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Abstract: With the acceleration of industrialization, a large amount of energy consumption has
brought tremendous pressure to the natural environment. In order to prevent environmental pollution
and promote sustainable development, the environmental efficiency assessment as an effective way to
provide decision-making basis has been given wide attention. This study measures the environmental
efficiency of 30 provinces in China from 2006 to 2015 based on the Data Envelopment Analysis
(DEA) environmental assessment radial model both under natural disposability and managerial
disposability that considered the constant variable return to scale (RTS) and the damage to scale (DTS).
In addition, the scale efficiency under the two kinds of disposability of China’s 30 provinces were
also measured. We found that the environmental efficiencies of different provinces in China showed
regional disparities. Provinces such as Beijing, Shanghai, and Guangdong had a good performance in
unified environmental efficiency and scale efficiency both under natural disposability and managerial
disposability. Generally speaking, the eastern regions always performed better than the central and
western regions in unified environmental efficiency during the observed years. Therefore, policies
should be established to distribute the resources in balance between the east, center, and west to
further promote environmental efficiency.

Keywords: China; unified environmental efficiency; DEA; natural disposability; managerial
disposability

1. Introduction

In recent years, remarkable achievements have been achieved in the development of China’s
economy. According to the National Bureau of Statistics, the gross domestic product (GDP) increased
from 367.87 billion RMB to 74,412.7 billion RMB during 1978 and 2016. However, the problems of “high
energy consumption and high emissions” behind the economic rise should be recognized. Specifically,
most of the regions place more emphasis on the growth of gross domestic product, while ignoring the
resource consumption and environmental pollution. In addition, with the increasingly serious problem
of haze in major cities, more and more people have begun to pay close attention to environmental
governance and have realized the development model of “pollution first, then governance” is no
longer suitable for the current requirement of sustainable development. Therefore, in order to promote
sustainable development, the construction of an ecological civilization must be given more effort.
Furthermore, the 19th National Congress of the Communist Party of China focused on the green
development approach, brought up the ecological civilization as the “millennial target” for the
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everlasting development of the Chinese nation, and took the “harmony and coexistence of nature
and human” as one of the basic guidelines of social development in the new era [1–3]. Hence, it is
essential to provide suggestions for the formulation of national policies based on the evaluation and
analysis of the environmental efficiency of all regions in order to promote sustainable development
with coordination between economic growth and environmental protection in China.

A. Charnes and W. W. Cooper first proposed the method of Data Envelopment Analysis (DEA)
in 1978 and the method first included undesirable outputs in 1989 [4]. Since then, more and more
scholars have applied DEA methods to evaluate the efficiencies of energy and the environment in
different fields and regions. A few examples of extensive research in the subject is given by Hu and
Wang [5], who used the total-factor energy efficiency (TFEE) index to analyze the energy efficiency in
29 regions of China. Wei et al. [6] measured the efficiency of energy utilization in China’s steel industry
and decomposed it into technology change and technological efficiency change. Zhou and Ang [7] first
took carbon dioxide as a kind of undesirable output and then applied the DEA method to estimate the
efficiency of 21 countries in the Organization for Economic Co-operation and Development (OECD).
Yeh et al. [8] regarded sulfur dioxide as well as carbon dioxide as undesirable outputs to compare
the efficiencies of energy utilization between the mainland and Taiwan. Yang and Pollitt [9] used the
radial DEA method to analyze the environmental efficiencies in Chinese thermal power plants under
different disposability. Fare et al. [10] took sulfur dioxide as well as nitrogen oxides as the undesirable
outputs, and studied the interaction between the different pollutants and their shadow price as well as
the conversion elasticity in American power plants via the directional distance function DEA model.
Sueyoshi et al. [11] developed a new non-radial approach and used state-owned and private industries
to carry out an empirical study, and then expanded it into a radial model [12]. Wang et al. [13] applied
the RAM-DEA model to measure the integrated efficiency of energy and the environment under two
kinds of disposability for China’s 30 regions from 2006 to 2010. Toshiyuki et al. [14] used the Malmquist
index measurement to identify a frontier shift to improve the regional sustainable development level
concerning 30 municipalities and provinces in China during 2003 and 2014. Wen et al. [15] proposed
a cross efficiency approach by considering the game relationship among decision making units to
measure and analyze the provincial efficiency of electric energy utilization in China’s 30 provinces
from 2005 to 2014. Decai Tang et al. [16] evaluated the performance of environmental regulation during
2003 and 2013 by the slacks-based measure (SBM) undesirable model.

Reviewing the previous studies, it can be seen that most scholars have only focused on the
performance analysis from a single perspective and have ignored the integrity of indictor selection in
the process of evaluation with the DEA method. Therefore, the purpose of this paper was to combine
the DEA environment assessment radial model with two kinds of strategies, the positive adaptation
strategy and the negative adaptation strategy, which deal with the environmental regulations to
study the environmental efficiency. Specifically, in the negative adaptive strategy, increased input
can lead to a rise in undesirable output, while in the positive adaptation strategy, the increase would
reduce the undesirable output by improving the technological level and optimizing management
without any increased investment. In addition, the scale efficiency under managerial disposability and
natural disposability was also taken into account in the analysis of environmental efficiency. Then,
the proposed methods were applied to study China’s regional environmental efficiency from 2006
to 2015. Compared with the previous research, the undesirable outputs in this study included solid
waste emissions, wastewater emissions, and waste gas emissions, which take full consideration of the
environmental pollution problems caused by the production process.

The rest of this paper is organized as follows. Section 2 describes the DEA environment assessment
radial model and the concepts of natural and managerial disposability. Moreover, the models of unified
environmental efficiency with natural disposability under both the constant return to scale (RTS) and
variable RTS are proposed. Then, the unified environmental efficiency under managerial disposability
both under constant damage to scale (DTS) and variable DTS are introduced. In Section 3, we propose
the indicators for the unified environmental efficiency. Subsequently, in the conditions of natural
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disposability and managerial disposability, the unified environmental efficiency and scale efficiency of
30 regions in China from 2006 to 2015 were evaluated and analyzed. Section 4 presents our conclusions.

2. The DEA Model

2.1. Variable Notations

Production factor notations:

(1) X j = (x1 j, x2 j, · · · , xmj)
T
〉0, j = (1, . . . , n): vector including m inputs in the jth region.

(2) G j = (g1 j, g2 j, · · · , gsj)
T
〉0, j = (1, . . . , n): vector including s desirable outputs in the jth region.

(3) B j = (b1 j, b2 j, · · · , bhj)
T
〉0, j = (1, . . . , n): vector including h undesirable outputs in the jth region.

Aside from the above, there are other unknown variables that need to be measured:

(4) dx
i ≥ 0, (i = 1, · · · , m): the known slack variable of the ith input.

(5) dg
r ≥ 0, (r = 1, · · · , s): the known slack variable for the rth desirable output.

(6) db
f ≥ 0, ( f = 1, · · · , h): the known slack variable for the f th undesirable output.

(7) λ = (λ1, · · · ,λn)
T: vector of the unknown intensity or structure variable.

