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The promotion of industrial environmental efficiency (IEE) has attracted considerable
attention from scholars and policymakers. Previous studies have focused on the
factors driving IEE without considering the leader-follower relationship between the two
stages of IEE and have used aggregated indicators to detect the effect of urbanization on
IEE. In this study, we open the “black box” of IEE and regard it as a serial system comprised
of the economic development (ED) stage and the environmental governance (EG) stage.
We select typical provinces belonging to the ED-oriented regions and EG-oriented regions
for our analysis. We quantify IEE by using the slack-based model (SBM), decompose the
effect of urbanization into four typical factors and detect the effect of the urbanization-
related factors by using a tobit regression model. Next, we compare the effect of the
urbanization-related factors in the different regions. The results show that overall, in
2011–2015, IEE in the different regions was low and fluctuating, and it increased in
ED-oriented regions while remaining stable in EG-oriented regions. The IEE of the ED-
oriented regions was always higher than that of the EG-oriented regions, with the gap
increasing over time. The IEE of the two stages varied in each type of region. Urbanization-
related factors had different effects on the IEE of the different stages in the two types of
region, and the same factor had significantly different effects in different regions.

Keywords: Network DEA, industrial environmental efficiency, two-stage production system, leader-follower
relationship, Tobit

INTRODUCTION

Through the process of reform and openness, the industry of China is developing rapidly and is the
largest contributor to the economic development of China. Figure 1 reports the energy consumption
in China from 2010 to 2017. A total of 66.3% of total energy, 95% of coal, and 99% of crude oil are
consumed in the industrial sectors. In addition, the amount of industrial wastewater discharge
reached 18.16 billion tons in 2017, accounting for approximately 23.55% of the total wastewater
discharge in China. The extensive development of industry has consumed too much energy and
caused serious environmental pollution. Additionally, China is still in a stage of rapid motorization
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and urbanization, which indicates that it will consume more
energy and its industry will cause more pollution. Therefore, it is
of great importance to quantify industrial environmental
efficiency (IEE) and detect the factors that drive it.

IEE has been studied continuously by scholars in recent years.
Two important issues are related to this topic: quantifying IEE
scientifically and identifying the key drivers of IEE.

For the first issue, IEE is an application of environmental
efficiency (EE) in industry. After the definition of EE was
proposed by the World Business Council for Sustainable
Development (WBCSD) in 1992, many scholars attempted to
measure the environmental impact that accompanies economic
development. EE was defined as the ratio of economic outputs to
environmental consumption in earlier studies, which ignored
other inputs for economic outputs and could only provide the EE
value without determining the measures that promote EE
(Aldanondo-Ochoa et al., 2014). To solve these problems,
many efficiency analysis techniques have been proposed, and
these approaches can be categorized into two types: parametric
approaches and nonparametric approaches (Chen et al., 2017).
Moreover, stochastic frontier analysis (SFA) is a typical
parametric approach, and data envelopment analysis (DEA) is
a typical nonparametric approach (Long et al., 2018; Chen et al.,
2012). In particular, the DEA method is widely used because it
does not require the specification of the functional relations

between inputs and outputs of decision-making units (DMUs)
(Chen et al., 2017; Cook et al., 2012; Deng et al., 2016).

The traditional DEA model always maximizes outputs and
minimizes inputs and does not take environmental pollution into
consideration (Feng and Wang, 2018). However, environmental
pollution as an undesired output is always accompanied by the
desired output. Therefore, we should maximize outputs and
minimize inputs and environmental pollution at the same time
when quantifying EE. There are some standard methods for
dealing with undesired outputs, including regarding the
undesired outputs as inputs (Li et al., 2018), changing the
undesired outputs into desired outputs by using their
reciprocals (Liu et al., 2019), and adjusting the model to
account for environmental production technology (Fernández
et al., 2018).

In addition to the radial methods mentioned above, a slack-
based measurement (SBM)method was proposed by Tone (Tone,
2001), which aimed at minimizing input excesses and desired
output shortfalls at the same time. As radial methods can easily
lead to many efficient DMUs, the SBM method is believed to be
more appropriate for addressing undesired outputs (Park et al.,
2018) and has been widely used in EE assessment. For example,
Zhang et al. (2019) evaluated the EE of 283 cities in China with
the Super-SBMmodel and compared the EE performance among
different regions. Xiao et al. (2018) calculated the energy-

FIGURE 1 | The total and main energy consumption in China.
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environmental efficiency of 31 sectors in China and proposed
policy implications from both the microcosmic and macroscopic
perspectives. Wang et al. (2019a) measured the EE of a cruise
shipping company with the Super-SBM model in a study on
corporate social responsibility. Zhang et al. (2016) and Na et al.
(2017) performed similar studies.

Although the studies mentioned above have proposed many
methods for handling undesired outputs, they still regard EE as
the efficiency of environmental pollution discharge. Actually, in
the process of industrial production, there are two general stages.
In the first stage, raw materials, parts, and other resources are
changed into products, and some environmental pollutants are
generated at the same time. In the second stage, environmental
protection technology, purification equipment, and R&D
activities are used to reduce pollution. Therefore, IEE can be
decomposed into two components: economic development
efficiency and environmental governance efficiency. In this
way, we can detect IEE in detail.

