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Abstract Environmental infrastructure investment (EII)
is an important environmental policy instrument on
responding to greenhouse gas (GHG) emission and air
pollution. This paper employs an improved stochastic
impact by regression on population, affluence and
technology (STRIPAT) model by using panel data from
30 Chinese provinces and municipalities for the period of
2003–2015 to investigate the effect of EII on CO2

emissions, SO2 emissions, and PM2.5 pollution. The results
indicate that EII has a positive and significant effect on
mitigating CO2 emission. However, the effect of EII on
SO2 emission fluctuated although it still contributes to the
reduction of PM2.5 pollution through technology innova-
tions. Energy intensity has the largest impact on GHG
emissions and air pollution, followed by GDP per capita
and industrial structure. In addition, the effect of EII on
environmental issues varies in different regions. Such

findings suggest that policies on EII should be region-
specific so that more appropriate mitigation policies can be
raised by considering the local realities.

Keywords environmental infrastructure investment (EII),
CO2 emission, SO2 emission, PM2.5 pollution, stochastic
impact by regression on population, affluence and technol-
ogy (STIRPAT) model, governance

1 Introduction

China’s rapid development is based upon consumption of a
large amount of fossil fuels [1], leading to corresponding
air pollution and climate change issues [2]. China has
become the world’s largest carbon dioxide (CO2) emission
country since 2006 [3,4]. To respond to climate change,
China signed the United Nations Framework Convention
on Climate Change (UNFCCC) and promised to achieve
the CO2 emission peak around 2030. Besides,, China has
planned to reduce its CO2 emission per unit of GDP by
60%–65% by 2030 compared with its emission level in
2005 [5]. With regard to air pollution, China focuses on
both sulfur dioxide (SO2) emission and PM2.5 emissions.
China became the largest SO2 emission country in 2006
[6]. Although significant efforts made have helped China
reduce its 75% SO2 emission, it still accounted for 25% of
the global SO2 emissions during 2007–2017 [6]. PM2.5 is a
synthesis of many small particles, such as sulphates,
nitrates, ammonium salts, and organic carbon. It includes
various metallic elements, such as aluminum, magnesium,
calcium, cadmium, arsenic, zinc, sodium, and copper [7,8].
PM2.5 particles pose several health risks because they are
extremely small and therefore can be easily inhaled and
quickly penetrate the blood [8]. In 2010, PM2.5 pollution
caused approximately 1.25 million deaths in China, which
accounted for nearly 40% of deaths caused by PM2.5

worldwide [9]. Therefore, PM2.5 pollution is another key
issue to which China has to find an urgent solution [10].
EII is the investment of infrastructure related to
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environmental construction and pollution improvement,
such as the investments on sewage treatment facilities,
waste treatment facilities, industrial waste disposal system,
energy infrastructure, pollution control system and public
transport infrastructure, etc. EII has been considered as an
important measure of environmental governance, espe-
cially in the field of CO2 emission reduction and air
pollution control. China has invested a large amount of
money on updating its environmental infrastructure. The
total investment on environmental infrastructure increased
from 1.23 billion US dollars in 2000 to 139.89 billion US
dollars in 2016 [11]. It is expected that China’s EII will be
no less than 3.5% of the GDP in 2020 [11]. The total
investment is 2.56 trillion US dollars in China’s 13th Five-
Year Plan (2016–2020), in which a significant part will be
spent on environmental infrastructure, with an estimated
total investment of 1.2 trillion US dollars [12]. Figure 1
depicts the air pollution and EII levels in 2003, 2009, and
2015 respectively. It shows that CO2 and SO2 emissions
are severe in provinces with more EII, such as Shandong,
Jiangsu, and Liaoning. In terms of PM2.5 pollution, those
provinces with more EII have less PM2.5 pollution.
However, whether EII has a positive effect on pollution
abatement remains unknown.
The existing studies have yet to reach a unified

conclusion. At the national scale, several studies have
found that EII is positively related to emissions reduction.
For instance, Gruver [13] used one neoclassical growth
model to investigate the impact of investment on pollution
control and found that appropriate investment policies
could contribute to pollution reduction. Wietschel et al.
[14] uncovered that hydrogen infrastructure resulted in a
notable level of CO2 reduction in European countries.
Jayaraman et al. [15] demonstrated that investment was
beneficial for environment and decreased CO2 emission in
the United Arab Emirates. However, some evidences
confirmed that investment had a negative impact on
emission reduction and energy consumption increased
CO2 emission in Indonesia, Malaysia, the Philippines,
Singapore, and Thailand [16]. In addition, Denafas et al.
[17] found that CO2 and SO2 emissions from Baltic
countries would continue to increase with the increasing
investment on energy infrastructure, leading to a high
electricity demand. Similarly, investment on green infra-
structure has not significantly improved air quality in
Australia, although additional environmental benefits can
be obtained, such as improved building energy efficiency
[18]. At the regional scale, Barandica et al. [19] found that
road infrastructure investment had a significant positive
correlation with CO2 emission. However, circumstances
are different at the micro-level and pre-investment in air
pollution control can increase long-term financial risk,
which is not conducive to business operation [20].
For the case in China, Peters et al. [21] found that

infrastructure construction had exceeded efficiency
improvements in the growth of CO2 emission, and