(8) Rx
i = (m + s + h)−1(max

{
xi j

∣∣∣ j = 1, · · · , n
}
−min

{
xi j

∣∣∣ j = 1, · · · , n
}
)
−1

, (i = 1, · · · , m): the range for
the jth input.

(9) Rg
r = (m + s + h)−1(max

{
grj

∣∣∣ j = 1, · · · , n
}
−min

{
grj

∣∣∣ j = 1, · · · , n
}
)
−1

, (r = 1, · · · , s): the range for
the rth desirable output.

(10) Rb
f = (m + s + h)−1(max

{
b f j

∣∣∣ j = 1, · · · , n
}
−min

{
b f j

∣∣∣ j = 1, · · · , n
}
)
−1

, ( f = 1, · · · , m): the range
for the f th undesirable output.

(11) ε: the minimum given by the DEA user.
(12) ξ: the invalid scores calculated by the DEA.

2.2. Two Strategies for Dealing with Environmental Regulation

Natural disposability: this concept indicates that a Decision Making Unit (DMU) is devoted
to decrease the undesirable outputs by reducing the inputs. On the basis of reducing inputs and
undesirable outputs, the DMU tries to increase the desirable outputs as far as possible. It can be
regarded as a passive strategy to environmental regulation. In short, it refers to less inputs and
less emissions.

Managerial disposability: this concept indicates that a DMU is devoted to increasing the inputs in
order to increase the desirable outputs and reduce the undesirable outputs. Specifically, the DUM takes
the changes of environmental regulation as a business opportunity to promote unified efficiency by
using advanced environmental technologies and scientific management methods. It can be considered
as a positive strategy toward environmental regulation. In a word, it is more investments and
less emissions.

We point out that X ∈ Rm
+ is the vector for inputs, G ∈ Rs

+ is the desirable outputs vector, and
B ∈ Rh

+ is the vector for undesirable outputs. All of these vectors can be called production factors.
Under the conditions of natural and managerial disposability, the unified production and pollution
possibility sets are measured as follows:

PN
V (X) =

(G, B) : G ≤
n∑

j=1
G jλ j,B ≤

n∑
j=1

B jλ j,X ≥
n∑

j=1
X jλ j,

n∑
j=1

λ j = 1∩λ j ≥ 0


PM

V (X) =

(G, B) : G ≤
n∑

j=1
G jλ j,B ≤

n∑
j=1

B jλ j,X ≤
n∑

j=1
X jλ j,

n∑
j=1

λ j = 1∩λ j ≥ 0
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where PN(X) is a production possibility set under the variable RTS, while PM(X) is under the variable
DTS. The distinction between the two kinds of disposability is that the restrictive condition of PN

V (X)

under natural disposability is X ≥
∑n

j=1 X jλ j, while the restrictive condition of PM
V (X) under managerial

disposability is X ≤
∑n

j=1 X jλ j. The concepts are very intuitive because the efficient frontier of the
desirable output is higher than all of the observed values, while the desirable output is to the contrary.

In addition, assume the sets of production and pollution possibility related to constant RTS and
DTS by following:

PN
c (X) =

(G, B) : G ≤
n∑

j=1
G jλ j,B ≤

n∑
j=1

B jλ j,X ≥
n∑

j=1
X jλ j,λ j ≥ 0


PM

c (X) =

(G, B) : G ≤
n∑

j=1
G jλ j,B ≤

n∑
j=1

B jλ j,X ≤
n∑

j=1
X jλ j,λ j ≥ 0


There are two points to be noted about the four possible sets of production possibilities for the

RTS and DTS under two types of disposal concept. (1) Under the condition of natural disposability,
when evaluating the unified efficiency, the operating performance is the most important, followed by
the environmental performance, while under management disposal, it is the opposite. (2) In terms of
the sum of intensity variables, the requirements of RTS and DTS are different. The former contains the

condition
n∑

j=1
λ j = 1, while the latter does not. We can merge different RTS and DTS by defining the

upper and lower bounds to dominate the size of
n∑

j=1
λ j.

Furthermore, it should be noted that in previous studies of DEA environmental efficiency, the total
cost is generally assumed to be the minimum [12,17]. Usually, it is reasonable for an efficiency
analysis to be based on this cost assumption, especially for countries in recession. However, it is
not in line with the actual production situation. In general, the production cost is determined by
the average cost (constant RTS and DTS) and the marginal cost (variable RTS and DTS), rather than
the total cost [11,14,18]. Therefore, unlike the traditional DEA evaluation, this paper applied a DEA
environmental assessment radial model that considered the DTS, RTS, and disposability under different
conditions. This method can reflect the reality more truly and comprehensively to obtain more scientific
and reasonable results, and provide a valuable reference for policy-making.

2.3. Unified Efficiency

The unified efficiency of DMU indicates that increasing inputs would produce desirable and
undesirable outputs in the production process. A significant feature of the environmental evaluation
with the DEA method is that each DMU is supposed to be comparable with others. The result of the
comparation can be called the measurement of unified efficiency. According to Sueyoshi et al. [12],
this paper applied a radial model to the DEA environmental evaluation as follows:
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Max ξ+ ε

 m∑
i=1

Rx
i (d

x+
i + dx−

i ) +
s∑

r=1
Rg

r dg
r +

h∑
f=1

Rb
f db

f



s.t.



n∑
j=1

xi jλ j − dx+
i + dx−

i = xik (i = 1, · · · , m)

n∑
j=1

grjλ j − dg
r − ξgrk = grk (r = 1, · · · , s)

n∑
j=1

b f jλ j − db
f + ξb f k = b f k ( f = 1, · · · , h)

n∑
j=1

λ j = 1,

λ j ≥ 0 ( j = 1, · · · , n), ξ : URS,
dx+

i ≥ 0 (i = 1, · · · , m), dx−
i ≥ 0 (i = 1, · · · , m),

dg
r ≥ 0 (r = 1, · · · , s), db

f ≥ 0 ( f = 1, · · · , h)

(1)

where ξ represents an unrestricted and unknown invalid score, which is what dominates the distance
between the observed vector and the efficiency frontier of the desirable and undesirable outputs.
This paper assigned the minimum value ε as 0.0001 to reduce the influence of the slack variable and
simplify the calculation. It is difficult to specify model (1) because ε is non-Archimedes infinitesimal.
In order to overcome this, we assigned 0 to ε in model (1). However, in this case, some of the dual
variables of the production factors will be 0, which will result in the production factor information in
the model not being fully utilized. This is not reasonable as a result of the performance evaluation by
the DEA method, so ε was the minimum in this paper.

