

Direct Plus Indirect Costs

Cause of Large-Scale Middle-Scale Small-Scale Indirect
Admission City City City Cost

Respiratory 8,474 5,071 2,593 514
Cardiovascular 12,326 8,506 6,028 514

Source: Authors calculations based on the China National Health Survey 2003.



lations using the VSL to monetize premature
mortality and chronic bronchitis. The mean esti-
mates and 5th and 95th percentiles refer to the
uncertainty bounds for the number of cases of
mortality and morbidity.

Several points are worth noting. The mean
total health cost associated with ambient air pol-
lution in urban areas of China in 2003 is 157 bil-
lion Yuan if the adjusted human capital approach
to valuation is used, and 520 billion if WTP
estimates from the VEHR study are used. Use of
WTP increases total costs by a factor of 3.3,
bringing health costs to 3.8 percent of 2003
GDP. Using the AHC approach, health costs are

still 1.2 percent of GDP. As in many studies, the
damages associated with premature mortality
dominate the total: they are 71 percent of health
costs using the AHC approach and 76 percent
using the WTP approach. However, in both
cases chronic bronchitis costs are significant—
over 20 percent of total costs.

MONETARY HEALTH COSTS OF
WATER POLLUTION

Chapter 3 quantifies three health endpoints asso-
ciated with water pollution: excess cases of mor-
bidity associated with diarrheal disease in children
under 5 years, premature mortality associated with
diarrheal disease in this age group, and premature
mortality due to cancers of the digestive system.
Here we monetize the premature mortality associ-
ated with water pollution and the morbidity asso-
ciated with diarrheal disease. Cancer morbidity is
not monetized due to the difficulty in calculating
the cost of treating an episode and the percent of
episodes treated. For this reason, the estimates
below must be regarded as lower bounds to the
total health costs associated with water pollution
in China.

To monetize premature mortality using the
AHC approach requires an estimate of rural per
capita GDP. There are no official data on urban
and rural GDP in China. However, based on our
calculations GDP is approximately 5,384Yuan.10

We assume, following the Green National Ac-
counting Report, that premature mortality due
to cancers of the digestive system results in a loss
of 21 years of life. This implies, for the central
case of α = .07 and r = .08, that HCm = 102,242
Yuan for a statistical cancer death. Table A.1
implies a loss of approximately 78 years of life for
a child who dies of diarrheal disease before age 5.
Using the same per capita rural GDP figure
implies that HCm = 297,251 yuan for a statistical
death due to diarrheal disease. Using the VSL
approach, both deaths are valued at 1.0 million
Yuan. These assumptions lead to the results
reported in Table 4.6.
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T A B L E  4 . 4 Health Costs Associated with Outdoor Air 
Pollution in China, 2003 Adjusted Human
Capital Approach (Bil. Yuan)

Morbidity

Direct Indirect
Excess Chronic Hospital Hospital Total

Estimate Deaths Bronchitis Costs Costs Costs

95th %ile 178.7 47.7 4.82 0.670 231.8
Mean 110.9 42.5 3.41 0.470 157.3
5th %ile 35.8 36.9 1.88 0.264 74.9

Source: Authors calculations based on the China National Health Survey 2003
and other sources.

T A B L E  4 . 5 Health Costs Associated with Outdoor Air 
Pollution in China, 2003 Willingness to Pay
Approach (Bil. Yuan)

Morbidity

Direct Indirect
Excess Chronic Hospital Hospital Total

Estimate Deaths Bronchitis Costs Costs Costs

95th %ile 641.1 136.7 4.82 0.670 783.3
Mean 394.0 122.1 3.41 0.470 519.9
5th %ile 135.6 106.2 1.88 0.263 243.9

Source: Authors calculations based on the China National Health Survey 2003
and other sources.



Morbidity due to diarrheal disease in children
under the age of 5 is valued at a cost of two days
of caregivers’ time. This was calculated as 29.5
Yuan per case, the pro-rated value of per capita
rural GDP.11

Although an underestimate of the total health
costs of water pollution, the costs in Table 4.6 are
about an order of magnitude smaller than the
health costs associated with outdoor air pollu-
tion. This is true even when outcomes are valued
using the same VSL for persons in rural and
urban areas. Compared to the health cost of air
pollution, the health cost of water pollution are
relatively low. This does not, of course, mean
that individual projects to improve rural drink-
ing water quality will necessarily yield smaller net
benefits than specific projects to improve urban
air quality. It should also be noted that improve-
ments in surface water quality, which are one way
of reducing the costs of drinking water treatment,
will yield non-health as well as health benefits.