urbanization and lifestyle changes increased the infra-
structure investment. Besides, CO2 emissions from various
types of transportation infrastructure construction were
estimated in different regions of China and the results
indicated that over 80% of the total CO2 emission was
generated by raw material production, and only 10% and
3% of the total CO2 emission were generated by on-site
construction and material transportation [19,20]. Another
life cycle assessment study found that the highway
infrastructure construction cost was positively correlated
with GHG emission, but it was not significant during the
investment period based on a multi-objective optimization
model [22]. As such, investment on urban traffic
infrastructure increases SO2 emission in the short-term
because of the low-speed traffic caused by road congestion,
but it will have a positive impact on the reduction of SO2

emission in the long-term. In addition, environmental
control can effectively mitigate SO2 emission. However,
disputes exist on the relationship between infrastructure
investment and air pollution control. In this regard,
Jayasooriya et al. [18] and Bottalico et al. [23] found that
urban green infrastructure played an important role in
PM2.5 reduction. By adopting a quantile regression
approach, Xu and Lin [24] found that driving forces of
PM2.5 pollution were different in different regions in
China. Moreover, the construction of environmental
infrastructure may cause environmental pollution and
therefore deserves more attentions. In particular, it is
crucial to investigate if such investments will lead to the
reduction of environmental pollution, and if so, to what
extent? Similarly, it is necessary to investigate if there is
any special heterogeneity in the effect of EII on
environmental pollution.
The human impact, population, affluence, technology

(IPAT) model can examine the factors which drive
environmental pressure [25]. This model has been widely
used to investigate the effect of activities on environment.
For instance, Feng et al. [26] examined the impacts of
lifestyle and technology on CO2 emission. Unfortunately,
the IPAT model assumes proportionality between the key
determinant factors and cannot be used for driving factors
with non-monotonic and non-proportional changes
[26,27]. To solve such a problem, York et al. [28]
reformulated the IPAT model in a stochastic form, which
was known as stochastic impacts by regression on
population, affluence, and technology (STIRPAT) model.
Such a STIRPAT model can identify key factors that
influence CO2 emission and help prepare more compre-
hensive and realistic mitigation solutions. This model has
now been widely applied to investigate the effects of
impact factors on GHG emission and air pollution
[25,29,30]. For instance, Li and Sun [31] examined air
pollution driving factors in China’s economically devel-
oped areas by using the STIRPAT model. As such, Wang
et al. [32] Xu and Lin [33] investigated the different
impacts of the driving forces on PM2.5 pollution in Chinese
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provinces. One STIRPAT model allows for the estimation
of coefficients as parameters and can decompose various
factors in different research contexts [28,33]. Conse-
quently, several scholars endeavored to add explanatory
variables to investigate the effects of different factors, such
as urbanization [34–36], energy intensity [35] and
industrial structure [37] on GHG emission and air
pollution. Moreover, one STIRPAT model can be trans-
formed into a random form of the ordinary least squares

regression (OLS) model, which allows the subjective
determination of variables before choosing the indepen-
dent variable to deal with the uncertainty of reality [38].
However, these studies do not account for the effects of EII
and therefore cannot explain the relationship between EII
and emissions reduction. Such a reality makes it difficult to
predict the effectiveness of environmental policies.
In general, previous studies focus on infrastructure

investment across many sectors, such as energy [14],

Fig. 1 CO2 emission, SO2 emission, PM2.5 pollution, and EII in China in 2003, 2009, and 2015.
(a) 2003; (b) 2009; (c) 2015.
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transportation [22], building [39], and urban infrastructure
[40]. However, few of them investigated the effects of EII
on emissions reduction. Particularly, few of them
accounted for both climate change and air pollution.
Under such a circumstance, this paper employs an
improved STIRPAT model to investigate the relationships
between EII and air pollution (including CO2 and SO2

emissions, and PM2.5 pollution) by using panel data from
30 Chinese provinces for the period of 2003–2015. It also
analyzed both temporal and special effects of EII on
emissions reduction so that more appropriate EII policies
can be raised.
It is expected that three academic contributions can be

made in this paper. First, climate change and air pollution
are addressed together. Three variables are chosen,
including CO2 emission, SO2 emission, and PM2.5

pollution, and the effects of EII on each of them is
compared. Second, regional heterogeneity is taken into
account. Because of imbalanced economic development
across different areas in China, more region-specific
mitigation policies should be prepared by considering the
local realities. Finally, temporal analysis is conducted so
that the historical trend can be better presented. Such
results will help formulate more appropriate policies to
efficiently mitigate China’s overall emissions.

2 Methods and data

2.1 STIRPAT model

Ehrlich and Holdren [25] proposed the IPAT model to
explore the effects of human activities on the environment
in 1971. One IPAT model specifies the environmental
impact (I) by three key driving forces, including population
(P), affluence (A), and technology (T). Based on the IPAT
model, York et al. [28] formulated the model in a stochastic
form, which is known as the STIRPAT model. Such a
model is presented in Eq. (1).

Iit ¼ aPb
itA

c
itT

d
it εit, (1)

where I denotes environmental impact, which is decom-
posed into P (pollution), A (affluence), and T (technology);
ε represents the random error term, while subscripts i (i =
1,2,…,n) and t (t = 1,2,…,n) represent places and time,
respectively. After taking logarithms, this model is
transformed to Eq. (2).

lnIit ¼ αþ blnPit þ clnAit þ dlnTit þ lnεit: (2)

By referring to previous studies, both economic and
social factors are introduced, including population size,
GDP per capita, technology progress [29], industrial
structure [34–36], energy intensity [41,42], and urbaniza-
tion rate [34–36]. Since few studies have investigated the
effects of EII on environmental pollution, EII is introduced
as one factor in this paper. Thus, the STIRPAT model can

be expressed in Eq. (3).

lnIit ¼ α0 þ α1lnEIIit þ α2lnAitþ
α3lnISit þ α4lnEIit þ α5lnPitþ
α6lnTit þ α7lnUit þ εit,