Furthermore, model (1) exhibits nonlinear programming issues that cannot be solved directly.
In this regard, there are two alternatives in which to solve this. On one hand, the first program is
to introduce the nonlinear condition: dx+

i dx−
i = 0 (i = 1, · · · , m) as a constraint, and taking it as a

nonlinear problem to solve. On the other hand, another program brings in the formulas: dx+
i ≤MZi

+,
dx−

i ≤ MZi
−, Zi+ + Zi− ≤ 1, Zi+, and Zi−, i = (1, · · · , m), as constraints, then the original problem is

transformed into a mixed integer programming problem to solve, where M represents an infinite
number that needs to be defined before calculation. Through these two methods, the optimal solution
or the unified efficiency of the Kth decision unit can be defined:

UE = 1−

ξ∗ + ε(
m∑

i=1

Rx
i (d

x+∗
i + dx−∗

i ) +
s∑

r=1

Rg
r dg∗

r +
h∑

f=1

Rb
f db∗

f )

 (2)

Therefore, the invalid scores as well as the slack variables can be calculated from the optimization
of model (1).

2.4. Unified Efficiency under Natural Disposability

2.4.1. Unified Efficiency under the Conditions of Natural Disposability and Variable RTS (UENv)

The Kth unified efficiency under the conditions of natural disposability and variable RTS can be
measured by the radial model as:
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Max ξ+ ε

 m∑
i=1

Rx
i dx

i +
s∑

r=1
Rg

r dg
r +

h∑
f=1

Rb
f db

f



s.t.



n∑
j=1

xi jλ j + dx
i = xik (i = 1, · · · , m)

n∑
j=1

grjλ j − dg
r − ξgrk = grk (r = 1, · · · , s)

n∑
j=1

b f jλ j + db
f + ξb f k = b f k ( f = 1, · · · , h)

n∑
j=1

λ j = 1

λ j ≥ 0 ( j = 1, · · · , n), ξ : URS,
dx+

i ≥ 0 (i = 1, · · · , m),
dg

r ≥ 0 (r = 1, · · · , s), db
f ≥ 0 ( f = 1, · · · , h)

(3)

The UENV of the Kth DMU is measured by

UENV = 1−

ξ∗ + ε(
m∑

i=1

Rx
i dx∗

i +
s∑

r=1

Rg
r dg∗

r +
h∑

f=1

Rb
f db∗

f )

 (4)

Both the invalid scores and the slack variables can be calculated from the optimized model
(Equation (3)). Additionally, the integrated efficiency is used to subtract the invalid scores from
the population.

The dual programming of model (3) is as follows:

Min
m∑

i=1
vixik −

s∑
r=1

urgrk +
h∑

f=1
w f b f k + σ

s.t.



m∑
i=1

vixik −
s∑

r=1
urgrk +

h∑
f=1

w f b f k + σ ≥ 0 ( j = 1, · · · , n),

s∑
r=1

urgrk +
h∑

f=1
w f b f k = 1,

vi ≥ εRx
i (i = 1, · · · , m),

ur ≥ εRg
r (r = 1, · · · , s),

w f ≥ εRg
f ( f = 1, · · · , h),

σ : URS

(5)

where vi, ui, wf represent the positive dual variables corresponding to the constraints in model (3), which
are called the multiplier. The dual variable σ can be calculated based on the fourth formula of model (3).
In terms of model (3) and model (5), there are three points that should be paid attention. The first is that
the target value of model (3) is the optimal solution in model (5). Second, model (5) always produces
positive dual variables, which are related to the scope of production factors. Therefore, we can make
full use of the production factors in assessing model (3). Finally, each dual variable indicates that the
change of the unit factor of production can lead to a change in the invalid scores accordingly.

2.4.2. Unified Efficiency under the Conditions of Natural Disposability and Constant RTS (UENc)

In order to satisfy the condition of constant RTS, the condition
n∑

j=1
λ j = 1 was taken out. The UENc

can be defined as:

UEN∗c = 1−

ξ∗ + ε(
m∑

i=1

Rx
i (d

x+∗
i + dx−∗

i ) +
s∑

r=1

Rg
r dg∗

r +
h∑

f=1

Rb
f db∗

f )

 (6)
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The optimal solution is obtained according to model (3) without the constraint
n∑

j=1
λ j = 1.

2.4.3. Scale Efficiency under the Condition of Natural Disposability

Scale efficiency under the condition of natural disposability (SEN) represents the scale of operation
managed when each DMU is under the condition of natural disposability, and is measured by:
SEN∗ = UEN∗c/UEN∗v. When UEN∗c ≤ UEN∗v, SEN∗ is equal or less than the unified efficiency.
The larger SEN score represents the better management scale in the condition of natural disposability.

Figure 1 intuitively describes the efficiency frontier under the two different conditions of RTS,
and depicts a relationship between the desirable outputs on the vertical coordinate and the inputs
on the horizontal coordinate. The straight line OG going through point B represents the efficiency
frontier in the condition of constant RTS. The contour line (A-B-C-D-E) is an efficient frontier in the
condition of variable RTS. Ω1 is a production possibility set for constant RTS. Ω1 Ω2 and Ω3 are
three parts that constitute the variable production possible set of RTS. Decision unit F is invalid
SEN∗ = UEN∗c/UEN∗v = HC/HG.
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2.5. Unified Efficiency under the Condition of Managerial Disposability

2.5.1. Unified Efficiency under Managerial Disposability and Variable DTS

Under the condition of managerial disposability, environmental performance is the most important,
followed by the operating performance. Therefore, the unified efficiency under variable DTS of the
Kth DMU is measured by:

Max ξ+ ε

 m∑
i=1

Rx
i dx

i +
s∑

r=1
Rg

r dg
r +

h∑
f=1

Rb
f db

f



s.t.



n∑
j=1

xi jλ j − dx
i = xik (i = 1, · · · , m)

n∑
j=1

grjλ j − dg
r − ξgrk = grk (r = 1, · · · , s)

n∑
j=1

b f jλ j + db
f + ξb f k = b f k ( f = 1, · · · , h)

n∑
j=1

λ j = 1,

λ j ≥ 0 ( j = 1, · · · , n), ε : URS, dx
i ≥ 0 (i = 1, · · · , m)

dg
r ≥ 0 (r = 1, · · · , s), db

f ≥ 0 ( f = 1, · · · , h)

(7)
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Here, we changed the +dx
i in model (3) into−dx

i in model (7) to achieve the managerial disposability.
The Kth DMU is formulated as follows:

UEMV = 1−

ξ∗ + ε(
m∑

i=1

Rx
i dx∗

i +
s∑

r=1

Rg
r dg∗

r +
h∑

f=1

Rb
f db∗

f )


According to the optimal solution of model (7), the invalid scores and all slack variables can be

determined. The formula in the bracket refers to the invalid scores in the conditions of managerial
disposability and DTS. Moreover, the unified efficiency can be determined by subtracting the invalid
score from the whole. Then, the dual programming of model (7) is as follows:

Min−
m∑

i=1
vixik −

s∑
r=1

urgrk +
h∑

f=1
w f b f k + σ

s.t.



−

m∑
i=1

vixik −
s∑

r=1
urgrk +

h∑
f=1

w f b f k + σ ≥ 0 ( j = 1, · · · , n),

s∑
r=1

urgrk +
h∑

f=1
w f b f k = 1,

vi ≥ εRx
i (i = 1, · · · , m),

ur ≥ εRg
r (r = 1, · · · , s),

w f ≥ εRg
f ( f = 1, · · · , h),

σ : URS

(8)

where vi, ur, w f respectively represent the positive dual variable corresponding to the constraints in
model (7), which are called the multiplier. The dual variable σ can be calculated based on the fourth
formula in model (7). In addition, the target value of model (7) is the optimal solution in model (8).

