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Abstract
Environmental pollution and human health problems are becoming serious issues in
China. This research focuses on regional differences in productive inefficiencies and
attempts to clarify the determinants of inefficiency, accounting economic,
environmental and health-related factors. Our dataset includes information of 29
areas in China from 2003 to 2009. We find that after accounting for environmental
pollution and health impacts, the productive inefficiency of the examined areas
reduced; this result holds for both the national and provincial levels. Our results
imply that government efforts to improve social welfare should emphasize increases
in foreign direct investment and private medical expenditures.
JEL codes: I15, O44, O47, R11
Keywords: Environmental pollution; Disease; Regional disparity; China; Weighted
Russell directional distance function

1 Background
Over the previous three decades, China has achieved dramatic economic development.
However, this growth has been characterized by alarming and sometimes hidden imbalances in development across different provinces, between rural and urban regions,
and even among areas within the same province [1]. Due to their different physical
geography and population characteristics, the central and western regions of China
have fallen behind the eastern region with respect to both economic and social development. This gap has particularly widened since the 1990s. Moreover, foreign direct
investment (FDI) provides tremendous contributions to development [2].
Environmental pollution is also becoming a serious social issue in China. This pollution is related to rapid industrial growth, and the main pollutants are waste gas emission and wastewater discharge [3, 4]. Air pollution causes damage to a variety of
aspects of human health (e.g., the cardiovascular, respiratory, and immune systems)
and increases the risk of lung cancer and adverse birth outcomes [5].
Water pollution is also related to damage to human health. Drinking water with high
concentrations of bacteria will increase the risk of infectious diseases (e.g., cholera and
dysentery). These diseases are more common in poor rural regions of China, due to
the lack of water sanitation in these areas. Data from the National Bureau of Statistics
© 2015 Cao et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://
creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly credited.
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of China and the Chinese Ministry of Health indicate that 40 % of rural residents and
62 % of urban residents in China may be exposed to significant risks of infectious
disease due to unsafe drinking water. Furthermore, wastewater that has been contaminated by industrial pollutants may produce cancers of the digestive system (e.g., stomach, liver, esophagus, and colorectal cancers). Although the size of the population
affected by this type of water pollution is unknown, based on data from the Chinese
Ministry of Health, it is estimated that 11 % of total digestive system cancer cases are
caused by industrial water pollution. In other words, wastewater treatment systems play
an important role in environmental and health considerations.
Since China adopted its “reform and opening up” policy in 1978, its medical care system and the health of its residents have rapidly improved. In 1978, despite its lowincome conditions, China underwent its first health revolution. The changes of this
revolution focused on public medical care services, particularly water sanitation improvement and medical insurance [6]. However, China’s experience demonstrates that
economic growth alone does not generate health improvements for all [1]. Similarly to
economic growth, human health status is also characterized by regional disparities. Individuals from relatively poorer regions with worse overall living conditions lack safe
drinking water, health care information, and the ability to engage in private medical
care expenditures and hospital access. Furthermore, poor living conditions are associated with higher risks of infectious diseases, such as cholera, dysentery and measles.
Because it recognizes that public health plays an important role in improving social
welfare, the Chinese government has made the protection of health and safety one of
its foremost priorities, particularly since the SARS crisis of 2003 [1]. The Disease Emergence and Notifiable Infectious Disease Reporting System began operating in China at
the end of 2003. The government’s overall investment in health care has increased, and
public health and clinical service delivery systems are being developed in both urban
and rural areas.
Additionally, the “Go West” policy has focused on promoting development in the
western region of China with greater levels of support from the central government,
and the New Rural Cooperative Medical System has been introduced [7]. Furthermore,
the China People’s Daily published an article entitled “Report of local government and
official performance evaluation in China” in 2008, which indicated that other important
factors in addition to the GDP should be used as measuring indices. There are several
indicators to measure the performance of local government. For example, harmony of
the society, work ethic and morality, environmental quality, etc. [8].
Health damage can also be measured in terms of economic losses. Kira et al. [9] demonstrated that air pollution has created a substantial socioeconomic burden for China’s
economy. They considered the losses in consumption and social welfare which were produced by health damage from air pollution. In particular, they considered health damage
in terms of morbidity and mortality. Additionally, according to Kan and Chen [10], in
Shanghai, total economic cost of health impacts due to air pollution was 625.40 million
US dollars in 2001, accounting for 1.03 % of gross domestic product of that city.
Furthermore, medical cost due to health problems also leads to productivity loss. According to neoclassical economic theory, the concept of productivity is based on the
production function, where output is a function of capital and labor input. Productivity
is a measure of output per unit of input. Labor input reflects the quantity (e.g., time)
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and quality (e.g., effort and skills) of the work force. Productivity loss due to health
problems refers to the output loss corresponding to the reduced labor input due to
health problems [11].
Economic growth, better environmental conditions, and improved public health will improve social welfare. Therefore, policymaking should not only focus on economic growth but
also address environmental protection and public health preservation. We focus on these
three areas of interest: economic, environment, and health. This research paper is unique in
that there is no previous study that simultaneously considers all three of these fields. In step