(3)

where i represents one province or municipality; t denotes
a year; α0 is a constant term; εit is an error term, and I
represents environmental impacts, namely, CO2 emission,
SO2 emission, and PM2.5 pollution; EII is environmental
infrastructure investment; P is population size; A repre-
sents affluence calculated by GDP per capita; T represents
technology progress; IS represents industrial structure; EI
stands for energy consumption per unit GDP; and U refers
to urbanization.
In general, the EII scale varies at different economic

development levels, population sizes, and technology
levels. To reveal different effects, the interaction terms of
EII and the above mentioned factors are added. Therefore,
this model can be re-expressed in Eqs. (4–6).

lnIit ¼ α0 þ α1lnEIIit þ α2lnAit þ α3lnISitþ
α4lnEIit þ α5lnPit þ α6lnTitþ
α7lnUit þ α8lnEII� lnAit þ εit,

(4)

lnIit ¼ α0 þ α1lnEIIit þ α2lnAit þ α3lnISitþ
α4lnEIit þ α5lnPit þ α6lnTitþ
α7lnUit þ α8lnEII� lnPit þ εit,

(5)

lnIit ¼ α0 þ α1lnEIIit þ α2lnAit þ   α3lnISitþ
α4lnEIit þ α5lnPit þ α6lnTitþ
α7lnUit þ α8lnEII� lnTit þ εit:

(6)

2.2 Data sources and treatment

The data for such a comprehensive study have to be
collected from different sources. In this paper, the data are
obtained from China Statistical Yearbooks on Environ-
ment, China Statistical Yearbooks for Regional Economy,
China City Statistical Yearbooks, Chinese Energy Statis-
tical Yearbooks, China Population and Employment
Statistical Yearbooks, official documents of United
Nations Environment Program (UNEP), and various
governmental environmental notices. The data of Tibet
Autonomous Region are incomplete because historically
such data have been excluded from China’s statistics.
Therefore, Tibet is excluded from this paper. The panel
data for other 30 Chinese provinces and municipalities are
used. In addition, due to data availability, the data from
2003 to 2015 were chosen. Thus, the year 2003 is the
beginning year for this study. All monetary data are revised
based on the 2003 prices.
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The variables in this paper are illustrated as follows. The
explained variables in the STRIPAT model include CO2

emissions (CO2), SO2 emissions (SO2), and PM2.5

pollution (PM2.5). CO2 emissions are calculated based on
the energy consumption data and up-to-date emission
factors [43], in which the data for the period of 2003–2015
are derived from the China Emission Accounts and Data
sets (CEADs) [44].
In the model, the main explanatory variable is EII, which

refers to material engineering facilities that provide
environmental public services for social production and
residents. It is a public service system that is used to protect
and improve the atmospheric, water, and soil pollution
control, such as general material conditions on which
society depends. Such data are available from the China
Environment Statistical Yearbooks. There are also some
other explanatory variables. For population size (P), the
year-end total population of various Chinese provinces and
municipalities is used. The GDP per capita is used to
measure affluence (A), while the capital-labor ratio is
adopted to measure technology level (T) [45]. Due to a lack
of relevant data, extant literatures are used to estimate
urban fixed capital stocks and refer to urban employments
of the year to evaluate the labor quantity. As energy
efficiency is an important factor for reducing air pollution,
such as CO2 and SO2 emissions [46], energy intensity (EI)
is added to the model. Finally, the ratio of urban residents
to the total population and the proportions of secondary
industry to the total industrial production are adopted to
measure utilization (U) and industrial structure (IS),
respectively [47]. Table 1 lists the statistical data associated
with these variables.

3 Results

3.1 Results for basic models

The results of Hausman tests and F-tests show that the null
hypothesis of random effect is rejected. Therefore, a fixed-

effects model is adopted to estimate the effects of EII,
population size, GDP per capita, technology progress,
industrial structure, energy intensity and urbanization on
CO2 emission, SO2 emission, and PM2.5 pollution,
respectively. Table 2 outlines the estimation results. In
the first column, CO2 emission is one dependent variable,
while in the second and third columns, the dependent
variable is SO2 emission and PM2.5 pollution, respectively.
Column (1) indicates that the construction of environ-

mental infrastructure has a positive effect on CO2

emission. Specifically, each 1% EII increase leads to an
increase in CO2 emission by 0.0470% at the 5%
significance level. This result is in consistent with previous
studies [37,44]. There are also significant positive correla-
tions between CO2 emission and GDP per capita, energy
intensity, population size, at the p = 0.05 level. More
specifically, the statistical tests demonstrate that each 1%
increase in GDP per capita and population size lead to a
0.827% and a 0.969% increase in CO2 emissions,
respectively. Such findings are similar to those in previous
studies [48–50]. Energy intensity has the most dominant
effect on CO2 emission as each 1% increase in energy
intensity leads to a 1.221% increase in CO2 emission.
Column (2) lists the results associated with SO2

emissions, which indicate that there is no significant
correlation between EII and SO2 emission. In addition, the
GDP per capita, energy intensity, and industry structure are
significantly and positively related to SO2 emissions, while
population size has a significantly negative relation with
SO2 emission. More specifically, each 1% increase in
energy intensity leads to a 0.930% increase in SO2

emission and each 1% increase population will lead to a
0.0617% reduction in SO2 emission, which are similar to
those in earlier studies [45–47]. This can also be explained
by the fact that heavily polluted industries normally locate
far away from residential areas, according to China’s
Environmental Impact Assessment Law.
Column (3) lists the results associated with PM2.5

pollution, which indicate that EII and technology progress
have a significantly negative impact on PM2.5 pollution,