The significant distinction between model (5) and model (8) is only in the objective function as the

constraints of model (5) have
m∑

i=1
vixik and that of model (8) have −

m∑
i=1

vixik. Therefore, the description

of dual variables in model (5) is also applicable to model (8).

2.5.2. Integrated Efficiency under Managerial Disposability and Constant DTS (UEMc)

In order to meet the constant DTS, the condition
n∑

j=1
λ j = 1 is taken out. The UEMc can be

defined as:

UEM∗c = 1−

ξ∗ + ε(
m∑

i=1

Rx
i (d

x+∗
i + dx−∗

i ) +
s∑

r=1

Rg
r dg∗

r +
h∑

f=1

Rb
f db∗

f )

 (9)

The optimal solution can be determined based on model (7) by eliminating the constraint
n∑

j=1
λ j = 1.

2.5.3. Scale Efficiency in the Condition of Managerial Disposability

Scale efficiency in the condition of managerial disposability (SEM) represents how the scale
of operation is managed under the condition of managerial disposability, and is measured by:
SEM∗ = UEM∗c/UEM∗v. When UEM∗c ≤ UEM∗v, SEM∗ is equal or less than the unified efficiency.
A larger SEM means that the management scale will be better under natural disposability.

Figure 2 intuitively describes the efficiency frontier under the two different conditions of DTS,
and depicts the relationship between the undesirable outputs on the vertical coordinate and the inputs
on the horizontal coordinate. The straight line OG going through point B represents the efficiency
frontier in the condition of constant DTS. The contour line (A-B-C-D-E) is an efficient frontier under
the variable DTS. In addition, Ω1 is a pollution possible set for constant DTS. Ω1, Ω2 and Ω3 are the
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three parts constituting the variable pollution possible set of DTS. The decision unit F is invalid and
SEM∗ = UEM∗c/UEM∗v = HG/HC.
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3. Empirical Studies

First, the variable selection of inputs as well as outputs is described in detail. Subsequently,
the proposed model is applied to calculate the environmental efficiency of 30 provinces in China
during 2006–2015, under different kinds of disposability. Finally, each of the provinces’ environmental
efficiency are analyzed and discussed.

3.1. Variables and Data for Unified Efficiency

In DEA practices, the variable selection of input and output is a very important issue, where the
purpose is to measure the efficiency of each DMU [19–22]. A relatively comprehensive obtained
dataset can provide us with a more reasonable way to represent the evaluation problem. In addition,
in order to identify the variable selection of input and output, we referenced and considered previous
environmental efficiency studies [23–26]. According to these information sources, five input variables
and one desirable output variable as well as three undesirable output variables were considered in
this paper. Specifically, the five inputs included: (1) Labor, employed persons at year-end; (2) Capital,
total fixed assets investment; (3) Water, total amount of water use; (4) Land, area of built districts;
and (5) Energy, total energy consumption. The gross regional product (GRP) can be considered as
the desirable output variable in the evaluation process. Furthermore, the three undesirable outputs
included the total emission volume of waste gas; the total wastewater discharged; and the total solid
waste generated.

The data of labor, capital, and land can be collected based on the China Statistical Yearbook.
From the China City Statistical Yearbook, the data of the GRP can be collected. The total amount of
water use, total emission volume of waste gas, total wastewater discharged, and solid waste generated
data can all be obtained from the China Environmental Statistical Yearbook. Moreover, the total
energy consumption data can be obtained through the China Energy Statistical Yearbook. However,
considering the availability of data, Lhasa, Tibet, Hong Kong, Taiwan, and Macao were not included
in the evaluation of environmental efficiency. Descriptive statistics of the relevant data are listed in
Table 1.
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Table 1. Descriptive statistical data from 2006 to 2015.

Variables Index Unit Mean SD. Min. Max.

X1 Employed Persons at Year-End 10,000 persons 608.32 525.83 50.90 3020.40
X2 Fixed Assets 100 million RMB 10,244.33 8601.66 408.54 48,312.44
X3 Total Amount of Water Use 100 million cu.m 199.34 140.62 22.33 591.30
X4 Area of Built Districts sq.km 1418.78 1034.71 109.45 5633.20
X5 Total Energy Consumption 10,000 tce 12,914.15 8059.82 920.4 38,899.25
G1 GRP 100 million RMB 15,823.30 13,887.18 290.76 72,812.55
B1 Waste Gas 100 million cu.m 18,120.88 14,198.27 860.00 79,121.30
B2 Water Discharged 10,000 tons 75,562.22 63,616.99 5782.00 287,181.00
B3 Solid Wastes Generated 10,000 tons 8641.82 7931.16 147.00 45,576.00

Note: cu.m indicates cubic meter. sq.km indicates square kilometer. tce indicates ton of standard coal equivalent.

3.2. Results and Discussion

According to the datasets we have discussed including the input variables (labor, capital, water,
land and energy), desirable output variable (GDP), and undesirable output variables (waste gas,
wastewater discharged and solid waste generated), the unified environmental efficiencies can be
calculated. Subsequently, the results are shown in detail as follows.

3.2.1. Unified Environmental Efficiency under Natural Disposability

Table 2 shows the environmental efficiencies under the condition of natural disposability in
30 Chinese provinces from 2006 to 2015, where several conclusions can be drawn according to Table 2.
First, in terms of environmental efficiency, Beijing, Tianjin, Shanghai, and Gansu performed well in
the observed ten years. Their efficiency scores under natural disposability were equal to 1, whether
they were under constant RTS and variable RTS. Hence, they could all be regarded as efficient during
these ten years. Second, Zhejiang, Jiangsu, Shandong, Fujian, Guangdong, and Hainan also had good
performance in unified environmental efficiency under natural disposability even though they were
inefficient. Their environmental efficiency was close to 1 from 2006 to 2015. Finally, Shaanxi performed
the worst. The unified environmental efficiency of Shaanxi was less than 0.3, which was the lowest
among all of the provinces.
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Table 2. Unified environmental efficiency under natural disposability from 2006 to 2015.