1 of this study, to measure social welfare, we estimate the productive inefficiency in each area
of China, considering both environmental pollution and disease. We also seek to estimate
the individual inefficiency scores of specific social welfare indicators, including economic
growth, environmental pollution, and disease. In other words, we attempt to simultaneously
estimate both the maximum expansion of the economy and the maximum reduction in pollution emissions and disease cases. In step 2 of this study, we attempt to identify exogenous
factors for improving social welfare by creating a better living environment and health conditions. On the whole, we will estimate the major influences on aggregate productive inefficiency and the individual inefficiency of different social welfare indicators.
This research focuses on regional differences in productive inefficiency and clarifies
the determinants of this inefficiency. In particular, economic, environment, and health
considerations are addressed. This investigation is accomplished through the use of
provincial data for 29 areas in China from 2003 to 2009.
There are previous studies of economic, environmental, and health issues in China,
as discussed below. However, it is difficult to find any research that simultaneously addresses all three of these fields. Nan and Gao [12] observe that environmental pollution
has become an important constraint on China’s economic growth and that high levels
of energy consumption are an important driver of environmental pollution.
Kan et al. [13] suggest that a consideration of the health impacts of air pollution, which
is associated with fossil fuel use, can facilitate progress towards sustainable development.
Similarly to Kan et al. [13], many other studies also explore the links between air pollution
and public health. In particular, to addressing the short-run connections between these
topics, a number of daily time-series and case-crossover studies have been conducted in
large Chinese cities, including Beijing, Shanghai, Chongqing, Shenyang, Wuhan, and
Anshan [13]. However, only one published air pollution cohort study has examined the
long-run connections between air pollution and public health in China [14].
Liu and Griffiths [1] reveal the relationship between economic development and public health and discuss a series of issues that relate to health disparities. In particular,
they offer the following claims. (1) In China, regional disparities contribute to problems
with human health. (2) Poor living conditions are associated with a higher risk of contracting infectious diseases, such as cholera, dysentery, and measles. (3) Private medical
expenditures fell by 19 %, and private spending on critical illnesses decreased by 36 %
after the enrollment of Chinese citizens in the New Cooperative Medical Scheme,
which began in 2003 and sought to include all Chinese residents by 2010.
Additionally, Kan and Chen [10], estimate the total economic cost of health impacts
due to particulate air pollution in urban areas of Shanghai in 2001. The result shows
that it is approximately 625.40 million US dollars, accounting for 1.03 % of gross domestic product of the city. They suggested that the impact of particulate air pollution
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on human health could be substantial in urban Shanghai, both in physical and economic terms. In this research, the health outcomes are estimated for number of disease
cases associated with air pollution.
Furthermore, Lybarger et al. [15] estimate the expected medical costs as economic
loss and the average costs of productivity loss, which are associated with volatile organic compounds in drinking water in the US. In this research, lost productivity is
accounted for the work time loss while obtaining inpatient or outpatient care.
Several research papers examine whether education has a positive or negative effect
on economic growth. The results of these studies are dependent on the specific situation. Zhang and Zhuang [16] demonstrate that only the average number of years of
schooling produces a positive effect on economic growth in China. Other factors, such
as the literacy rate and the enrollment rate in higher-level education, are not statistically significant drivers of economic growth. Furthermore, Zhang and Zhuang [16] also
show that in relatively rich areas of China (most of which are in eastern China), higher
education (i.e., a college education) produces a stronger effect on economic growth. By
contrast, in relatively poor areas (which are mostly in western China), lower-level education (i.e., a primary education) generates a stronger effect on economic growth.
Sanjeev et al. [17] demonstrate that in developing countries, education level positively
affects public health. In particular, increases in the adult literacy rate produce sharply
lower infant and child mortality rates and less dramatic reductions in total mortality
rates. Furthermore, increased public medical expenditures as a share of GDP also generate reductions in infant and child mortality. However, only a weak relationship exists
between medical expenditures and the mortality rates of the entire population.
A number of research papers conclude that poverty and income levels have relatively strong impacts on health care, whereas changes in public medical expenditures
produce a relatively weak impact on this issue [18]. In other words, stronger impacts
on human health are generated by private medical expenditures than by public
medical expenditures.
Additionally, Lauter and Moreaub [19] pointed out that FDI attraction has become a
priority of development agendas in developing country. Development strategies used to
focus on state’s investments and interventions; FDI is now considered as the main
source of catching-up and technological development. Wang et al. [20] use panel data
from 287 Chinese cities over the period 1999–2005 and assess the multiple impacts of
FDI in both positive and negative domains. They conclude that FDI enhances economic
growth, labor productivity, and innovation but also causes employment reduction and
environmental pollution. To measure pollution intensity of a city, they use data of total
factory SO2 emission divided by land area (tons/square kilometer), based on the reports
by China’s environmental protection agency.
To achieve our research aims, we offer the following three hypotheses, which are
based on the results of various previous studies.
(H1) FDI may negatively affect productive inefficiency but may positively affect inefficiencies that are associated with emissions of waste gas and wastewater.
(H2) Investments in pollution abatement may negatively affect the inefficiencies that
are associated with waste gas and wastewater.
(H3) Private medical expenditures may negatively affect the inefficiency levels of various types of patients and infectious diseases.
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2 Methods
2.1 Weighted Russell directional distance model