Furthermore, although the IEE of each region should include
economic development efficiency and environmental governance
efficiency, the development goals of each region are substantially
different because of imbalanced development in China. Actually,
the regional imbalance in development in China has always been
serious and is becoming increasingly more serious. Some
developing regions have vast environmental capacity and
usually aim at growing the economy. However, some
developed regions usually face strong calls for environmental
protection and focus on environmental governance to attract
talent. Therefore, there is a leader-follower relationship between
the ED stage and EG stage in each region. However, this
relationship has not often been considered in the literature.

For the second issue, many scholars have focused on the
industrial structure, FDI, R&D, economic development level,
energy structure, and environmental regulations to determine
the key drivers that impact IEE (He et al., 2016; Huang and
Qiuping, 2015; Li and Qi, 2014; Lyu et al., 2018; Wang et al., 2015;
Wang et al., 2018a; Wang et al., 2018b; Wang et al., 2019b). The
urbanization of China has grown rapidly in recent decades, and it
is believed that urbanization will affect the industrial structure,
energy structure, and economic development level and ultimately
affect IEE (Chen et al., 2017; Li et al., 2018; Feng andWang, 2017;
Han et al., 2018; Pan et al., 2015; Sanz-Díaz et al., 2017). In this
context, it is necessary to determine the effect of urbanization on
IEE. Most of the existing literature uses an aggregate index to
represent urbanization, e.g., the proportion of the urban
population to the total population, and tests for an effect on
IEE. However, there are many urbanization-related factors that
have different effects on IEE (Bingquan et al., 2018). Therefore,
using an aggregate index to represent urbanization can only give
the combined effect on IEE and cannot detect the effect of each
urbanization-related factor. What is worse, it will lead to
irrational efficiency promotion plans and unreasonable
urbanization development policies.

In summary, this paper contributes to the literature in two
ways. 1) Due to the significantly imbalanced development of
regions in China, provinces have different goals for IEE
promotion. Some provinces take improving ED as their

primary (i.e., leader) goal and improving EG as their
secondary (i.e., follower) goal. In other provinces, the opposite
is true. In contrast to the existing literature, this paper divides IEE
into two stages—the ED stage and EG stage—and divides the
provinces into two groups based on their observed leader-
follower relationship. Then, an IEE assessment model is
proposed based on the leader-follower relationships and SBM
to break open the “black box” of IEE. 2) Instead of using an
aggregate index to describe urbanization, this paper decomposes
the effect of urbanization on IEE into four significant drivers—the
population change effect, industrial structure change effect,
spatial change effect, and economic growth effect—to detect
the detailed effect of urbanization on IEE and provide more
precise information for IEE promotion in different provinces.

The rest of the paper is organized as follows. Sector 2 describes
the models and data. Sector 3 reports the results and discussions.
Sector 4 concludes.

METHODOLOGY

Industrial Environmental Efficiency
Assessment Model
According to the industry production process, in the ED stage,
energy, materials, and industrial investment are used to generate
products and produce environmental pollution. In the EG stage,
environmental protection technology and equipment are used to
treat the pollutants to meet the standards for discharge.
Therefore, IEE can be divided into two stages, and the
corresponding process is shown in Figure 2.

Suppose there are n DMUs that represent the provinces
under assessment. In the ED stage, SED � {(XED,YED, PED)∣∣∣∣
XEDcan produce (YED and PED)}. XED means the inputs for
economic development, YED means the desired outputs, and
PED means the pollutants, which are undesired outputs.
Furthermore, in the EG stage, SEG � {(XEG, PED,YEG)∣∣∣∣
(XEG and PED)can prodece YEG}. XEG means the additional
inputs for environmental governance, and YEG indicates the
total amount of treated pollutants.

Although each DMU includes both stages, the development
goals of the provinces are different. In developing provinces that
have vast environmental capacity, economic growth is the
dominant goal, and these provinces are called ED-oriented
regions. In developed provinces where the call for
environmental protection is stronger, environmental
governance is the dominant goal, and these provinces are
called EG-oriented regions. In this context, we propose an IEE
assessment model based on SBM and the leader-follower
relationship between the ED stage and EG stage.

According to network DEA, on the one hand, for the ED-
oriented regions, we should maximize the efficiency of the ED
stage first and then maximize the efficiency of the EG stage under
the constraint that the efficiency of the ED stage does not decrease
during this second step (Liu et al., 2019). In this case, the
assessment model for the performance of the ED stage is
described by Eq. 1.
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θED0 � min
1 − 1

m1
∑m1

i�1
s−i
XED0

1 + 1
q1 + z1

(∑q1

k�1
s+k
YED0

+∑z1

r�1
s−r
PED0

)

s.t

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

XEDλ
ED + s−i � XED0

YEDλ
ED − s+k � YED0

PEDλ
ED + s−r � PED0

s−i ≥ 0; s
+
k ≥ 0; s

−
r ≥ 0; λ

ED ≥ 0

(1)

In Eq. 1, θED0 represents the performance of the ED stage; m1,
q1, and z1 indicate the number of inputs, desired outputs, and
undesired outputs in this stage, respectively. λED is a weight
vector. s−i , s+k , and s−r are the slack variables for inputs, desired
output, and undesired output, respectively.

Let t � 1

1+ 1
q1+z1(∑q1

k�1
s+
k

YED0
+∑z1

r�1
s−r

PED0
); then Eq. 1 can be transformed

into Eq. 2, and the model is linearized.