Provinces
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

UENc UENV UENc UENV UENc UENV UENc UENV UENc UENV UENc UENV UENc UENV UENc UENV UENc UENV UENc UENV

Beijing 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Tianjin 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Hebei 0.738 0.888 0.755 0.911 0.755 0.910 0.658 0.829 0.779 1.000 0.762 1.000 0.704 1.000 0.679 1.000 0.651 1.000 0.641 0.958
Shanxi 0.737 0.775 0.765 0.788 0.781 0.781 0.642 0.666 0.661 0.687 0.607 0.693 0.488 0.593 0.444 0.530 0.369 0.456 0.409 0.450

Inner Mongolia 0.739 0.836 0.799 0.915 0.770 0.921 0.799 0.959 0.676 0.925 0.725 0.915 0.727 0.890 0.636 0.797 0.621 0.779 0.649 0.792
Liaoning 0.477 0.641 0.482 0.645 0.501 0.732 0.519 0.761 0.536 0.829 0.550 0.806 0.519 0.839 0.523 0.866 0.503 0.834 0.734 0.914

Jilin 0.804 0.816 0.853 0.867 0.780 0.787 0.758 0.758 0.675 0.676 0.662 0.666 0.617 0.631 0.576 0.590 0.657 0.661 0.574 0.578
Heilongjiang 0.863 0.867 0.815 0.820 0.752 0.772 0.659 0.698 0.648 0.667 0.716 0.737 0.615 0.653 0.577 0.617 0.672 0.692 0.863 0.869

Shanghai 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Jiangsu 0.903 1.000 0.886 1.000 0.916 1.000 0.911 1.000 0.924 1.000 0.878 1.000 0.864 1.000 0.840 1.000 0.835 1.000 0.853 1.000

Zhejiang 0.951 1.000 0.932 1.000 0.941 1.000 0.923 1.000 0.961 1.000 0.916 1.000 0.901 1.000 0.854 1.000 0.826 1.000 0.791 1.000
Anhui 0.604 0.614 0.507 0.507 0.519 0.556 0.532 0.591 0.531 0.603 0.527 0.623 0.507 0.654 0.478 0.647 0.514 0.676 0.512 0.665
Fujian 1.000 1.000 0.985 1.000 0.929 0.947 0.917 0.932 0.860 0.927 0.890 0.918 0.887 0.933 0.866 0.948 0.861 0.944 0.871 0.949
Jiangxi 0.748 0.775 0.735 0.757 0.780 0.800 0.748 0.762 0.758 0.758 0.715 0.719 0.690 0.694 0.621 0.644 0.613 0.636 0.565 0.591

Shandong 0.923 1.000 0.845 1.000 0.839 1.000 0.831 1.000 0.782 1.000 0.733 1.000 0.713 1.000 0.663 1.000 0.654 1.000 0.631 1.000
Henan 0.852 1.000 0.847 1.000 0.806 0.966 0.762 0.932 0.768 0.958 0.664 0.933 0.675 0.918 0.637 1.000 0.640 0.988 0.671 1.000
Hubei 0.672 0.697 0.762 0.770 0.679 0.733 0.690 0.745 0.699 0.767 0.621 0.719 0.633 0.762 0.608 0.768 0.611 0.790 0.589 0.778
Hunan 0.892 0.913 0.845 0.847 0.862 0.883 0.846 0.891 0.796 0.865 0.832 0.891 0.850 0.939 0.830 0.945 0.868 0.964 0.889 0.991

Guangdong 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.996 1.000 0.950 1.000 0.915 1.000 0.872 1.000
Guangxi 0.630 0.653 0.592 0.608 0.620 0.628 0.575 0.579 0.575 0.593 0.579 0.603 0.540 0.579 0.520 0.581 0.559 0.615 0.584 0.644
Hainan 0.973 1.000 0.996 1.000 0.838 1.000 0.914 1.000 0.933 1.000 0.715 1.000 0.680 1.000 0.662 1.000 0.603 1.000 0.585 1.000

Chongqing 0.682 0.714 0.624 0.646 0.650 0.667 0.555 0.560 0.605 0.610 0.589 0.596 0.586 0.602 0.566 0.578 0.563 0.570 0.528 0.532
Sichuan 0.716 0.725 0.513 0.597 0.731 0.750 0.722 0.763 0.647 0.723 0.680 0.808 0.676 0.878 0.661 0.876 0.666 0.892 0.672 0.838
Guizhou 0.622 0.746 0.692 0.813 0.722 0.835 0.631 0.758 0.589 0.685 0.541 0.602 0.476 0.542 0.460 0.526 0.434 0.468 0.496 0.534
Yunnan 0.649 0.672 0.589 0.631 0.614 0.644 0.576 0.603 0.533 0.534 0.480 0.498 0.533 0.554 0.525 0.528 0.516 0.526 0.497 0.501
Shaanxi 0.056 0.181 0.054 0.172 0.031 0.139 0.029 0.143 0.025 0.127 0.023 0.167 0.019 0.196 0.022 0.251 0.022 0.220 0.021 0.182
Gansu 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Qinghai 0.459 1.000 0.474 1.000 0.531 1.000 0.469 1.000 0.576 1.000 0.599 1.000 0.632 1.000 0.447 1.000 0.452 1.000 0.443 1.000
Ningxia 0.317 1.000 0.229 0.926 0.322 1.000 0.274 0.749 0.205 0.563 0.206 0.898 0.232 1.000 0.255 1.000 0.264 1.000 0.238 1.000
Xinjiang 0.699 0.717 0.622 0.665 0.605 0.633 0.545 0.580 0.525 0.543 0.583 0.614 0.458 0.496 0.409 0.434 0.447 0.474 0.461 0.500
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Figure 3 summarizes the average environmental efficiency of each province under the conditions
of natural disposability and constant RTS. According to Figure 3, it can be seen that there were four
provinces, Beijing, Tianjin, Shanghai, and Gansu, whose average UENC was 1 in the past ten years that
we studied. The efficient UENC shows that these provinces had the best performance both in GRP
production and environmental protection under the condition of natural disposability. Therein, three of
the four provinces were municipalities such as Beijing, Shanghai, and Tianjin. The four provincial
governments did well in environmental pollution and showed good performance in environmental
protection. Hence, they can be regarded as benchmarks for the unified environmental efficiency in
other inefficient provinces.
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In addition, it could be seen that there were five provinces, Jiangsu, Guangdong, Fujian, Zhejiang,
and Hunan with the degree of average UENC over 0.8. Therein, Guangdong, Fujian, Zhejiang, and
Jiangsu (as coastal provinces) are located in east China. Specifically, Guangdong Province has the
most populous province, which accounts for 7.8% of China’s population. Since 1989, Guangdong’s
GRP has ranked the first among all provincial-level divisions. As one of the richest provinces,
Fujian, with its many industries, is situated on the southeast coast of China, adjacent to Zhejiang and
Guangdong. After the reform and opening up, Fujian has attracted a lot of investment from overseas.
The average UENC of Fujian was 0.907 in the observed ten years. In recent years, Zhejiang has shown
great importance in prioritizing and encouraging entrepreneurship. Due to its unreasonable and
inefficient demand for raw materials, cheap commodities produced by small enterprises cannot be
transferred to technologically advanced industries. The average UENC was 0.9 during the observed ten
years. The GRP of Jiangsu Province was the second highest among these provinces after Guangdong.
The degree of average UENC of Jiangsu was 0.881 from 2006 to 2015. The degree of average UENC was
0.903 in 2006 and increased to 0.924 in 2010 with some small fluctuations. Hunan is a large province
in the middle of China, and is located in the middle of the Yangtze River and south of Dongting
Lake [27]. The pillar industry in Hunan Province mainly includes the construction industry, equipment
manufacturing industry, non-ferrous metal industry, and cigarette manufacturing industry. The degree
of average UENC was 0.851 in Hunan, and the four provinces were along the river or coastal areas.