Table 1 Descriptive statistical data associated with these variables

Variables Mean Std. Dev. Min Max

CO2 emissions/(106t) 277.73 230.32 0.0005 155.38

SO2 emissions/(106t) 6.410 3.860 0.210 17.200

PM2.5 pollution/(10
5t) 54.70 33.00 3.09 167.00

EII/(109 yuan) 78.025 89.492 1.167 1047.230

A/(104yuan) 2.491 1.634 0.369 8.731

U/% 0.504 0.145 0.248 0.896

IS/% 0.469 0.078 0.197 0.590

EI/(104 yuan) 1.449 0.743 0.362 4.535

P � 104 4402.10 2647.71 534.00 10849

T 3.385 3.065 0.362 16.192
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with a correlation coefficient of –0.0405 and –0.111,
respectively. However, GDP per capita is significantly and
positively related with PM2.5 pollution, which is also
confirmed by a previous study [51].

3.2 Path effects of EII on environmental pollution

Generally, the relation between EII and environmental
pollution depends on population size, economic develop-
ment, and technology progress. EII can lead to economic
growth and increase the total demand on raw materials,
which will bring to an increase in GHG emission and air
pollution [48,49]. As such, the appropriate EII will
improve the living standards of urban residents and create
a better environment, attracting more migrants to move in
and leading to people agglomeration [21,51–54]. To
further explore the pathway through which EII affects
environmental pollution, Eqs. (4) – (6) are adopted to
examine the effects of economic development, population
size, and technology progress, respectively. When the
interaction terms are introduced to the model, the
interpretation will differ and should be used with caution

[54]. According to Hamilton [55], central processing is
used in this paper to treat independent variables. Figure 2
exhibits the marginal effects of EII on environmental
pollution with different interaction items. Table 3 tabulates
the estimation results of these equations. In the Columns
(1 – 3), CO2 emission is a dependent variable, in Columns
(4 – 6), SO2 emission is a dependent variable, and in
Columns (7 – 9), PM2.5 pollution is a dependent variable.
With regard to the effect of economic growth, the

iteration items for EII and GDP per capita significantly and
positively affect CO2 emission and SO2 emission. But the
interaction item cannot significantly affect PM2.5 pollution.
The studies conducted byWooldridge [56] and Zhang et al.
[37] are referred to as the basis for the investigation of the
effect of economic growth. When using an interaction
term, the division is taken by lnEII to both sides of Eq. (4)
so that the partial regression coefficient can be rewritten as
α1+ α8lnA. By using the mean of lnA, the fact is obtained
that the partial effect of EII on CO2 emission and SO2

emission is 0.624 and 0.0378, respectively. This means
that a higher EII will lead to a higher CO2 emission and
SO2 emission from an economic growth perspective.

Table 2 Regression analysis of effects of EII on CO2 emission, SO2 emission, and PM2.5 pollution

Variables
(1) (2) (3) (4) (5) (6)

CO2 emission SO2 emission PM2.5 pollution CO2 emission SO2 emission PM2.5 pollution

EII 0.0470** 0.0104 – 0.0405*** - - -

(0.0220) (0.0227) (0.0143) - - -

A 0.827*** 0.526*** 0.240*** 1.107*** 0.424*** 0.345**

(0.127) (0.131) (0.0822) (0.132) (0.150) (0.141)

A2 - - - -0.447*** -0.431*** -0.593***

- - - (0.0807) (0.0916) (0.0864)

IS – 0.00156 0.413*** – 0.0657 - - -

(0.131) (0.135) (0.0849) - - -

EI 1.221*** 0.930*** 0.0620 - - -

(0.113) (0.116) (0.0730) - - -

P 0.696*** – 0.617*** – 0.124 - - -

(0.221) (0.228) (0.143) - - -

T 0.273*** – 0.102 – 0.111** - - -

(0.0835) (0.0862) (0.0542) - - -

U 0.276 – 0.253 – 0.0190 - - -

(0.186) (0.192) (0.121) - - -

Constant – 1.494 17.70*** 16.23*** 4.926*** 13.18*** 15.51***

(1.721) (1.775) (1.117) (0.0596) (0.0677) (0.0639)

F-test 249.42*** 24.57*** 2.47** - - -

Hausman 309.7*** 35197.04*** – 11.3 - - -

Observations 390 390 390 390 390 390

Number of no 30 30 30 30 30 30

R-squared 0.832 0.328 0.047 0.184 0.072 0.217

Notes: Robust standard errors are presented in parentheses. *p< 0.1; **p< 0.05; and ***p< 0.01.
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With respect to the effect of popular size, the interaction
between EII and popular size significantly and positively
affects CO2 emission and SO2 emission. When using an
interaction term, the division is taken by lnEII to both sides
of Eq. (5) so that the partial regression coefficient can be
rewritten as α1+ α8lnP. By using the mean of lnP, it is
obtained that the partial effect of EII on CO2 emission and
SO2 emission is 0.449 and 0.0395, respectively. The results
indicate that an additional increase of population size
amplifies the positive effect of EII on CO2 emission and
SO2 emission. Different from the conclusion that popula-
tion agglomeration benefits for the reduction of CO2

emission by decreasing energy consumption [57], it is also
different to the path effect of transport infrastructure on
CO2 emission [37]. But the interaction effect between EII
and population size on PM2.5 pollution is not significant.
As far as the effect of technology progress is concerned,

the interaction between EII and technology progress
significantly and negatively affects CO2 emission and

SO2 emission, but not PM2.5 pollution. The partial
regression coefficients of EII on CO2 and SO2 emissions
are – 0.715 and – 0.024, respectively. This means that
technology progress may lead to a higher decrease in CO2

emission and SO2 emission for larger EII. In other words,
more EII will lead to more reduction in CO2 emission and
SO2 emission with the application of more advanced
technologies. Such results confirm that EII will improve
technology progress although achieving CO2 emission
reduction and maintaining economic growth simulta-
neously is difficult in China [37].