θED0 � min t − 1
m1

∑m1

i�1
S−i
XED0

s.t

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

XEDτ
ED + S−i � tXED0

YEDτ
ED − S+k � tYED0

PEDτ
ED + S−r � tPED0

t + 1
q1 + z1

(∑q1

k�1
S+k
YED0

+∑z1

r�1
S−r
PED0

) � 1

S−i ≥ 0; S
+
k ≥ 0; S

−
r ≥ 0; τ

ED ≥ 0

(2)

where S−i � ts−i ; S+k � ts+k ; S
−
r � ts−r ; τED � tλED.

As environmental governance is a secondary goal for ED-
oriented regions, the assessment model for the performance of the
EG stage can be described by Eq. 3.

θEG0 � min

1 − 1
m2 + z1

(∑m2

j�1
s−j
XEG0

+∑z1

t�1
s−t
PED0

)
1 + 1

q2
∑q2

l�1
s+l
YEG0

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

XEGλ
EG + s−j � XEG0

PEDλ
EG + s−t � PED0

YEGλ
EG − s+l � YEG0

1 − 1
m1

∑m1

i�1
s−i
XED

1 + 1
q1 + z1

(∑q1

k�1
s+k
YED

+∑z1

r�1
s−r
PED0

)
≥ θED0

PEDλ
ED � PEDλ

EG

s−j ≥ 0; s
−
t ≥ 0; s

+
l ≥ 0; λ

EG ≥ 0

s−i ≥ 0; s
+
k ≥ 0; s

−
r ≥ 0; λ

ED ≥ 0

(3)

In Eq. 3, θEG0 represents the performance of the EG stage; m2

and q2 indicate the number of inputs and desired outputs in this
stage. z1 represents the number of undesired outputs from the ED
stage that will be treated in the EG stage. λEG is a weight vector. s−j ,
s+t , and s−l are the slack variables for inputs, undesired output from
the ED stage, and desired output. Specifically,

1− 1
m1
∑m1

i�1
s−
i

XED

1+ 1
q1+z1(∑q1

k�1
s+
k

YED
+∑z1

r�1
s−r

PED0
)≥ θED0 ensures that the performance of

the ED stage will not decrease when maximizing the
performance of the EG stage, as economic development is the
oriented goal for ED-oriented regions. PEDλED � PEDλEG ensures
that the undesired output from the ED stage is fully treated in the
EG stage and that the two stages are well linked together.

Similarly, let κ � 1

1+ 1
q2
∑q2

l�1
s+
l

YEG0

; then Eq. 3 can be transformed

into Eq. 4, and the model is linearized.

FIGURE 2 | The Stages of IEE.
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θEG0 � minκ − 1
m2 + z1

(∑m2

j�1
S−j
XEG0

+∑z1

t�1
S−t
PED0

)

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

XEGζ
EG + S−j � κXEG0

PEDζ
EG + S−t � κPED0

YEGζ
EG − S+l � κYEG0

κ + 1
q2

∑q2

l�1
S+l
YEG0

� 1

θED0
q1 + z1

(∑q1

k�1
S+k
YED0

+∑z1

r�1
S−r
PED0

) + 1
m1

∑m1

i�1
S−i
XED0

≤ (1 − θED0 )κ
PEDτ

ED � PEDζ
EG

S−j ≥ 0; S
−
t ≥ 0; S

+
l ≥ 0; ζ

EG ≥ 0

S−i ≥ 0; S
+
k ≥ 0; S

−
r ≥ 0; τ

A ≥ 0

(4)

where S−j � κs−j ; S−t � κs−t ; S+l � κs+l ; ζ
EG � κλEG; S−i � κs−i ; S+k � κs+k ;

S−r � κs−r ; and τED � κλED.
On the other hand, for EG-oriented regions, environmental

governance is the dominant goal, and economic development is
the secondary goal. Therefore, we should maximize the efficiency
of the EG stage first and then maximize the efficiency of the ED
stage under the constraint that the efficiency of the EG stage does
not decrease. In this context, we maximize the performance of the
EG stage using Eq. 5.

ϕEG
0 � min

1 − 1
m2 + z1

(∑m2

j�1
s−j
XEG0

+∑z1

t�1
s−t
PED0

)
1 + 1

q2
∑q2

l�1
s+l
YEG

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

XEGλ
EG + s−j � XEG0

PEDλ
EG + s−t � PED0

YEGλ
EG − s+l � YEG0

s−j ≥ 0; s
−
t ≥ 0; s

+
l ≥ 0; λEG ≥ 0

(5)

Let η � 1

1+ 1
q2
∑q2

l�1
s+
l

YEG0

; then Eq. 5 can be linearized as shown in Eq.
6.

ϕEG
0 � minη −

∑m2
j�1

S−j
XEG0

+∑z1

t�1
S−t
PED0

m2 + z1

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

XEGδ
EG + S−j � ηXEG0

PEDδ
EG + S−t � ηPED0

YEGδ
EG − S+l � ηYEG0

η + 1
q2

∑q2

l�1
S+l
YEG0

� 1

S−j ≥ 0; S
−
t ≥ 0; S

+
l ≥ 0; δ

EG ≥ 0

(6)

where S−j � ηs−j ; S−t � ηs−t ; S+l � ηs+l and δEG � ηλEG.
Similarly, the performance of the ED stage of EG-oriented

regions can be calculated by Eq. 7.