There were also ten provinces such as Hainan, Shandong, Henan, Heilongjiang, Inner Mongolia,
Hebei, Jiangxi, Jilin, Sichuan, and Hubei with the degree of UENC between 0.6 and 0.8. Hainan consists
of various islands in the South China Sea and in recent years, the economic growth of Hainan has
mainly depended on the development of the real estate industry. The average UENC of Hainan was
0.79 during the observed ten years. With its superior geographical position, Shandong has become one
of the most populous and prosperous provinces in China, and the degree of average UENC was 0.762
during the observed ten years. In terms of Heilongjiang, private enterprises play an important role in
promoting the economic growth of the whole province, and the unified environmental efficiency under
natural disposability and constant RTS was 0.718. It should be noted that the two provinces of Hainan
and Shandong are coastal provinces. They not only have a good performance economically, but also in



Energies 2019, 12, 3436 13 of 20

the prevention of industrial pollution. However, the other provinces are located in the center of China.
Compared with these two provinces, the rest showed poor performance in environmental protection
and economic development.

As far as other provinces are concerned such as Chongqing, Guizhou, Guangxi, Shanxi, Yunnan,
Xinjiang, Liaoning, Anhui, and Qinghai, the average UENC of these provinces were between 0.5 and 0.6.
It can be seen that most of these provinces are located in western and central China. These provinces
are densely populated, mostly labor-intensive industries, and the level of economic development is
relatively backward. The extensive mode of economic development is also the main reason for the
inefficiency of these provinces. Taking Shanxi as an example, because of the abundant resources of coal
mines, the mining industry occupies a large proportion of its economic structure, but unreasonable
mining methods also cause enormous environmental pollution. In addition, the local government
focuses more on promoting economic development rather than environmental protection.

Finally, there are two provinces such as Ningxia and Shaanxi, ranked bottom in environmental
protection with the degree of average UENC less than 0.5. They are located in western China, mainly
in the highlands and mountains, with low population density and backward economy. Moreover,
inadequate infrastructure in these provinces has also contributed to inefficiency to some extent.
In particular, Shaanxi only had a degree of UENC at 0.03 on average.

3.2.2. Unified Environmental Efficiency under Managerial Disposability

Table 3 shows the environmental efficiency under the condition of managerial disposability in 30
Chinese provinces from 2006 to 2015 under both constant DTS and variable DTS. Some conclusions can
be drawn from Table 3. First, Beijing, Hainan, and Xinjiang were efficient during the observed ten years.
In other words, the degree of Unified environmental efficiency under managerial disposability (UEM)
in Beijing, Hainan, and Xinjiang was maintained as 1 from 2006 to 2015. Second, Shaanxi, Gansu,
Zhejiang, Jiangxi, Anhui, Henan, Shandong, Yunnan, Guizhou, and Ningxia had a decreasing UEMC

during the studied ten years. Most of them are located in Central or Western China and indicates that
the undeveloped regions are related to inefficient environmental efficiency. Due to the poor economic
level, the governments have paid more attention to improving the economic situation, thus ignoring
environmental protection. Finally, the degree of UEMC in Guangxi, Chongqing, and Sichuan increased
from 2006 to 2015. These three provinces are located in the south of China. Taking Guangxi Province
as an example, the UEMC of Guangxi was 0.556 in 2006 and increased to 0.73 in 2015 with some
small fluctuations.
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Table 3. Unified environmental efficiency under managerial disposability from 2006 to 2015.

Provinces
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

UEMc UEMV UEMc UEMV UEMc UEMV UEMc UEMV UEMc UEMV UEMc UEMV UEMc UEMV UEMc UEMV UEMc UEMV UEMc UEMV

Beijing 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Tianjin 0.723 0.739 0.725 0.742 0.695 0.696 0.808 0.853 0.743 0.982 0.814 1.000 0.787 1.000 0.876 1.000 0.894 1.000 0.747 1.000
Hebei 0.423 0.820 0.397 0.956 0.448 0.997 0.341 1.000 0.343 1.000 0.320 1.000 0.326 0.944 0.389 1.000 0.370 1.000 0.413 1.000
Shanxi 0.607 1.000 0.595 1.000 0.504 1.000 0.520 0.970 0.397 0.862 0.570 0.979 0.515 0.759 0.583 1.000 0.542 1.000 0.614 1.000

Inner Mongolia 0.781 1.000 1.000 1.000 0.732 1.000 0.811 1.000 0.579 1.000 0.665 1.000 0.823 1.000 0.746 1.000 0.678 1.000 0.730 1.000
Liaoning 0.418 0.708 0.549 0.832 0.305 1.000 0.515 1.000 0.541 1.000 0.507 1.000 0.383 1.000 0.464 1.000 0.374 0.883 0.353 0.875

Jilin 0.775 0.782 0.935 0.936 0.993 1.000 0.934 0.987 0.887 1.000 0.688 0.809 0.617 0.851 0.667 0.778 0.790 0.796 0.701 0.736
Heilongjiang 1.000 1.000 1.000 1.000 0.958 1.000 0.806 1.000 0.955 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Shanghai 0.876 1.000 0.847 1.000 0.804 1.000 0.833 1.000 0.792 1.000 0.855 0.933 0.887 0.925 1.000 1.000 0.964 0.981 0.768 0.891
Jiangsu 0.675 1.000 0.895 1.000 0.803 1.000 0.795 1.000 0.770 1.000 0.677 1.000 0.651 1.000 0.794 1.000 0.714 1.000 0.585 1.000

Zhejiang 0.918 1.000 0.850 0.993 0.830 1.000 0.803 0.977 0.750 1.000 0.800 1.000 0.749 1.000 0.796 1.000 0.815 1.000 0.612 1.000
Anhui 0.729 0.833 0.617 0.740 0.579 0.939 0.687 0.999 0.638 1.000 0.457 1.000 0.455 0.982 0.520 0.962 0.540 0.973 0.521 0.955
Fujian 0.746 0.750 0.759 0.768 0.761 0.838 0.703 0.793 0.659 0.749 0.689 0.941 0.601 0.876 0.623 0.874 0.697 0.897 0.704 0.933
Jiangxi 0.922 0.923 0.968 0.968 0.901 0.960 0.962 1.000 0.891 1.000 0.622 0.786 0.603 0.781 0.631 0.744 0.759 0.800 0.650 0.652

Shandong 0.748 1.000 0.736 1.000 0.646 1.000 0.679 1.000 0.550 1.000 0.519 1.000 0.399 1.000 0.427 1.000 0.420 1.000 0.417 1.000
Henan 0.662 0.809 0.736 0.888 0.655 0.964 0.639 1.000 0.692 1.000 0.416 0.844 0.383 0.840 0.413 0.856 0.425 0.902 0.499 0.960
Hubei 0.697 0.779 0.902 0.909 0.805 0.892 0.799 0.921 0.858 1.000 0.603 0.877 0.654 1.000 0.683 1.000 0.731 1.000 0.683 1.000
Hunan 1.000 1.000 1.000 1.000 0.986 1.000 0.905 1.000 0.819 0.936 0.793 1.000 1.000 1.000 0.779 1.000 1.000 1.000 1.000 1.000