3.3 Regional heterogeneity analysis

Generally, China can be divided into three regions: the
east, the central, and the west, according to China’s 7th
Five-Year Plan (1986–1990) [58]. Historically, imbalanced
economic development occurred across different regions
[59], resulting in the fact that EII may have different effects

Table 3 Path analysis of effects of EII on CO2, SO2 emissions, and PM2.5 pollution

Variables CO2 emission SO2 emission PM2.5 pollution

(1) (2) (3) (4) (5) (6) (7) (8) (9)

EII 0.0829*** 0.774*** 0.0732*** 0.0747*** 0.706*** 0.0462* – 0.0504*** – 0.0965 – 0.0515***

(0.0245) (0.160) (0.0248) (0.0245) (0.165) (0.0255) (0.0161) (0.107) (0.0162)

A 0.980*** 0.779*** 0.797*** 0.800*** 0.480*** 0.484*** 0.198** 0.244*** 0.253***

(0.134) (0.124) (0.127) (0.134) (0.128) (0.130) (0.0878) (0.0825) (0.0825)

IS – 0.0534 – 0.0108 – 0.0513 0.320** 0.405*** 0.346** – 0.0513 – 0.0650 – 0.0448

(0.130) (0.127) (0.132) (0.130) (0.132) (0.135) (0.0854) (0.0850) (0.0860)

EI 1.158*** 1.069*** 1.199*** 0.816*** 0.785*** 0.900*** 0.0796 0.0737 0.0713

(0.113) (0.114) (0.112) (0.113) (0.118) (0.115) (0.0741) (0.0764) (0.0732)

P 0.883*** 0.739*** 0.822*** – 0.282 – 0.576** – 0.445* – 0.176 – 0.127 – 0.177

(0.226) (0.215) (0.227) (0.226) (0.223) (0.233) (0.148) (0.144) (0.148)

T 0.278*** 0.237*** 0.409*** – 0.0946 – 0.137 0.0828 – 0.113** – 0.109** – 0.169**

(0.0825) (0.0817) (0.103) (0.0825) (0.0846) (0.105) (0.0542) (0.0545) (0.0669)

U 0.243 0.447** 0.235 – 0.312* – 0.0892 – 0.310 – 0.00983 – 0.0322 – 0.00141

(0.184) (0.185) (0.186) (0.184) (0.191) (0.191) (0.121) (0.123) (0.121)

EII � A – 0.0518*** – 0.0929*** 0.0144

(0.0161) (0.0161) (0.0106)

EII � P – 0.0892*-
**

– 0.0854*** 0.00687

(0.0194) (0.0201) (0.0130)

EII � T – 0.0312** – 0.0426*** 0.0131

(0.0139) (0.0142) (0.00903)

Constant – 3.149* – 1.579 – 2.664 14.73*** 17.61*** 16.10*** 16.69*** 16.23*** 16.72***

(1.775) (1.674) (1.788) (1.776) (1.734) (1.835) (1.166) (1.118) (1.166)

Observation 390 390 390 390 390 390 390 390 390

N 30 30 30 30 0.360 0.344 0.052 0.047 0.052

R-squared 0.837 0.841 0.834 0.385 30 30 30 30 30

Notes: Robust standard errors are presented in parentheses. ***p< 0.01, **p< 0.05, and *p< 0.1.
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on pollution reduction in different regions. To uncover
regional disparity, the Chinese provinces and municipa-
lities are divided into three categories: provinces in the
eastern region (N = 12), provinces in the central region (N
= 9), and provinces in the western region (N = 9) [59].
Relevant results are shown in Table 4. In Columns (1), (4),
and (7), CO2 emission is the explained variable, in Column
(2), (5), and (8), SO2 emission is the explained variable,
and in Column (3), (6), and (9), PM2.5 pollution is the
explained variable.
In the eastern region, EII significantly and positively

affects CO2 emission at the p = 0.1 level, while EII has a
significant and negative effect on PM2.5 pollution at the
10% significant level. GDP per capita significantly and
positively affects CO2 emission and SO2 emission, with
coefficients of 1.275 at the 1% significance level and 0.476
at the 5% significance level, respectively. Moreover,
energy intensity has the most significant effect on CO2

emission and SO2 emission with coefficients of 1.426 and

1.034 at the 1% significance level, respectively. Population
size also significantly and positively affects CO2 emission
in the eastern region. As for technology progress, each 1%
increase results in a 0.200% decrease in PM2.5 pollution.
In the central region, EII has both significant and

positive effects on CO2 emissions, but has significant and
negative effects on SO2 emission and PM2.5 pollution.
More specifically, each 1% increase in EII results in a
0.127% increase in CO2 emission, a 0.0624% decrease in
SO2 emission, and a 0.0851% decrease in PM2.5 pollution.
Furthermore, energy intensity has a positive effect on CO2

emission and SO2 emission with coefficients of 1.274 and
0.416 at the 1% significance level, respectively. However,
industrial structure has a negative effect on SO2 emission
and PM2.5 pollution. Each 1% increase in industrial
structure will lead to a 0.514% increase in CO2 emission
and a 0.343% decrease in PM2.5 pollution. Finally,
urbanization will decrease SO2 emission significantly
with a coefficient of – 0.927.