ϕED
0 � min

1 − 1
m1

∑m1

i�1
s−i
XED0

1 + 1
q1 + z1

(∑q1

k�1
s+k
YED0

+∑z1

r�1
s−r
PED

)

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

XEDλ
ED + s−i � XED0

YEDλ
ED − s+k � YED0

PEDλ
ED + s−r � PED0

1 − 1
m2 + z1

(∑m2

j�1
s−j
XEG0

+∑z1

t�1
s−t
PED0

)
1 + 1

q2
∑q2

l�1
s+l
YEG0

≥ ϕEG
0

PEDλ
ED � PEDλ

EG

s−j ≥ 0; s
−
t ≥ 0; s

+
l ≥ 0; λEG ≥ 0

s−i ≥ 0; s
+
k ≥ 0; s

−
r ≥ 0; λED ≥ 0

(7)

Let χ � 1

1+ 1
q1+z1(∑q1

k�1
s+
k

YED0
+∑z1

r�1
s−r
PED
); Eq. 7 can be linearized as listedin Eq. 8.

ϕED
0 � min χ − 1

m1
∑m1

i�1
S−i
XED0

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

XEDΛED + S−i � χXED0

YEDΛED − s+k � χYED0

PEDΛED + s−r � χPED0

1
m2 + z1

(∑m2

j�1
S−j
XEG0

+∑z1

t�1
S−t
PED0

) + ϕEG
0

q2
∑q2

l�1
S+l
YEG0

≤ (1 − ϕEG
0 )χ

PEDΛED � PEDΛEG

S−j ≥ 0; S
−
t ≥ 0; S

+
l ≥ 0;ΛEG ≥ 0

S−i ≥ 0; S
+
k ≥ 0; S

−
r ≥ 0;ΛED ≥ 0

(8)

where S−j � χs−j ; S−t � χs−t ; S+l � χs+l ; Λ
EG � χλEG; S−i � χs−i ; S+k � χs+k ;

S−r � χs−r ; and ΛED � χλED.
Using the performance of each stage, we can define the IEE of

each stage and of the whole process. According to Hu et al. (2006),
the IEE of the ED stage can be defined in Eq. 9.

IEEED � Actual pollutant discharge − slack of pollutant discharge
Actual pollutant discharge

(9)
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Accordingly, the IEE of the EG stage can be defined in Eq. 10.

IEEEG � Actual pollutant treatment
Actual pollutant treatment + slack of pollutant treatment

(10)

Therefore, the total IEE can be defined in Eq. 11.

IEEtotal � �����������
IEEEDpIEEEG

√
(11)

In this context, the characteristics of IEE can be analyzed.

(1) If IEEED(IEEEG) <1, the DMU in the ED stage (EG stage) is
inefficient.

(2) If IEEED(IEEEG) �1, the DMU in the ED stage (EG stage) is
efficient.

(3) If and only if IEEED � 1 and IEEEG � 1, the DMU is efficient
in the whole process.

Regression Analysis of Industrial
Environmental Efficiency Determinants
To detect the determinants of IEE in each stage and the whole
process, a multiple linear regression model should be constructed.
As the values of IEEED, IEEEG, and IEEtotal are in the range [0, 1],
we use the tobit estimator. In this paper, we treat the IEE of each
stage and the whole process as the dependent variables and test
the regression specification given in Eq. 12.

yi � { xiβ + μi, yi > 0
0, yi ≤ 0

(12)

where yi is the dependent variable, xi is the independent variable,
and β is the regression coefficient, with μi ∼ N(0, σ2).

Variables and Data
(1) Inputs and outputs of the IEE assessment model

Based on some existing studies (Huang and Qiuping, 2015;
Chen et al., 2017; Feng et al., 2018; Wang et al., 2018), this paper
takes industrial investment, industrial employment, and energy
consumption as inputs in the ED stage and industrial GDP as

the desired output and industrial wastewater discharge,
industrial solid waste discharge, and industrial waste gas
(“three wastes”) as the undesired outputs. In the EG stage,
this paper takes the three wastes from the ED stage, investment
in treatment for the three wastes as inputs, and takes the actual
level of treatment of the three wastes as output. The indicators
are listed in Table 1.

Determinants of Industrial Environmental
Efficiency
The process of urbanization is expected to affect IEE significantly.
Specifically, the main effects are listed as follows.

①It is obvious that the population distribution will change
with population migration from rural areas to cities. As a
result, population density will increase in urban areas and will
provide a large supply of labor for industry development.
Moreover, the increase in population density will affect
environmental capacity and will finally affect IEE.
Therefore, we use urban population density (upd) to reflect
the effect of urbanization due to population change on IEE.
②The development of urbanization requires many industrial
products, which promotes the development of the secondary
industry. As a result, the proportion of the secondary industry
to the national economy will change, especially the
manufacturing sector, which will grow rapidly. Meanwhile,
along with the development of the manufacturing sector, the
consumption of energy and water will increase sharply.
Therefore, we use the proportion of the manufacturing
sector (pms) to the national economy to reflect the effect of
urbanization due to changes in the industrial structure on IEE.
③Obviously, the size of urban areas will increase along with
the development of urbanization, especially in developing
regions. However, sprawl from the built-up areas in urban
cities will decrease the space available for industry
development. Additionally, disorganized plans for
urbanization have caused a seriously disordered spatial
layout, which reduces the ability of the urban ecosystem to
self-adjust, and this disordered layout has caused serious
environmental problems. Therefore, we use the proportion
of the built-up area to the total area of the urban city (pbu) to
reflect the spatial change effect of urbanization on IEE.