Guangdong 1.000 1.000 1.000 1.000 0.972 1.000 0.951 1.000 0.927 1.000 1.000 1.000 0.948 1.000 1.000 1.000 1.000 1.000 0.873 1.000
Guangxi 0.556 0.560 0.491 0.495 0.550 0.575 0.550 0.595 0.597 0.685 0.415 0.514 0.443 0.557 0.626 0.650 0.684 0.701 0.730 0.758
Hainan 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Chongqing 0.565 0.580 0.619 0.632 0.657 0.667 0.487 0.604 0.559 0.648 0.747 0.945 0.629 0.941 0.634 0.915 0.716 0.990 0.718 1.000
Sichuan 0.783 0.892 0.489 0.699 0.821 0.987 0.897 1.000 0.660 0.975 0.632 1.000 0.550 1.000 0.655 1.000 0.726 1.000 0.888 1.000
Guizhou 0.861 0.882 0.935 0.959 0.949 1.000 0.873 0.914 0.816 0.946 0.633 0.808 0.590 0.698 0.628 0.712 0.432 0.571 0.492 0.679
Yunnan 0.724 0.728 0.699 0.702 0.654 0.661 0.613 0.664 0.609 0.646 0.422 0.486 0.442 0.571 0.475 0.589 0.505 0.641 0.524 0.639
Shaanxi 0.765 0.773 0.825 0.839 0.569 0.595 0.569 0.635 0.531 0.690 0.538 0.939 0.493 1.000 0.604 1.000 0.630 1.000 0.590 1.000
Gansu 0.805 0.807 0.765 0.769 0.763 0.767 0.741 0.743 0.843 0.844 0.666 0.769 0.698 0.808 0.716 0.818 0.706 0.829 0.682 0.790

Qinghai 0.695 1.000 0.677 0.901 0.509 0.918 0.495 0.878 0.477 0.698 0.513 0.847 0.536 0.902 0.661 0.937 0.666 1.000 0.641 0.915
Ningxia 0.731 0.732 0.634 0.666 0.592 0.598 0.556 0.577 0.338 0.357 0.369 0.468 0.430 0.565 0.518 0.617 0.511 0.652 0.470 0.560
Xinjiang 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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Figure 4 shows the average unified environmental efficiency under the conditions of both
managerial disposability and constant DTS. From Figure 4, it can be seen that three provinces such
as Beijing, Xinjiang and Hainan were all environmentally efficient during the observed ten years.
The efficient UEMC indicates that these three provinces had the best performance in both GRP
production and environmental protection for the ten years from 2006 to 2015, based on the assumption
of managerial disposability. With the rapid development of Beijing, the government sector has paid
more attention to the improvement of their environmental protection monitoring ability and therefore
kept the degree of UEMC at the level of 1 since 2006. Hainan is a coastal province with a good economic
performance and maintained their degree of UEMC at 1 from 2006 to 2015. Xinjiang is located in
western China and a province that has large lands with a small population. Xinjiang showed good
performance in environmental prevention, and can also be regarded as the benchmark for other
inefficient western provinces in terms of improvement of environmental efficiency.
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In terms of the four provinces of Guangdong, Shanghai, Hunan, and Heilongjiang, though the
four provinces were inefficient, they did well in the prevention of environmental pollution compared
with the other provinces and the average UEMC was under 1 and over 0.8 in the observed ten years.
Heilongjiang and Hunan are bordered with a river. Meanwhile, Guangdong and Shanghai are eastern
coastal provinces. All of them have a good economic performance. Thus, the governments invested
more resources in governing the industrial pollution, and the degree of UEMC was all over 0.8.

In addition, there were also nine provinces—Qinghai, Anhui, Yunnan, Guangxi, Shandong,
Henan, Shanxi, Ningxia, and Liaoning—with a degree of average UEMC between 0.4 and 0.6.
Among these provinces, Anhui, Henan, and Shanxi are in central China, while Qinghai and Ningxia
lie to the west. Yunnan and Guangxi are located in south China. The economy of these provinces
is undeveloped. However, Shandong and Liaoning are coastal provinces and Shandong has a good
economic performance. The reason why the two provinces did worse in environmental efficiency is
because the governments have attracted more and more investments to develop the economy. This kind
of development style can cause heavy pressure on the ecological environment.

Hebei Province had a degree of average UEMC of 0.377, which ranked at the bottom of the
30 provinces. Hebei is an inland province and the pillar industry is the steel industry, which is a
labor-intensive industry and produces a lot of pollution. Due to the underdeveloped economy and
serious environmental pollution mainly brought about by the steel industry, the degree of UEMC of
Hebei was very low from 2006 to 2015. This indicates that under the same conditions, the province will
need much more input to maintain the same level of output.
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3.2.3. Scale Efficiency

Table 4 summarizes the scale efficiency under the condition of natural disposability of the
30 provinces from 2006 to 2015. We noticed that Beijing, Tianjin, Shanghai, Guangdong, and Gansu
had good performance in scale efficiency in the observed ten years. However, Shaanxi, Ningxia,
and Qinghai had the lowest scale efficiency under natural disposability. The cluster map of average
scale efficiency under the condition of natural disposability for all provinces from 2006 to 2015 is
illustrated in Figure 5. There was a significant difference among these regions, which indicates that the
government should be aware of the importance of resource distribution. In addition, the development
of Shaanxi, Qinghai, Ningxia, and Liaoning should attract the attention of China’s government. It is
apparent that the reform and opening up proposed by Xiaoping Deng has developed other provinces
greatly, but not given enough importance to central and west China.

Table 4. Scale efficiency under natural disposability from 2006 to 2015.

SEN 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Beijing 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Tianjin 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Hebei 0.831 0.829 0.830 0.794 0.779 0.762 0.704 0.679 0.651 0.669
Shanxi 0.951 0.971 0.999 0.963 0.962 0.875 0.823 0.838 0.809 0.908

Inner Mongolia 0.884 0.873 0.836 0.833 0.731 0.792 0.817 0.799 0.797 0.819
Liaoning 0.744 0.747 0.685 0.683 0.646 0.682 0.619 0.604 0.603 0.803

Jilin 0.986 0.985 0.991 0.999 0.998 0.994 0.977 0.976 0.993 0.994
Heilongjiang 0.995 0.995 0.975 0.943 0.971 0.971 0.942 0.934 0.971 0.993

Shanghai 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Jiangsu 0.903 0.886 0.916 0.911 0.924 0.878 0.864 0.840 0.835 0.853

Zhejiang 0.951 0.932 0.941 0.923 0.961 0.916 0.901 0.854 0.826 0.791
Anhui 0.985 1.000 0.934 0.900 0.881 0.847 0.775 0.739 0.760 0.771
Fujian 1.000 0.985 0.981 0.983 0.928 0.969 0.951 0.913 0.912 0.918
Jiangxi 0.965 0.971 0.975 0.981 0.999 0.995 0.994 0.963 0.963 0.957