Endnotes
1. Estimates of compensating wage differentials are often

quite sensitive to the exact specification of the wage
equation. Black et al. (2003), in a reanalysis of data
from U.S. compensating wage studies requested by the
USEPA, conclude that the results are too unstable to be
used for policy.

2. For example, WTP for a reduction in risk of death sel-
dom increases in proportion to the size of the risk
change, which suggests that respondents do not perceive

risk changes as economists expect them to.
3. This adjustment is made using the ratio of average dis-

posable income in China to average disposable income
in Shanghai and Chongqing. The income elasticity of
0.48 from Krupnick et al. (2006) is used to make the
adjustment.

4. For this reason, over one-third of sample respondents
were chosen to be 60 years of age and older.

5. For a summary of this literature see the USEPA’s Hand-
book on Valuing Children’s Health at http://yosemite.
epa.gov/ee/epa/eed.nsf/webpages/HandbookChildrens
HealthValuation.html

6. It should be noted that the adjusted human capital
values in Table 4.2 pertain to cities, whereas the results
below are reported for provinces and municipalities.

7. One such approach is the standard gamble approach,
used by Hammitt and Zhou (2005). This approach asks
a person, were he to contract chronic bronchitis, what
risk of death ρ he would accept to undergo an operation
that would cure the disease with probability 1-ρ.

8. Total Health Costs = Cases of Premature Mortality �

Cost per Case + Cases of Chronic Bronchitis � Cost per
Case + Direct Cost of Hospital Admissions + Indirect
Cost of Hospital Admissions.

9. This assumes, strictly speaking, that the slope of the
Ostro relative risk function in Table 2.3 is approxi-
mately linear over the relevant range of ambient con-
centrations.

10. That is, 29.5 = (5384/365) � 2
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Remaining 

RD CVD CEVD

Age Life Lost Life Years Lost Life Years Lost Life Years
Groups Expectancy Deaths × Deaths Deaths × Deaths Deaths × Deaths

0– 78.79 1680.41 132393.79 266.69 21011.27 89.25 7031.41
1–4 78.51 518.07 40675.18 130.56 10250.80 21.93 1722.13
5–9 74.71 237.68 17756.99 68.13 5089.58 9.08 678.61

10–14 69.83 138.12 9644.70 138.12 9644.70 30.47 2127.51
15–19 64.92 195.99 12723.77 229.12 14874.26 99.38 6451.49
20–24 60.01 253.55 15215.41 548.45 32911.59 212.21 12734.64
25–29 55.15 480.56 26502.25 964.25 53176.60 436.88 24092.96
30–34 50.31 987.78 49696.39 2019.46 101601.51 1153.98 58058.01
35–39 45.50 1274.53 57991.06 3279.82 149232.08 2359.17 107342.37
40–44 40.73 1797.80 73231.00 4369.61 177990.75 4169.36 169833.60
45–49 36.07 3519.17 126930.67 7359.60 265448.36 8821.92 318191.93
50–54 31.49 4903.51 154393.74 8674.55 273130.10 10787.44 339657.12
55–59 27.06 6598.43 178537.66 9180.92 248413.60 12547.36 339501.39
60–64 22.86 14205.99 324757.07 16643.19 380473.08 21818.92 498793.14
65–69 19.01 25778.30 489933.95 29385.85 558497.67 36225.79 688495.36
70–74 15.64 41228.53 644924.21 39312.80 614957.14 47827.45 748148.97
75–79 12.96 46403.88 601328.17 40830.47 529104.65 48111.39 623455.11
80–85 11.07 41399.67 458171.04 34687.21 383884.08 36150.15 400074.47
85– 10.72 36785.43 394314.94 31578.30 338497.99 25073.53 268771.30

Total 228387.42 3809121.98 229667.09 4168189.83 255945.66 4615161.51
Average lost 

statistical years 16.68 18.15 18.03

Note: Deaths are the product of the population in the survey report of the national 5th population census and the
disease-specific death rates in the Health Statistical Yearbook.
RD = Respiratory disease; CVD = Cardiovascular disease; CEVD = Cerebrovascular disease

A P P E N D I X  A . 1 Average Life Years Lost due to Air Pollution