In a social system, labor and capital can be considered to be inputs. These inputs are used
industrial production which cause environmental pollution and diseases directly or indirectly. Economic growth can be regarded as a desirable output, whereas environmental pollution and diseases could be regarded as undesirable outputs that are related to economic
growth. As mentioned above, measurements of social welfare should not only focus on the
desirable output of economic growth but also account for the undesirable outputs of environmental pollution and disease. Therefore, high social welfare would be associated with
high economic output, low levels pollution and disease, and lower use of labor and capital.
Due to the regional disparities across different areas in China, data for the entire
country may be misleading. Therefore, individual measurements of each area are required. To establish a goal for improving welfare, we should define the “best” area(s)
that lie on the frontier line and then compare each area with the frontier line. Therefore, comparative measurements across different areas are also required. Productive inefficiency analyses that simultaneously consider multiple inputs and outputs are
indicators of social welfare. Thus, comparative productive inefficiency analyses may be
used to assess a number of evaluation targets over a specified time period. The result
can demonstrate changes in productive inefficiency shifting during the examined time.
These changes indicate deteriorations or improvements in overall welfare.
Aggregate productive inefficiency and the individual inefficiency of each input/output
can also be simultaneously presented. Because measurements of aggregate productive inefficiency require comparative analysis, they indicate how an area is performing with respect to welfare relative to the highest level of welfare in China. Furthermore, individual
inefficiencies in inputs/outputs emphasize the specific goals for welfare improvement,
which are the expansion of economic growth and the reduction of environmental pollution and disease. In accordance with Barros et al. [21] and Fujii et al. [22], the current
study utilizes weighted Russell directional distance model (WRDDM) to measure productive inefficiency through nonparametric linear programming estimations. As Barros et al.
[21] observe, one important advantage is that WRDDM can simultaneously individually
decompose the inefficiency scores of each element of a set of multiple inputs/outputs.
Suppose there are j = 1, 2, ⋯, k, ⋯, J decision making units (DMUs) in the dataset,
with one DMU for each area in China. Each DMU uses inputs x = (x1, x2, ⋯, xN) ∊ R+N
to jointly produce the desirable outputs y = (y1, y2, ⋯, yM) ∊ R+M and the undesirable
outputs b = (b1, b2, ⋯, bL) ∊ R+L. WRDDM for calculating the inefficiency of DMU k
can be described as follows:
!
N
M
L
X
X
→
1X
1
1
βk þ
βk þ
βk
ð1Þ
D ðx; y; bjg Þ ¼ maximize
N n¼1 n M m¼1 m L l¼1 l
subject to the following conditions:
J
X
zj ymj ≥ ymk þ βkm g ymk

ð2Þ

J
X
zj blj ¼ blk þ βkl g blk

ð3Þ

j¼1

j¼1
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J
X
zj xnj ≤ xnk þ βkn g xnk

ð4Þ

zj ≥ 0; j ¼ 1; 2; ⋯; k; ⋯; J

ð5Þ

j¼1

where βkm ; βkl ; and βkn are the individual inefficiency scores of each desirable output, undesirable output, and input, respectively. In the relationships above, zj is the intensity
variable that is used to determine the frontier line, which consists of all of the DMUs
(i.e., each area). We set the directional vector (gxnk , gymk , gblk) = (−xnk , ymk , −blk) to estimate productive inefficiency. This type of directional vector assumes that an inefficient
area can decrease its productive inefficiency by increasing its desirable outputs and/or
decreasing its undesirable outputs and inputs [23].
2.2 Panel tobit model

The productive inefficiency scores that are estimated by WRDDM from pooled data
(i.e., the pooled WRDDM) will be used as dependent variables in a panel tobit model
to identify the external factors that contribute to decreasing each type of inefficiency
score. Panel tobit model can be used to measure the effects of external factors. The
principal objectives of this analysis are to measure productive inefficiencies and identify
the external factors that may be related to productive inefficiency. The productive
inefficiency scores from the pooled WRDDM in step 1 of the analysis are used as
dependent variables in the panel tobit model in step 2 of this analysis.
The panel tobit model represents a situation in which the dependent variables are
censored and limited. This condition is important in the context of this study because
almost all of the inefficiency scores (ISs) lie between 0 and 1. In the panel tobit model,
this study used 1-year lags of investment as its independent variables (X). This assumption allows for a 1-year time lag between an investment and its impact.
ISit ¼ β0 þ βX iðt−1Þ þ ηi þ μt þ εit

ð6Þ

ISit ¼ ISit if 1 ≥ISit ≥ 0

ð7Þ

ISit ¼ 0; otherwise

ð8Þ

2.3 Data

The main variables that are used in the analysis are gross regional product (GRP) as the
desirable output, labor (number of workers) and capital stock as inputs, and the quantity
of wastewater discharge, quantity of waste gas emissions, number of patients, and cases of
infectious diseases as the undesirable outputs (see Table 1). For the productive inefficiency
calculation, we use panel data at the provincial level. These data represent 29 different
areas of China. All of the financial data variables are deflated to 2005 price levels.
1. Labor: To represent labor, we utilize the number of workers in three sectors
(agriculture, industry, and service). These data are available in the China statistical
yearbook (CSY) for all sample years except 2006. Therefore, in this research, labor
in 2006 is estimated by the authors based on labor data from comprehensive
statistical data and materials on 60 years of new China (CSDM60). These data are
multiplied by a coefficient of 0.962.1
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Table 1 Summary of variables for WRDDM in step 1 among 29 areas, from 2003 to 2009
Variable name

Description of variables

Mean

St. d.