Fig. 2 Marginal effects of EII on CO2 emission.
(a) SO2 emission; (b) PM2.5 pollution; (c) marginal effects of EII on CO2 emission through economic growth path; (d) SO2 emission; (e) PM2.5 pollution;
(f) marginal effects of EII on CO2 emission through population size path and economic growth path; (g) SO2 emission; (h) PM2.5 pollution; (i) through the
technical innovation path.
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In the western region, EII has no significant effect on
CO2 emission, SO2 emission, and PM2.5 pollution. But
energy intensity has a significant and positive effect on
CO2 emission, SO2 emission, and PM2.5 pollution, with a
coefficient of 1.336, 1.414, and 0.231 at the 1%
significance level, respectively. However, population size
has the most significant effect on CO2 emission and PM2.5.
Each 1% increase in population size will lead to a 3.288%
increase in CO2 emission and a 2.070% decrease in PM2.5

pollution at the 1% significance level. Regarding technol-
ogy progress, each 1% increase will lead to a 0.681%
decrease in SO2 emissions at the 1% significance level.
In general, the effect of EII on CO2 emission in the

central region is more significant than those in the eastern
and western region. Such results can be explained by the
fact that the Central Government has tried to optimize the
industrial structure in these heavy industry concentrated
central provinces by encouraging more advanced industrial
operations [60]. The implementation of this policy has
promoted local economic development, but with a result of
more CO2 emission. However, the effect of EII on PM2.5

pollution is not significant. In addition, energy intensity
has the dominant effect on the increase of CO2 emission
and SO2 emission in the whole country, and it also
increased PM2.5 pollution in the western region due to their

rich coal reserves. Finally, technology innovation has a
significant effect on PM2.5 pollution reduction in the
eastern region and SO2 emissions reduction in the western
region.

3.4 Evolutional analysis

Evolutional analysis is important as it can help examine
whether the effect of EII on emissions reduction varies in
different years. In this regard, a time-varying coefficient
model is applied to analyze the dynamic and evolutional
effect of EII. The year 2003 was chosen as the base year,
and the effect of EII for the period of 2004–2014 was
measured.
Table 5 lists the results. First, the coefficient estimate of

the effect of EII on CO2 emission is significant and ranged
from 0.0721 in 2004 to –0.017 in 2015, of which the values
during 2004–2014 are positive. The impact of EII on CO2

emission changes from positive to negative, indicating that
the effect of EII on the increase of CO2 emission has
gradually decreased. In the long run, EII would decrease
CO2 emission eventually.
Second, the effect of EII on SO2 emission is not

significant until 2007. During 2007–2015, except 2009, the
coefficient ranges from 0.0758 in 2007 to –0.164 in 2015,

Table 4 Effects of EII on CO2 emission, SO2 emissions, and PM2.5 pollution by region

Variables

Eastern Central Western

(1) (2) (3) (4) (5) (6) (7) (8) (9)

CO2

emission
SO2

emission
PM2.5

pollution
CO2

emission
SO2

emission
PM2.5

pollution
CO2

emission
SO2

emission
PM2.5

pollution

EII 0.0704* – 0.0119 – 0.0405* 0.127** – 0.0624* – 0.0851** – 0.0401 0.0217 – 0.0176

(0.0367) (0.0389) (0.0215) (0.0523) (0.0364) (0.0390) (0.0311) (0.0374) (0.0208)

A 1.275*** 0.476** 0.179 0.192 0.332* 0.335* 1.336*** 1.141*** 0.231*

(0.202) (0.214) (0.118) (0.267) (0.186) (0.199) (0.203) (0.244) (0.136)

IS 0.495* 0.630** 0.227 – 0.0532 0.514*** – 0.343** – 0.201 – 0.255 0.115

(0.296) (0.313) (0.173) (0.198) (0.138) (0.147) (0.230) (0.277) (0.154)

EI 1.426*** 1.034*** – 0.138 1.274*** 0.416*** – 0.201 1.010*** 0.750*** 0.315***

(0.245) (0.259) (0.143) (0.213) (0.148) (0.159) (0.173) (0.208) (0.116)

P 1.013*** – 0.160 0.0770 3.288*** 0.845 – 2.070*** 0.903 2.199*** – 0.537

(0.324) (0.343) (0.189) (1.038) (0.722) (0.773) (0.580) (0.698) (0.389)

T – 0.115 – 0.249 – 0.200** 0.717*** 0.0309 – 0.124 0.0951 – 0.681*** – 0.124

(0.147) (0.156) (0.0860) (0.169) (0.118) (0.126) (0.151) (0.182) (0.101)

U 0.268 0.157 0.277* 0.118 – 0.729*** – 0.0728 – 0.641 – 0.258 0.0879

(0.259) (0.274) (0.151) (0.330) (0.230) (0.246) (0.527) (0.634) (0.354)

Constant – 3.937 14.74*** 14.64*** – 23.58*** 5.943 33.23*** – 3.824 – 5.055 19.51***

(2.530) (2.679) (1.478) (8.700) (6.058) (6.484) (4.331) (5.211) (2.905)

Observation 156 156 156 117 117 117 117 117 117

R-squared 0.804 0.518 0.117 0.865 0.349 0.240 0.906 0.407 0.184

N 12 12 12 9 9 9 9 9 9

Notes: Robust standard errors are presented in parentheses. ***p< 0.01, **p< 0.05, and *p< 0.1.
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of which the values during 2004–2011 are positive, while
such values during 2012–2015 are negative. Such results
show that the effect of EII on SO2 emission gradually has
decreased. This is in consistent with the fact that SO2

emission peaks around 2006 and then begins to decrease.
Finally, the effect of EII on PM2.5 pollution is significant

but fluctuates. In particular, the coefficient ranges from –
0.0562 in 2004 to –0.0366 in 2015, of which the values are
negative in 2004 and 2005, positive from 2006 to 2010,
negative in 2011 and 2012, and positive from 2013 to
2015. This indicates the difficulty of controlling haze. In
the reality, the Chinese government has paid more attention
on PM2.5 pollution reduction, especially after the unpre-
cedented heavy haze in 2013, although more efforts should
be further made.