TABLE 1 | Indicators for the IEE assessment model.

Types Indicators Variables

ED-stage inputs Investment Industrial development investment (108 yuan)
Employment Industrial employment population (104)
Energy Industrial total energy consumption (104 tce)

ED-stage outputs Industrial output Industrial GDP (108 yuan)
Environmental pollutants Industrial wastewater (104 m3)

Industrial solid waste (104 t)
Industrial waste gas (104 m3)

EG-stage input EG investment Industrial three wastes treatment investment (108 yuan)
EG-stage output Three wastes treatment Total level of industrial wastewater treatment (104 m3)

Total level of industrial solid waste treatment (104 t)
Total level of industrial waste gas treatment (104 m3)
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④The income of residents is expected to increase with
migration from rural areas to urban areas. As a result, the
disposable income of residents will grow. The growth of the
income of residents will generate new demand for industrial
products, which will promote the development of industry.
The environmental awareness of residents will increase when
disposable income increases, and the call for environmental
governance will become stronger, which will affect IEE.
Therefore, we use per-capita disposable income (pcdi) to
reflect the effect of urbanization due to changes in the
income of residents on IEE.

In addition, to control for the effect of other important
determinants of IEE, we use per-capita GDP (rgdp) to reflect
the effect of economic growth, total imports and exports (tie) to
reflect the effect of international trade, and research expenditure
(res) to reflect the effect of research investment. These variables
are listed in Table 2.

The data listed inTable 1 and Table 2 are cited from the China
Statistical Yearbook (2012–2016) and the China Environmental
Statistics Yearbook (2012–2016).

RESULTS AND DISCUSSION

Analysis of Industrial Environmental
Efficiency in Different Regions
Overall Analysis of Industrial Environmental Efficiency
in Different Regions
We select 16 typical provinces and divide these provinces into two
groups: EG-oriented regions and ED-oriented regions, according
to their development stage in 2011–2015 and in line with previous
studies (Liu et al., 2019; Wang et al., 2018; Wang et al., 2015). The
provinces selected are listed in Table 3.

Table 4 reports the EE of ED-oriented regions during different
stages. Table 5 reports the EE of EG-oriented regions during
different stages.

Overall, the IEE in the different regions was low, especially in
the EG-oriented regions. Figure 3 presents the changes in the
average IEE in different regions during 2011–2015. As shown in
Figure 3, the IEE of both types of regions is low and fluctuates
during the observation period. Overall, the IEE of the ED-
oriented regions increased, while the IEE of the EG-oriented
regions remained stable during 2011–2015. IEEED increased
sharply in ED-oriented regions, while it decreased sharply in
EG-oriented regions. IEEEG clearly increased in EG-oriented
regions, especially beginning in 2013, while it slowly decreased
in ED-oriented regions. In this context, the IEE of ED-oriented
regions is significantly dominated by IEEED, while the IEE of EG-
oriented regions is significantly dominated by IEEEG. It is
interesting that for ED-oriented regions, IEEED increased
sharply beginning in 2013 and became larger than IEEEG in
2015, indicating the rapid development of industry;
meanwhile, IEEEG slowly decreased due to the increase in
environmental pollution. Therefore, it is important for ED-
oriented regions to introduce green industries and reduce
pollution discharge. For EG-oriented regions, the sharp
decrease in IEEED may be because of industrial transfer, which
caused a great decline in industrial output.

Comparative Analysis of ED-Oriented Regions and
EG-Oriented Regions
To explore the leader-follower relationship in the different
regions, this paper further conducts a comparative analysis of
the efficiency of the regions in the two stages, as shown in
Figure 4. It is obvious that the IEE of the ED-oriented regions
is always higher than that of the EG-oriented regions during the
observation period, and the gap is increasing. This may be due to
their different development goals. For ED-oriented regions,
economic development is the leader goal, and it is believed
that developing industry is particularly helpful for regional
economic growth. Meanwhile, for EG-oriented regions, which
have experienced rapid industry development and have a better
economic base, environmental governance is the leader goal, and
many industrial enterprises are removed, especially heavily
polluting enterprises. Therefore, the gap may become
increasingly larger in the next few years.

It is obvious that the IEEED of ED-oriented regions gradually
caught up with that of EG-oriented regions from 2011 to 2014
and exceeded it in 2015. It is believed that the IEEED of ED-
oriented regions will increase with the development of industry.
Meanwhile, the gap in IEEEG between ED-oriented regions and
EG-oriented regions decreased in the observation period due to
the rapid increase in IEEEG in EG-oriented regions. Hopefully the
IEE in the environmental governance stage will improve its
performance in the EG-oriented regions.

Analysis of the Determinants
Using a tobit panel regression analysis model, the effects of
various factors on IEE, IEEED, and IEEEG are detected, and the
results are shown in Table 6.