Labor

Definition

2,396

1,548

16,461

13,019

8,342

7,209

11,468

9,144

183,665

143,230

8,845

6,769

110,914

69,943

Capital

Labor of 3 sectors (agriculture, industry,
and service sector)

Unit

10 thousands of person

Source

China statistical yearbook

Definition

Net value of capital stock of 3 sectors (agriculture,
industry, and service sector)

Unit

100 million yuan

Source:

Shan 2008 [24]

Gross regional
product (GRP)

Definition

GRP of 3 sectors (agriculture, industry, and service sector)

Unit

100 million yuan

Source

China statistical yearbook

Waste gas

Definition

Waste gas of industry sector

Wastewater

Patients

Infectious diseases

3

Unit

100 million m

Source

China statistical yearbook

Definition

Waste water of industry sector and household sector

Unit

10 thousand tons

Source

China statistical yearbook

Definition

Sum of inpatient and outpatient number

Unit

10 thousands of person

Source

China health statistical yearbook

Definition

Sum of 21 types of infectious diseases case number

Unit

1 person

Source

China health statistical yearbook

2. Capital: To represent capital, we use the net values of capital stock in three sectors
(agriculture, industry, and service). These values are deflated to 2005 price levels
using the consumer price index (CPI) obtained from CSY. We built capital stock
data referring previous research [24].
3. GRP: In China, the GDP has been widely used to evaluate a region’s growth in
terms of production values and economic growth for all levels of government
performance evaluations [12]. In this study, we use GRP, as regional GDP, in
three sectors (agriculture, industry, and service). The CPI is used to deflate this
data series to 2005 price levels.
4. Waste gas: We use waste gas emissions only from the industrial sector; these data
series represent environmental pollution.
5. Wastewater: We use wastewater quantities from both the industrial sector and the
household sector. These data series also represent environmental pollution.
6. Patients: We use the sum of inpatient (i.e., emergency room visits) and outpatient
(i.e., hospital admissions) visits to health care facilities as a proxy for the public
health level of a region.
7. Infectious disease: We use the sum of the cases of 21 types of infectious disease
that are included in the notifiable diseases that are identified by the Chinese
Ministry of Health. This factor is considered to be an indicator of the level of
infectious diseases (see Additional file 1).
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The selection of independent variables reflects both the results of previous studies
and data availability. All of the examined data are obtained from the CSY at the provincial level (see Table 2).
1. FDI: We examine the quantity of foreign direct investment (FDI) and expect that
FDI would negatively affect aggregate productive inefficiency but positively affect
inefficiencies that relate to environmental pollution emission and public health.
This phenomenon is expected to occur because R&D, advanced management
techniques, and high-efficiency technologies might be transferred with FDI. These
improvements may contribute to a decrease in productive inefficiency. However, we
expect that the pollution haven effect may become more evident during the course
of this analytical step, which examines the quantity of FDI. In addition, pollution
emissions that are related to FDI may increase the risks of disease.
Table 2 Summary of variables for panel tobit model
Variables for panel tobit model
Foreign direct investment (FDI)
Definition

Foreign direct investment

Unit

100 million yuan

Source

China statistical yearbook

Average years of schooling
Definition

Average years of schooling for age 6+

Unit

Year

Source

China statistical yearbook

Pollution abatement investment
Definition

The amount of pollution abatement investment

Unit

100 million yuan

Source

Ministry of environmental protection

Private medical expenditures
Definition

Private medical expenditures per capita

Unit

Yuan

Source

China statistical yearbook

Private medical expenditures with an east regional dummy
Definition

Private medical expenditures per capita with an east
regional dummy

Unit

Yuan

Source

China statistical yearbook

Dependent variables (results from WRDDM estimation in step 1)
Aggregate productive inefficiency
Inefficiency of labor
Inefficiency of capital
Inefficiency of GRP
Inefficiency of waste gas
Inefficiency of wastewater
Inefficiency of patients
Inefficiency of infectious diseases
Monetary data is deflated 2005 price using consumer price index

Cao et al. Journal of Economic Structures (2015) 4:4

2. Average years of schooling: The average number of years of schooling of the
portion of the population that is more than 6 years old is defined as the educational
level. We expect this factor to negatively affect aggregate productive inefficiency
and GDP because the education of laborers may contribute to human capital.
3. Pollution abatement investment: The quantity of investment in pollution
abatement can be regarded as an instrument for environmental protection.
Therefore, we expect this factor to negatively affect inefficiencies from waste gas
and wastewater.
4. Private medical expenditures: Private health expenditures play a more important
role than public hospital services in reducing regional disparities in health
conditions in China. Therefore, we examine the quantities of private medical
expenditures and expect that these expenditures may negatively affect inefficiencies
in the patient and infectious disease variables.
5. Private medical expenditures with an east regional dummy: We also use an east
regional dummy variable in the context of assessments of private medical
expenditures. One reason for utilizing this dummy variable is that poor living
conditions are related to a higher risk of disease. Another reason for this dummy
variable is that productive inefficiency scores at the provincial level demonstrate
great regional disparities across the 29 examined areas, particularly between the
eastern and western areas of China.
The dependent variables for the panel tobit model are the results from step 1 (i.e.,
WRDDM analysis). In particular, they are the aggregate productive inefficiency scores
and the inefficiency score for each of the following individual indicators: labor, capital,
GRP, waste gas emissions, wastewater discharge, the total number of patients, and infectious diseases. All of the inefficiency scores range from 0 to 1 except for the inefficiency score of GRP. This score can be greater than 1 because it reflects the degree of
expansion.
Due to missing values for infectious diseases in 2004 in WRDDM analysis from step
1, we used only the inefficiency scores from 2005 to 2009 as independent variables.
Furthermore, to determine the dependent variables that were related to average years
of schooling and private medical expenditures, we also used data from 2005 to 2009.
However, for the other two dependent variables, FDI and pollution abatement investment, we used data from 2004 to 2008 to reflect a 1-year time lag.