3.5 Environmental Kuznets analysis

The results of environmental Kuznet analysis are listed in
Columns (4–6) in Table 2. It is clearly observed that there
is an inverted U-shape relationship between GDP per
capita and CO2 emission in China. Relationships between
GDP per capita, CO2 emission, SO2 emission, and PM2.5

pollution are also significantly positive, with a value of
1.107, 0.424 and 0.345, respectively. Such findings
support the environmental Kuznets curve (EKC) theory.
The turning points of GDP per capita are 1.238, 0.491,

and 0.291 for CO2 emission, SO2 emission, and PM2.5

pollution, respectively. It is clearly noticed that China’s
economy has already achieved the turning points. How-
ever, environmental emissions may continue to increase
mainly due to factors such as EII, population size,
technology progress, and energy consumption, etc.

4 Discussion

China will continue to increase its investment on
environmental infrastructure to mitigate its overall envir-
onmental emissions. But the relationship between envir-
onmental investment and emissions reduction is still
unclear [61,62]. This paper indicates that EII increases
CO2 and SO2 emission. Energy intensity has the most
positive effect on the increase of pollutant emissions.
Besides, the effect of EII has both regional and temporal
differences. In general, EII is still in its early stage,
indicating that it is crucial to prepare more appropriate
policies so that environmental infrastructure can reduce the
overall emissions. By considering the Chinese realities,
several policy recommendations are proposed so that
valuable insights can be shared by policy makers.
First, the results indicate that EII increases CO2 emission

significantly. Consequently, the Chinese government need
to plan the construction of environmental infrastructure
carefully. Energy saving and emission reduction policies
should be incorporated into such a process. For instance,
economic incentive policies, such as lower tax rates,
prices, and subsides, should be prepared to encourage the
use of green material for the construction of environmental
infrastructure. Green building standards, such as the LEED
standard in US and the CASBEE standard in Japan, should
be released by referring to international practices. More-
over, an effective way to mitigate corresponding CO2

emission is to encourage the use of recycled materials in
environmental infrastructure construction. For example,
local governments should develop regional resource
recycled material trade platforms to facilitate waste
exchanges.
Second, the regression analysis shows that energy

intensity has the most contribution to increasing CO2

emission and SO2 emission because China’s energy
consumption is mainly fossil fuels (especially coal)

Table 5 Time-varying effects

EII CO2 emission SO2 emission PM2.5 pollution

EII � 2004 0.0721* – 0.09612 – 0.0562***

(0.0132) (0.0126) (0.00743)

EII � 2005 0.067* 0.11247 – 0.0113**

(0.0143) (0.0137) (0.00810)

EII � 2006 0.0525*** 0.103943 0.0065***

(0.0157) (0.0150) (0.00886)

EII � 2007 0.0302*** 0.0758* 0.0143***

(0.0172) (0.0164) (0.00970)

EII � 2008 0.0328*** 0.0431*** 0.0063***

(0.0182) (0.0173) (0.0102)

EII � 2009 0.0323*** 0.0127 0.003***

(0.0191) (0.0183) (0.0108)

EII � 2010 0.022*** 0.005*** 0.0025***

(0.0204) (0.0195) (0.0115)

EII � 2011 0.0196*** 0.0074*** – 0.0076*

(0.0223) (0.0213) (0.0126)

EII � 2012 0.0028*** – 0.009*** – 0.0076

(0.0231) (0.0220) (0.0130)

EII � 2013 0.0129*** – 0.013*** 0.0114***

(0.0246) (0.0234) (0.0139)

EII � 2014 0.0041*** – 0.029*** 0.0012**

(0.0258) (0.0246) (0.0146)

EII � 2015 – 0.017*** – 0.164*** 0.0366**

(0.0278) (0.0265) (0.0157)

Constant – 4.324** 13.23*** 17.39***

(1.902) (1.816) (1.074)

Control variables Yes Yes Yes

Observations 390 390 390

R-squared 0.843 0.462 0.326

Notes: Robust standard errors are enclosed in parentheses. ***p< 0.01;
**p< 0.05; and *p< 0.1.
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based [63,64]. Under such a circumstance, it is crucial to
optimize energy structure by encouraging more applica-
tions of clean and renewable energy, such as solar power,
wind power, geothermal power. Actually, China has
become the world’s largest solar and wind power
generator. However, due to unstable supply, decreased
demand, less flexibility, and imbalanced economic devel-
opment, solar and wind facilities are increasingly aban-
doned in some regions [65]. These issues cannot be solved
by any single policy. Therefore, a policy portfolio should
be initiated, including national target on developing
renewable energy, market-based instruments, investment
on long distance energy delivery facilities, governmental
subsidies, more research and development, and capacity-
building efforts. Besides, energy infrastructure on natural
gas, shale gas, and methane should be developed because
these energy sources can significantly reduce air pollution,
compared with coal. In addition, more financial channels
should be provided so that private funds, such as Build-
Operate-Transfer (BOT) and Public-Private Partnership
(PPP) [60] can enter this field.
Next, region disparity exists in terms of the effect of EII