According to Table 6, the determinants have significantly
different effects on IEE, IEEED, and IEEEG, and the same
determinant even has different effects on the IEE, IEEED, and

TABLE 2 | List of variables for the analysis of the factors driving industrial
environmental efficiency.

Factor Variables

upd Urban population density (104 people per square kilometer)
pms Proportion of manufacturing sector (%)
pbu Proportion of built-up area (%)
pcdi Per capita disposable income (104 yuan)
rgdp Per capita GDP (104 yuan)
tie Total import and export (104 dollar)
res Research expenditure (104 yuan)

—

TABLE 3 | Provinces in different regions.

Region Provinces

EG-oriented
region

Tianjin, Hebei, Jiangsu, Zhejiang, Fujian, Shandong,
Guangdong, Shanxi

ED-oriented
region

Hubei, Guangxi, Hainan, Sichuan, Guizhou, Gansu, Qinghai,
Xinjiang
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IEEEG of different regions, which is especially the case for the
urbanization-related determinants. To study the different effects
of the same determinant on the IEE, IEEED, and IEEEG of different
regions, we conduct a comparative analysis between the different
stages and the different regions.

(1) Comparative analysis of the effect of population change due
to urbanization

Obviously, the change in urban population density has a
significant effect on the IEE, IEEED, and IEEEG of ED-oriented
regions. Specifically, an increase in urban population density has
a significantly positive effect on the IEE (significant at the 10%
level), IEEED (significant at the 1% level), and IEEEG (significant at
the 5% level) of ED-oriented regions, indicating that as
urbanization develops, an increasing number of people move
into cities and provide a large supply of competent industrial
workers for each sector of industry, thus promoting the economic
growth of industry. The same is true for the EG stage in ED-
oriented regions. An increase in population provides many
sanitation workers and service staff for environmental
governance, thus increasing the amount of pollutants treated.

Interestingly, the change in urban population density only has
a significant effect on IEEED (significant at the 5% level) and has
no significant effect on the IEEEG and IEE of EG-oriented regions.
In particular, it is negatively related to IEEED (significant at the 5%
level), indicating that an increase in population density decreases
the IEE of the ED stage in EG-oriented regions. This may be
because most of the EG-oriented regions are developed provinces
that have experienced rapid industrial development, and many
high-pollution and labor-intensive sectors have been transferred

to developing regions. Therefore, an increase in population
density cannot increase the output of industry. Instead, too
many people flooding into cites decreases the environmental
carrying capacity and capacity for environmental self-repair of
the region, thus decreasing IEEEG.

(2) Comparative analysis of the effect of industrial structure
change

A change in industrial structure has significantly different
effects on IEE in both types of regions. For ED-oriented regions, it
is positively related to IEEED (significant at the 1% level) and IEE
(significant at the 10% level), while it is positively related to IEEEG

but is not significant. This indicates that a change in industrial
structure is helpful for increasing IEE, especially IEEED and IEE,
by increasing the proportion of industry to the national economy.
However, it should be noted that increasing the proportion of
industry may increase the IEEED and IEE in the short term by
increasing industrial output for ED-oriented regions because of
their excellent environmental carrying capacity. However, IEE
will decrease with the increase in industrial pollution. Therefore,
it is important to introduce environmentally friendly industries
into ED-oriented regions.

For EG-oriented regions, the change in industrial structure is
negatively related to IEEED (significant at the 5% level), IEEEG

(significant at the 1% level), and IEE (significant at the 5% level),
indicating that an increase in the proportion of industry to the
national economy will decrease IEE not only in the ED stage but
also in the EG stage. This may be because the ecological system is
fragile after years of development, and the cost of environmental
governance is very high. Therefore, it will be helpful for EG-

TABLE 4 | IEE of ED-oriented provinces.

ED-oriented
region

2011 2012 2013 2014 2015

IEEED IEEEG IEE IEEED IEEEG IEE IEEED IEEEG IEE IEEED IEEEG IEE IEEED IEEEG IEE

Hubei 0.63 0.94 0.77 0.67 1 0.82 0.66 0.56 0.61 0.61 0.79 0.69 1 1 1
Guangxi 0.58 1 0.76 0.58 1 0.76 0.52 1 0.72 1 0.91 0.95 1 0.68 0.83
Hainan 0.65 0.18 0.34 0.69 0.15 0.33 0.49 0.12 0.24 0.55 0.15 0.16 1 0.17 0.41
Sichuan 0.42 0.9 0.61 0.52 0.75 0.63 0.45 0.72 0.57 0.49 0.85 0.64 0.39 0.78 0.56
Guizhou 0.28 1 0.53 0.36 0.69 0.50 0.43 1 0.66 0.47 1 0.68 0.56 0.81 0.67
Gansu 0.54 0.14 0.27 0.40 0.36 0.39 0.44 0.29 0.36 0.44 0.25 0.33 0.35 0.32 0.33
Qinghai 0.48 0.34 0.4 1 0.46 0.68 0.46 0.66 0.55 0.47 0.61 0.54 0.40 0.62 0.5
Xinjiang 0.56 0.43 0.49 0.54 0.36 0.44 0.46 0.37 0.42 0.46 0.32 0.38 0.39 0.46 0.43

TABLE 5 | IEE of EG-oriented provinces.