3 Results and discussion
3.1 Results for the inefficiency estimation by WRDDM

In step 1, we estimate the productive inefficiency score of each area in China from
2003 and 2005 to 2009.2 In addition to the productive inefficiency score, we also estimate the individual inefficiency score for each of the other variables. These variables
are labor, capital, GRP, waste gas emissions, wastewater discharge, the total number of
patients, and infectious diseases.
First, we calculated the aggregate productive inefficiency score from 2003 to 2009 at
the provincial level (see Fig. 1). We described the map of mainland of China to identify
the provincial location (see Additional file 2).
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Fig. 1 Aggregate productive inefficiency score (average from 2003 and 2005 to 2009)

The results of WRDDM analysis with pooled data are presented in Fig. 1. The eastern region of China displays relatively low level of inefficiency (i.e., better productive
efficiency), whereas the western region of China displays a relatively high level of inefficiency (i.e., worse productive efficiency). The gap between these two regions is
growing over time. Therefore, the assessment of productive inefficiency at the provincial level confirms the perception of great regional disparities among the 29 areas.
These disparities are reflected in the discrepancies between the eastern and western
areas of China.
We then calculated the aggregate productive inefficiency and the inefficiency for each
individual sector at the national level for each year from 2003 to 2009. These calculations display changes in productive inefficiency during the examined years. These results indicate that at the national level, the inefficiency score is decreasing, indicating
that the social welfare of China as a whole has improved from 2003 and 2009 (see
Fig. 2).
At the national level, the individual inefficiency scores for waste gas, wastewater, and
infectious diseases are decreasing, demonstrating that waste gas emission, wastewater
discharge, and infectious disease prevention have improved during the examined years.
However, at the national level, the inefficiency score with respect to the number of patients decreased from 2003 to 2005 and increased from 2006 to 2009. We also calculate
the productive inefficiency scores at the provincial level, and the results of these calculations are shown (see Table 3).
In Table 3, the meanyear is the average inefficiency score of each area from 2003 to
2009. Based on this metric, the following five regions were the most efficient areas that
were assessed: Guangdong, Shandong, Heilongjiang, Shanghai, and Beijing. All of these
areas lie in the eastern region of China. By contrast, the three least efficient areas were
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Inefficiency score

0.5
0.4
0.3
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year

labor

capital

GDP

waste gas

wastewater

Patients

infectious

total

Note: Infectious diseases data in 2004 is missing value. However, we use the mean value of
infectious diseases in 2003 and 2005 as value in 2004.

Fig. 2 Inefficiency score of each variables (29 provincial average score)

Ningxia, Qinghai, and Guizhou, all of which are in the western region of China. This
result is indicative of the regional disparities that exist among the 29 areas, particularly
between the eastern and western portions of China. In Table 3, we define the meanarea
as the average inefficiency score across the 29 areas, i.e., the national inefficiency score
for each year. This metric illustrates the degree to which productive inefficiency shifted
during these years.
We perform various robustness assessments by adding or dropping undesirable output variables. These assessments confirm the results above. First, we calculate the inefficiency score without considering the environmental factors (see Additional file 3).
Subsequently, we calculate the score without considering the health factors (see
Additional file 4). Finally, we calculate the score without any of the undesirable outputs
(see Additional file 5). The correlation coefficients between Table 3 and Additional files 3,
4, and 5 are 0.980, 0.929, and 0.898, respectively. These correlation coefficients suggest
that the estimates of productive inefficiency performance are nearly identical under the
conditions of the various robustness assessments. Thus, the results from Table 3 are
plausible and robust.
We estimate the potential rates of aggregate productive inefficiency and of the inefficiency of each individual indicator. These rates can be defined as follows:
1. A percentage by which the relative quantity of inputs (i.e., labor and capital) and
undesirable outputs (i.e., waste gas, wastewater, number of patients, and infectious
diseases) may be reduced.
2. A percentage by which desirable outputs (i.e., GRP) may be increased.
3. The period of interest is from 2003 to 2009. However, 2004 is not included due to
missing values in the infectious disease data. The results are calculated at the
national and provincial levels, as presented in Table 4.
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Table 3 Aggregate productive inefficiency score at the provincial level
Year