on CO2 emission, SO2 emission, and PM2.5 pollution. In
the eastern region, EII and technology progress has
decreased SO2 emission and PM2.5 pollution, while in
the central and western regions, industrial structure and
population size have had significant positive effects on
CO2 emission, SO2 emission, and PM2.5 pollution. There-
fore, region-specific investment policies should be made to
avoid the one-size-fits-all problem. More specifically, the
eastern provinces should actively transfer their advanced
technologies and management experiences to their central
and western counterparts, while the central and west
provinces should establish necessary platforms to accept
and apply the leading technologies. Apart from this, the
central and western provinces should make their own
efforts to encourage more innovations. A good example is
that an outdoor air-purifying system has been established
and operated in Xi’an, a typical large city in north-west
China. Initiated by the Chinese Academy of Sciences, the
University of Minnesota, and Xi’an Jiao Tong University,
this system is powered by solar energy and has been very
effective for the reduction of PM2.5 pollution. Compared
with the eastern region, urbanization in the central and
western regions are slow and their industrial structure is
more energy intensive. Consequently, it is necessary to
optimize their industrial structure by encouraging more
service industry and cleaner production. This is not an easy
mission and needs a systematic effort. More dirty and
energy intensive industries have been transferred from the
east region to the central and western regions due to their
less strict environmental standards and eagerness for
attracting more investment projects. This requires that
the central and western regions should raise their
environmental standards and strengthen their environment

consciousness so that the newly established companies can
significantly reduce their energy and emissions intensity,
instead of regarding the central and west regions as a place
for them to release pollutants. At the same time, these
governments should make more appropriate policies to
encourage service industry since service industry is
significantly less energy intensive and can create more
job opportunities. However, service industry is based upon
relevant talents and local resource endowments. Thus,
these governments should seek to attract more talents and
train local citizens so that they can engage in service
industry. Again, regional cooperation is the key. The
companies in the more developed eastern region should be
encouraged to help their counterparts in the central and
western region to develop their service industry.
Finally, clean and low carbon energy transition should

be accelerated. Energy intensity has the most effect on air
pollution. Therefore, it is critical to reduce energy intensity
by encouraging the application of renewable and clean
energy. Another effective measure is to improve energy
efficiency. Different actions should be taken at different
levels. The provincial governments should establish their
energy efficiency targets and strictly pursue such targets,
especially in those key energy intensive companies while
the local governments should actively promote circular
economy by developing eco-industrial parks. China has
initiated over 126 eco-industrial parks. However, most of
these parks are located in the eastern region [61]. The main
reason for this is that industrial parks in the central and
western region are reluctant to apply for such a title due to
its complicated procedures, lack of financial support, and
management capacities [61]. Thus, necessary awareness
raising activities should be organized so that more urban/
industrial symbiosis opportunities can be identified and
implemented in the central and west regions. In companies,
measures such as eco-design, cleaner production, energy
audit, and efficient end-of-life treatments can be promoted.
A close Government-University-Industry partnership
should be established so that different stakeholders can
work together toward the same target, namely, improving
the overall energy efficiency of one company.

5 Conclusions

China has to balance economic development and environ-
mental challenges by increasing its EII. It is therefore
important to examine the effect of EII on emissions
reduction. This paper has investigated whether EII affects
CO2 emission, SO2 emission, and PM2.5 pollution by
considering various factors, including economic growth,
population size, technology progress, industrial structure,
urbanization, and energy intensity. An improved STIRPAT
model has been employed to analyze the effect of EII on
emission reduction across 30 Chinese provinces for the
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period of 2003–2015. Regional effect and time-varying
effect of EII on emissions reduction have been specifically
detailed. The following conclusions are made:
First, the construction of environmental infrastructure

increases CO2 emission. Economic growth, energy
intensity, and population size are key factors for such
increases. GDP per capita, energy intensity, and industry
structure are key factors increasing SO2 emission.
Technology progress is a key factor to decrease PM2.5

pollution.
Second, EII has an interaction effect with population

size, technology progress and economic growth. Economic
growth and population size associated with EII increase
CO2 emission and SO2 emission. Technology progress
associated with EII is conducive to decreasing CO2

emission and SO2 emission, but has no effect on PM2.5

pollution.
Next, regional disparity exists in terms of the effect of

EII on emissions reduction. The construction of environ-
mental infrastructure has a positive effect on CO2 emission
and a negative effect on PM2.5 pollution in the eastern
region. EII increases CO2 emission in the central region,
but decreases SO2 emission and PM2.5 pollution. In the
western region, the construction of environmental infra-
structure has no significant effect on CO2 emission, SO2

emission, and PM2.5 pollution, but energy intensity has a
significant and positive effect on them.
Finally, EII also has a time-varying effect on emissions

reduction. EII increased CO2 emissions from 2004 to 2014
and decreased CO2 emission in 2015. EII significantly
increased SO2 emission in 2007–2011, except 2009, then
decreased SO2 emission from 2012 to 2015. The effect of
EII on PM2.5 pollution is significant but fluctuated, because
it decreased PM2.5 pollution in 2004, 2005, 2011, and
2012, increased PM2.5 pollution in 2006–2010, and in
2013–2015.
Based upon these results, several policy recommenda-

tions, such as energy and industrial structure optimization,
energy efficiency improvement are raised. However, the
effective implementation of these policies relies on local
practitioners since different regions are facing different
challenges with different endowments.
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