EG-oriented
region

2011 2012 2013 2014 2015

IEEED IEEEG IEE IEEED IEEEG IEE IEEED IEEEG IEE IEEED IEEEG IEE IEEED IEEEG IEE

Tianjin 1.00 0.31 0.55 1.00 0.42 0.65 1.00 0.34 0.59 1.00 0.35 0.59 1.00 0.34 0.58
Hebei 1.00 0.35 0.59 0.95 0.37 0.59 0.89 0.40 0.60 0.85 0.41 0.59 0.86 0.42 0.60
Jiangsu 0.43 0.33 0.38 0.42 0.36 0.39 0.39 0.40 0.40 0.39 0.59 0.48 0.38 0.60 0.48
Zhejiang 0.53 0.38 0.45 0.52 0.37 0.44 0.43 0.32 0.37 0.43 0.38 0.40 0.38 0.37 0.37
Fujian 0.41 0.28 0.34 0.46 0.38 0.42 0.36 0.32 0.34 0.33 0.38 0.35 0.34 0.39 0.36
Shandong 0.70 0.40 0.53 0.65 0.37 0.49 0.62 0.40 0.49 0.63 0.44 0.52 0.46 0.48 0.47
Guangdong 0.69 0.32 0.47 0.55 0.32 0.42 0.53 0.44 0.48 0.54 0.60 0.57 0.43 0.61 0.51
Shanxi 0.85 0.58 0.70 0.72 0.52 0.61 0.50 0.43 0.46 0.45 0.53 0.49 0.36 0.47 0.41
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oriented regions to transfer some sectors of industry to other
regions and support the development of the service industry.

(3) Comparative analysis of the effect of urban spatial structure
change

In ED-oriented regions, the change in urban spatial structure
is negatively related to IEEED (significant at the 1% level), while no
significant correlation was observed with IEEEG or IEE. This
indicates that the IEE of the ED stage decreased with an increase
in built-up areas in cities. This may be because the increase in
built-up areas was mainly due to real estate development, which
occupied the development space that would otherwise have been
used by industry. Meanwhile, the blind expansion of urban space

has also led to incomplete infrastructure construction and
imperfect industrial layouts, which decrease IEEED. In this
context, the rational planning of urban layout and the
reservation of development space for industry will be
conducive to increasing industry EE for ED-oriented regions.

However, the contrary is true for EG-oriented regions. The
change in urban spatial structure is positively related to IEEED

(significant at the 1% level), IEEEG (significant at the 5% level),
and IEE (significant at the 1% level). This means that the IEE of
each stage and the overall efficiency increased with the increase in
built-up areas in cities. This is because the urbanization level in
EG-oriented regions is high, and there is not much space for
industry development or environmental governance. Therefore,
an increase in urban area provides space for industry

FIGURE 4 | The comparison of IEE, IEEED and IEEEG in different regions.

FIGURE 3 | The change of IEE, IEEED and IEEEG in different regions.
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development, especially for emerging industrial sectors, which are
high value-added and low-pollution sectors. In addition, the
increase in urban area provides space for industrial
environmental governance, which improves the capacity for
environmental governance in the region.

(4) Comparative analysis of the effect of a change in the income
of residents

Notably, an increase in the income of residents increased the
industry EE of ED-oriented regions. As shown in Table 6, the
disposable income of residents is positively related to IEEED

(significant at the 1% level), IEEEG (significant at the 10%
level), and IEE (significant at the 5% level). This may be
because increasingly more people moved to cities because of
the increase in income for residents that occurred along with the
development of urbanization, and this population increase then
provided a large supply of competitive industrial workers.
Meanwhile, the growing population also generated a great deal
of demand for industrial products, thereby increasing IEEED.

However, calls from residents for a better environment
increased along with the increase in income, which forced the
local government to execute rigorous policies to promote
environmental quality. Therefore, industrial firms should be
required to upgrade their production equipment to reduce
pollution emissions and their waste treatment equipment to
improve waste treatment capacity. In this context, an increase
in the income of residents is positively related to IEEEG not only in
ED-oriented regions but also in EG-oriented regions.

(5) Comparative analysis of the effect of control variables

Economic growth (rgdp) is positively related to the IEE of each
stage in EG-oriented regions but is only positively related to the
IEE of the ED stage in ED-oriented regions. This may be because
the purchasing power of residents increases along with economic
growth, thus generating a great deal of demand for industrial
products and thereby increasing the IEE of the ED stage.
Additionally, as EG-oriented regions are developed provinces,
economic growth can provide many resources for environmental
governance, thus increasing the IEE of the EG stage in EG-
oriented regions. However, as ED-oriented regions are
developing provinces, the resources allocated to environmental

governance are few, causing economic growth to have no
significant effect on the IEE of the EG stage in ED-oriented
regions.

International trade (tie) is negatively related to the IEE of each
stage in ED-oriented regions, indicating that IEE decreases along
with the development of international trade in ED-oriented
regions. This may be because parts manufacturing and
assembly are dominant sectors in the industry of ED-oriented
regions, which are typically high energy-consumption, high-
pollution, and low value-added sectors. Therefore, the
development of international trade increases pollution
emissions and increases the pressure for environmental
governance, thus decreasing IEE. However, international trade
is positively related to the IEE of each stage in EG-oriented
regions. This may be because research and design is the dominant
sector in the industry of EG-oriented regions, which is typically
low energy-consumption, low-pollution, and high value-added.