2003

2005

2006

2007

2008

2009

Meanyear

01 Beijing

0.32

0.15

0.15

0.11

0.07

0.00

0.13

02 Tianjin

0.28

0.18

0.16

0.15

0.11

0.00

0.15

03 Hebei

0.31

0.24

0.23

0.25

0.24

0.25

0.25

04 Shanxi

0.38

0.29

0.29

0.28

0.27

0.29

0.3

05 Inner Mongolia

0.32

0.25

0.25

0.23

0.16

0.00

0.2

06 Liaoning

0.25

0.23

0.22

0.23

0.23

0.11

0.21

07 Jilin

0.31

0.28

0.28

0.27

0.27

0.25

0.28

08 Heilongjiang

0.10

0.00

0.00

0.13

0.08

0.18

0.08

09 Shanghai

0.24

0.13

0.10

0.05

0.06

0.00

0.1

10 Jiangsu

0.26

0.23

0.20

0.18

0.13

0.00

0.17

11 Zhejiang

0.30

0.27

0.25

0.23

0.22

0.19

0.24

12 Anhui

0.34

0.33

0.33

0.33

0.32

0.28

0.32

13 Fujian

0.18

0.23

0.21

0.17

0.17

0.10

0.18

14 Jiangxi

0.34

0.33

0.32

0.32

0.31

0.27

0.32

15 Shandong

0.24

0.14

0.00

0.05

0.00

0.00

0.07

16 Henan

0.33

0.29

0.28

0.29

0.28

0.29

0.3

17 Hubei

0.32

0.34

0.33

0.31

0.29

0.26

0.31

18 Hunan

0.34

0.31

0.29

0.28

0.26

0.18

0.28

19 Guangdong

0.00

0.00

0.00

0.02

0.06

0..00

0.01

20 Guangxi

0.42

0.38

0.37

0.37

0.36

0.36

0.38

21 Hainan

0.41

0.43

0.40

0.35

0.33

0.30

0.37

22 Chongqing

0.40

0.38

0.39

0.38

0.36

0.30

0.37

23 Sichuan

0.42

0.39

0.38

0.38

0.35

0.31

0.37

24 Guizhou

0.52

0.43

0.43

0.42

0.39

0.34

0.42

25 Yunnan

0.41

0.38

0.38

0.38

0.34

0.34

0.37

26 Shanxi

0.44

0.37

0.33

0.32

0.32

0.28

0.34

27 Gansu

0.48

0.38

0.36

0.35

0.35

0.35

0.38

28 Qinghai

0.50

0.47

0.48

0.43

0.43

0.41

0.45

29 Ningxia

0.68

0.57

0.52

0.48

0.47

0.42

0.52

Meanarea

0.34

0.29

0.27

0.27

0.25

0.21

Standard deviation

0.127

0.127

0.131

0.118

0.121

year

0.137
area

Mean
represents average inefficiency score of each area in 2003 and 2005 to 2009. Mean
inefficiency score of each year, among 29 areas (i.e., national inefficiency score)

shows average

At the national level, the productive potential rates of capital and GRP are 0.012
and 0.025, respectively. At the aggregate level, the potential for reducing capital inputs and the potential for expanding GRP are both relatively small compared with the
potentials of other factors. For instance, the productive potential rate of labor is
0.565, implying that over the entire country, labor can be reduced by 56.5 % without
slowing economic growth.
There are two types of undesirable environmental outputs: waste gas and wastewater.
At the national level, the productive potential rate of waste gas is 0.507, whereas the
productive potential rate of wastewater is 0.377. Therefore, over the entire country,
waste gas can be reduced by 50.7 % without slowing economic growth, and similarly,
wastewater can be reduced by 37.7 %. This result demonstrates that at the aggregate
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Table 4 Potential amount of improvement by type of variables
Labor
Unit

Capital

GRP

Waste gas

Wastewater

Patient

Infectious
disease

10 thousand 100 million 100 million 100 million 10 thousand 10 thousand
yuan
yuan
m3
tons
persons

1 person

01 Beijing

259

1,695

0

158

20,196

1,116

25,320

02 Tianjin

114

102

0

1,753

16,771

451

12,778

03 Hebei

2,300

0

0

27,434

78,596

286

79,283

04 Shanxi

1,071

3

47

15,577

47,184

499

60,191

511

143

0

8,375

13,206

125

36,839

05 Inner
Mongolia
06 Liaoning

991

110

0

14,084

108,886

15

41,995

07 Jilin

739

1,073

0

2,220

54,254

693

43,339

08 Heilongjiang

364

0

0

906

11,400

0

26,359

09 Shanghai

132

140

0

1,717

61,188

764

10,998

10 Jiangsu

1,647

0

0

9,045

214,247

404

36,399

11 Zhejiang

1,779

418

0

7,690

143,200

4,252

104,652

12 Anhui

2,827

0

0

8,190

81,264

2,401

100,700

13 Fujian

859

0

0

1,763

99,322

115

52,466

14 Jiangxi

1,619

297

0

3,840

71,909

1,400

81,996

15 Shandong

1,103

0

0

3,368

26,724

6

17,297

16 Henan

4,356

0

0

10,372

128,969

2,623

229,598

17 Hubei

1,927

515

54

7,187

142,399

1,952

125,110

18 Hunan

2,755

0

0

3,475

140,476

891

81,483

136

0

0

344

22,007

465

10,786

19 Guangdong
20 Guangxi
21 Hainan

1,962

0

776

7,265

194,122

2,583

108,649

248

270

260

506

17,865

212

19,625

22 Chongqing

1,297

0

441

4,848

92,111

1,438

69,280

23 Sichuan

3,495

418

1,443

8,106

115,904

5,773

188,432

24 Guizhou

1,837

0

826

4,961

8,639

595

97,180

25 Yunnan

2,068

0

660

4,216

24,718

2,761

81,683

26 Shanxi

1,439

685

431

3,358

36,875

1,372

77,129

27 Gansu

1,069

0

305

3,784

12,515

1,544

105,053

28 Qinghai

177

0

319

1,583

7358

246

20,702

29 Ningxia

159

0

537

2,587

17,005

224

16,059

29 area
potential total

39,237

5,867

6,100

168,713

2,009,310

35,207

1,961,380

29 area data
total

69,487

477,393

241,944

332,584

5,326,304

256,491

3,216,494

Potential rate

56 %

1.2 %

2.5 %

51 %

38 %

13.7 %

61 %

Twenty-nine area potential total represents the sum of potential among 29 areas from 2003 and 2005 to 2009. Twenty-nine
area data total shows the sum of data value among 29 areas from 2003 and 2005 to 2009. Potential rate is calculated by 29
area potential total divided by 29 area data total. The unit of patients was “1 person” in WRDDM estimation process. But in
this table, we changed it into “10 thousand people”, for easy reading

level, a greater potential for progress exists for waste gas reduction than for wastewater
treatment. Therefore, the government should invest more resources into waste gas reduction than wastewater treatment.
Recall that the “number of patients” is defined as the sum of outpatient (i.e., hospital
admissions number) and inpatient (i.e., emergency room visits) hospital visits for a
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region. The “infectious diseases” factor is defined to be the total number of cases of 21
different types of infectious disease.
According to the analytical results, at the national level, the productive potential rate of
the number of patients is 0.137, whereas the productive potential rate of infectious diseases
is a much higher value of 0.61. Therefore, there is a much higher potential for reducing the
number of cases of infectious disease than for reducing the total number of patients.
Motivated by this result, we suggest that government should not only focus on GRP
growth and capital expansion but also address issues of environmental protection and
public health quality. In particular, there appear to be large potential gains in terms of
waste gas reduction and infectious disease prevention.

3.2 Results for determinant analyses by the panel tobit Model

We analyze certain external factors that could be considered to be related to inefficiency. In this analysis, we consider both aggregate productive inefficiency and the inefficiency of each individual sector. We attempt to determine the factors that influence
these inefficiencies. The results of this analysis are shown below.
From Table 5, the results of the analysis indicate that FDI negatively affects aggregate
productive inefficiency but positively affects the inefficiencies of capital, waste gas, and
the number of patients. It can be shown that FDI contributed to improvements in productive inefficiency. One possible driver of these contributions is that FDI is accompanied by an influx of advanced technologies and production processes into a country.
This influx may have caused FDI to enhance overall productive efficiency in China.
Concurrently, the FDI results may also indicate that higher FDI produced increased
pollution emissions. There are three possible reasons why we obtained this result.
Firstly, the FDI in China has primarily been concentrated in the manufacturing sector,
which generates much greater pollution than the agricultural or service sectors. Secondly, variation in environmental standards across different regions encourages both
local firms and FDI to move their factories to locations where regulations are less
stringent [20]. Thirdly, the implementation of environmental regulations is largely
dependent on local government and officials. Both local firms and firms that are
funded through FDI can emit pollutants beyond the official allowable level if they bribe
local Chinese officials [25].
Given the results for FDI, we suggest that the Chinese government should examine
FDI in manufacturing industries, particularly in the context of industries that are associated with large quantities of waste gas emission. Second, environmental regulations
should be rigorous and consistent across different regions over the long term. Finally,
although a reduction of manufacturing efforts is important, the implementation of environmental regulation by local officials should not be ignored.
The metric of average years of schooling is not statistically significant for any of the
types of inefficiency scores. This result suggests that education level may have no impact on waste gas and wastewater emission. The reason for this lack of impact may be
that most of the waste gas and wastewater that are produced in China are emitted by
the industrial sector. This sector is not influenced by personal decision-making.
With respect to human health indicators, we find that education level does not have
a significant impact on the number of patients or the number of cases of infectious
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Table 5 Result of panel tobit model
Model 1