Research investment (res) is positively related to the IEE of
each stage in both types of region, indicating that increasing
research investment will upgrade industrial production
technology, which can not only increase industrial output but
also decrease environmental pollution. Moreover, increased
research investment can also upgrade environmental pollution
treatment technology, which improves the capacity for
environmental governance in the region.

CONCLUSIONS AND POLICY
IMPLICATIONS

Conclusion
This paper proposes a two-stage efficiency measurement model
based on DEA and the concept of leader-follower relationships to
evaluate the IEE of ED- and EG-oriented regions in China. To
detect the detailed effect of urbanization on the IEE of each stage
and on overall efficiency, a tobit regression model was used, as the
values for the efficiency measure were truncated. The main
conclusions of this paper are as follows. 1) Overall, the IEE in
different regions was low in 2011–2015, especially in EG-oriented
regions. Additionally, IEE increased in ED-oriented regions but
remained stable in EG-oriented regions. 2) In contrast, the IEE of
ED-oriented regions was always higher than that of EG-oriented
regions during the observation period, and the gap increased. The

TABLE 6 | Regression results for factors impacting IEE.

Variables ED-oriented regions EG-oriented regions

IEE
ED

IEE
EG

IEE IEE
ED

IEE
EG

IEE

upd 3.215*** 2.040** 1.175* −2.435** −0.413 −2.378
pms 0.128*** 0.013 0.116* −0.111** −1.014*** −1.011**
pbu −1.031*** 1.002 1.012 1.034*** 1.412** 1.623***
pcdi 2.191*** 1.651* 2.164*** −1.337 2.263** −1.597
rgdp 1.244** −0.172 −1.054 2.258*** 1.068* 1.137***
tie −2.524** −2.920* −3.340** 1.113*** 1.049* 2.088*
res 1.830* 2.490** 1.544*** 1.399*** 1.713*** 2.187***
cons −3.235*** −1.28* −1.922*** 0.561 1.178** −0.478
Note: *, **, and *** represent significance levels of 10%, 5%, and 1%, respectively
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IEE of the ED stage in ED-oriented regions increased, while it
decreased sharply in EG-oriented regions, and the IEE of the EG
stage decreased slowly in ED-oriented regions, while it obviously
increased in EG-oriented regions. 3) Urbanization had different
effects on the IEE of the different regions. Moreover, the same
factor had significantly different effects in different regions, and
the same factor even had significantly different effects on different
stages in the same region.

Policy Implications
For ED-Oriented Regions
First, as population density has a significantly positive effect on
the IEE of the two stages and on overall efficiency, it is important
for local governments in ED-oriented regions to moderately
increase population density to provide a large supply of
industrial workers for industrial production and governance.
Second, due to the positive effect of the industrial structure on
the IEE of the ED stage and on overall efficiency, it would be
helpful to transfer some low-pollution industrial sectors from
EG-oriented regions or other countries to the ED-oriented
regions. However, it is worth noting that improving the
capacity for environmental governance in advance to match
the industrial transfers will be important for ED-oriented
regions. Third, blind spatial expansion has a negative effect on
the IEE of the ED stage, so it is important to scientifically optimize
urban layout, especially through improving the construction of
infrastructure. Fourth, growth in income increases the IEE of the
two stages and overall efficiency significantly; therefore, guiding
residents to green consumption patterns would be conducive to
simultaneously increasing the efficiency of both stages. Fifth, it is
important to optimize the foreign trade structure, as foreign trade
is negatively related to the IEE of the two stages and to overall
efficiency. The local government should take measures to
decrease the level of labor-intensive and low-end
manufacturing but should encourage the export of high-end
manufacturing products.

For EG-Oriented Regions
First, population density is negatively related to the IEE of the ED
stage. Therefore, purposively guiding some industrial workers to
ED-oriented regions or guiding industrial workers to change to
other related industries may be helpful for increasing the IEE of the
ED stage in EG-oriented regions. Second, the industrial structure is
negatively related to the IEE of the two stages and to overall
efficiency. Therefore, local governments should slow down the
development of the traditional manufacturing sector to decrease
the proportion of themanufacturing sector to the national economy
and should implement policies to encourage the development of
advanced manufacturing industries. Third, the spatial structure is

positively related to the IEE of the two stages and to overall
efficiency. Therefore, it moderately increases the space available
for the development of industry, especially for advanced
manufacturing sectors. Urban renewal will be of great
importance, as there is not much vacant space in EG-oriented
regions. Fourth, income growth is positively related to the IEE of the
EG stage, indicating that public scrutiny plays an important role in
environmental governance. Therefore, it will be of great importance
to open channels for public feedback. Fifth, as international trade
was positively related to the IEE of the two stages and to overall
efficiency, the local governments of EG-oriented regions should
encourage the development of high-tech production, which will
help upgrade the industrial structure in China.

For Both Types of Regions
First, research investment can not only lead to upgrades in
production technology, thus increasing industrial output and
decreasing pollution, but can also improve the level of
environmental governance. Therefore, local governments
should encourage research institutes and industrial enterprises
to increase their investments in research to break through
problems in industrial production and environmental
governance that have bottlenecked. Second, improving the
level of economic development will increase the revenue of
governments. In this case, the local governments will be
capable of taking measures to encourage the development of
advanced manufacturing, eliminate obsolete production
technology, and support new technology for industrial
production and environmental governance.
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