Model 2

Model 3

Model 4

Model 5

Model 6

Model 7

Model 8

Productive inefficiency

Labor

Capital

GRP

Waste gas

Wastewater

Patients

Infectious diseases

FDI

−7.00E-06**

1.50E-06

3.00E-05***

1.00E-05

3.00E-05**

−1.00E-06

4.00E-05***

−6.00E-06

Average years of schooling

−2.00E-02

3.90E-02

−5.00E-02

−3.00E-01

4.00E-03

1.00E-01

7.00E-02

8.00E-02

Pollution abatement investment

−2.00E-05

−2.00E-04

−1.00E-04

1.00E-03

6.00E-04

−9.00E-05

−2.00E-05

−4.00E-05

Private medical expenditures

−1.00E-04***

−1.20E-04

3.00E-04***

−8.00E-04**

−4.00E-04***

−1.00E-04

−4.00E-05

−2.00E-04*

Eastern private medical expenditures

3.00E-06

−2.60E-04

−5.00E-04

−4.00E-03

−5.00E-04

−3.00E-04

−2.00E-04

−4.00E-04***

Log likelihood

290.62

111.68

35.72

20.89

79.21

98.02

78.03

98.1

**

***

*

***

***

Number of Observations, 145. DI and pollution abatement investment are applied with 1-year time lag. Eastern private medical expenditures is defined by private medical expenditure multiplied eastern
province dummy
***, **, and * indicate the coefficient of significance at the 1, 5, and 10 % levels
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diseases. This result might reflect the fact that human health (i.e., the number of patients) is primarily affected by lifestyle choices, which change with economic growth. In
particular, infectious diseases are primarily caused by poor public infrastructure, such
as inadequate access to water sanitation facilities, and depend on individuals’ quality of
access to private health care. Economic growth also enhances society’s ability to construct infrastructure for water sanitation.
Pollution abatement investments are not statistically significant for any of the
types of inefficiency scores that are examined. This result indicates that a large
quantity of pollution abatement investment decreases capital productivity in manufacturing sectors. One of the reasons for this effect may be that legal considerations involving environmental regulations caused many factories to purchase a
large quantity of pollution treatment equipment. However, due to the weakness of
regulation implementation in China, these factories only use the abatement equipment during certain specific moments known as a “show”. This practice allows the
factories in question to reduce their operational costs of running the equipment.
Another reason for the lack of a significant relationship between pollution abatement investments and inefficiency scores may be that our data only reflect the
quantity of investments that were devoted to end-of-pipe treatments. Although
end-of-pipe treatment equipment directly affects pollution reduction, it does not
directly affect the total amount of pollution emissions. This result suggests that environmental regulations and the monitoring of pollutant emissions should be more
strictly implemented in China.
Private medical expenditures produce adverse effects on aggregate productive inefficiency, GRP, waste gas, and the cases of infectious diseases, although these expenditures
positively affect the inefficiency of capital. The effects of this factor are statistically significant for waste gas but not for wastewater. In addition, private medical expenditures produce statistically significant effects on the number of cases of infectious diseases but
insignificant effects on the total number of patients.
These results reveal that private medical expenditures are the main driver of the
inefficiency of infectious diseases. The reason for this phenomenon may be that infectious disease incidences are directly related to private health care, whereas overall public health is affected by lifestyle. In addition, the medical insurance system,
which helps individuals hedge against the risk of incurring medical expenses,
contributes to private medical expenditures. It is notable that as an aspect of
healthcare reform, the Chinese government attempts to provide complete medical
insurance for more of its citizens.
We now consider the analysis that uses private medical expenditures combined
with an east regional dummy. We find that in this situation, medical expenditures
adversely affect the inefficiencies of labor, capital, GRP, waste gas, wastewater, and
the number of cases of infectious diseases. However, this effect is not statistically
significant for either aggregate productive inefficiency or the total number of
patients.
In Model 8 of the panel tobit model, we considered the factors that influence the inefficiencies that relate to cases of infectious disease. The model results indicated that
the coefficient of private medical expenditure is −2.00E-04, whereas the coefficient of
private medical expenditures with an east regional dummy included is −4.00E-04. Thus,
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private medical expenditure produces stronger influences in the eastern region of
China than in the western region of China.
Motivated by these results, we suggest that the local government should devote more
attention to infectious diseases than to other general diseases. We also suggest that to
reduce regional disparity, the medical insurance system should provide more support
for the western residents of China.

4 Conclusions
We analyze productive inefficiencies, considering both environmental pollution and
health impacts. Our results indicate that aggregate productive inefficiencies improved
from 2003 to 2009 on both a national level and a provincial level. However, the regional disparities in aggregate productive inefficiency have increased. In particular, the
gap in productive inefficiencies between the eastern regions and western regions of
China has widened.
Furthermore, we find that the productive potential is large, particularly with respect
to waste gas emissions and cases of infectious diseases. We suggest that the government should focus on environmental protection and public health preservation. In
particular, efforts to reduce waste gas emission and prevent infectious disease could
greatly improve social welfare.
In addition, we estimate the determinants of aggregate productive inefficiency. We
find that FDI and private medical expenditures contribute to the improvement of
aggregate productive inefficiency in China. FDI negatively affects aggregate productive
inefficiency but positively affects the inefficiencies of waste gas emission and public
health considerations. Private medical expenditures negatively affect aggregate productive inefficiency, waste gas emission, and infectious disease prevention. Furthermore, a
stronger impact on productive inefficiency was produced by local governments in the
eastern region of China than by the governments in the western region of China.
Finally, we suggest that the government should focus on FDI and private medical expenditures to attain economic development that involves lower pollution levels and
fewer health problems. In addition, preferential policies towards private medical care
should provide support to western Chinese residents, narrowing the large gap across
regions. Environmental policymaking should be rigorous and consistent. Moreover,
these policies should be strictly enforced.
One major limitation of the study is that we did not consider the different industry
structures across the agricultural, industry, and service sectors. This concern is relevant
because the different sectors produce different impacts on the emission of environmental
pollutants and the resulting damage to human health. Furthermore, the eastern region
and the western region of China demonstrate large differences in industrial structure.
5 Endnotes
1
The coefficient 0.962 is the ratio of labor in year 2006 in the CSY to labor in year
2006 in the CSDM60, as calculated by authors. This correction factor reflects the small
differences between CSDM60 and CSY.
2
Xinjiang, Tibet, Hong Kong, and Macau are not included due to missing data. The results for 2004 are not included because of missing values in the infectious disease data.
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Additional file 5: Productive inefficiency at the provincial level (without both pollution and diseases).
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