Shandong 0.923 0.845 0.839 0.831 0.782 0.733 0.713 0.663 0.654 0.631
Henan 0.852 0.847 0.834 0.818 0.802 0.711 0.735 0.637 0.648 0.671
Hubei 0.965 0.990 0.927 0.927 0.910 0.863 0.831 0.791 0.773 0.757
Hunan 0.977 0.997 0.976 0.949 0.921 0.935 0.905 0.877 0.901 0.897

Guangdong 1.000 1.000 1.000 1.000 1.000 1.000 0.996 0.950 0.915 0.872
Guangxi 0.965 0.974 0.988 0.994 0.969 0.960 0.932 0.895 0.909 0.906
Hainan 0.973 0.996 0.838 0.914 0.933 0.715 0.680 0.662 0.603 0.585

Chongqing 0.955 0.967 0.974 0.992 0.992 0.989 0.973 0.980 0.987 0.993
Sichuan 0.988 0.860 0.974 0.947 0.895 0.842 0.770 0.755 0.746 0.802
Guizhou 0.833 0.851 0.864 0.833 0.861 0.899 0.878 0.875 0.928 0.929
Yunnan 0.965 0.933 0.953 0.955 0.998 0.963 0.963 0.995 0.980 0.991
Shaanxi 0.310 0.311 0.224 0.200 0.196 0.137 0.096 0.088 0.098 0.115
Gansu 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Qinghai 0.459 0.474 0.531 0.469 0.576 0.599 0.632 0.447 0.452 0.443
Ningxia 0.317 0.247 0.322 0.366 0.365 0.229 0.232 0.255 0.264 0.238
Xinjiang 0.974 0.936 0.956 0.940 0.966 0.949 0.923 0.943 0.945 0.922
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Table 5 indicates the scale efficiency under the condition of the managerial disposability of
these provinces during 2006 and 2015. According to Table 5, we found that Guangdong, Tianjin,
Beijing, Heilongjiang, Hainan, and Xinjiang had good scores regarding scale efficiency during the ten
years. The cluster map of average scale efficiency under the assumption of managerial disposability
for these provinces is illustrated in Figure 6. The cluster map indicates that Liaoning, Hebei,
Shanxi, Henan, Anhui, Shandong, and Qinghai performed the worst in the scale efficiency under
managerial disposability.

Table 5. Scale efficiency under managerial disposability from 2006 to 2015.

SEM 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Beijing 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Tianjin 0.978 0.978 0.999 0.947 0.756 0.814 0.787 0.876 0.894 0.747
Hebei 0.516 0.415 0.450 0.341 0.343 0.320 0.345 0.389 0.370 0.413
Shanxi 0.607 0.595 0.504 0.536 0.460 0.582 0.678 0.583 0.542 0.614

Inner Mongolia 0.781 1.000 0.732 0.811 0.579 0.665 0.823 0.746 0.678 0.730
Liaoning 0.591 0.659 0.305 0.515 0.541 0.507 0.383 0.464 0.424 0.403

Jilin 0.991 0.999 0.993 0.946 0.887 0.851 0.726 0.857 0.992 0.952
Heilongjiang 1.000 1.000 0.958 0.806 0.955 1.000 1.000 1.000 1.000 1.000

Shanghai 0.876 0.847 0.804 0.833 0.792 0.916 0.958 1.000 0.983 0.862
Jiangsu 0.675 0.895 0.803 0.795 0.770 0.677 0.651 0.794 0.714 0.585

Zhejiang 0.918 0.856 0.830 0.822 0.750 0.800 0.749 0.796 0.815 0.612
Anhui 0.874 0.834 0.616 0.688 0.638 0.457 0.463 0.541 0.555 0.545
Fujian 0.995 0.989 0.908 0.887 0.880 0.733 0.686 0.713 0.777 0.755
Jiangxi 0.999 1.000 0.938 0.962 0.891 0.792 0.772 0.848 0.949 0.998

Shandong 0.748 0.736 0.646 0.679 0.550 0.519 0.399 0.427 0.420 0.417
Henan 0.817 0.829 0.680 0.639 0.692 0.493 0.456 0.483 0.471 0.519
Hubei 0.895 0.992 0.902 0.868 0.858 0.688 0.654 0.683 0.731 0.683
Hunan 1.000 1.000 0.986 0.905 0.875 0.793 1.000 0.779 1.000 1.000

Guangdong 1.000 1.000 0.972 0.951 0.927 1.000 0.948 1.000 1.000 0.873
Guangxi 0.993 0.991 0.956 0.926 0.871 0.808 0.794 0.962 0.976 0.964
Hainan 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Chongqing 0.975 0.979 0.985 0.807 0.864 0.791 0.669 0.693 0.723 0.718
Sichuan 0.878 0.700 0.831 0.897 0.677 0.632 0.550 0.655 0.726 0.888
Guizhou 0.977 0.975 0.949 0.955 0.863 0.784 0.845 0.881 0.756 0.724
Yunnan 0.994 0.995 0.991 0.924 0.943 0.870 0.774 0.806 0.789 0.821
Shaanxi 0.989 0.984 0.957 0.895 0.770 0.573 0.493 0.604 0.630 0.590
Gansu 0.997 0.995 0.994 0.997 0.999 0.866 0.863 0.876 0.852 0.863
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From Figure 5 to Figures 7 and 8, we could observe the difference between the scale efficiency
under natural disposability and managerial disposability as well as their changes over time during
the observed period of all provinces. From a geographical perspective, the scale efficiency under
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managerial disposability was more balanced than that under natural disposability, and the SEN was
lower than the SEM on average in 2006, while the SEN was higher than the SEM in 2015. According to
Figures 5 and 6, it can be found that regardless of the disposable conditions, the southern provinces
were better than the northern provinces as a whole, in terms of environmental efficiency. In addition,
Shaanxi and Qinghai had a large gap between the SEN and SEM, and the scale efficiencies under
natural disposability were lower than that under managerial disposability. This indicates that these
provinces need to put more effort into controlling the total input consumption and naturally decreasing
the input utilization.  19 of 21 
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3.2.4. Discussion

Since the reform and opening up was raised by Deng Xiaoping in 1978, the eastern region in
China, notably the municipality directly under the central government and Guangdong, has begun to
focus more on economic growth. The policy, in which the government helps some people get rich first,
then makes them help others, has caused economic unbalance to some degree. The government still
attaches great attention to the development of the main cities, though the Chinese western development
plan was formed in 2000.

In addition, the results of the analysis above indicate that the governments need to allocate more
resources to the less-development regions and strengthen the development of small regions, especially
those in northwest regions such as Shaanxi, Ningxia, Yinchuan, Qinghai, and Inner Mongolia through
the utilization of effective and reasonable policies to promote economic growth and the development
of environmental protection in the western region. Only when balanced regional development is
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realized can we achieve sustainable social development. On the other hand, the environment in
major cities such as Beijing and Tianjin is becoming worse, with the occurrence of frequent smog
weather. Governments are trying to improve the air condition in major cities, therefore, they need to
enhance the management of energy enterprises and implement strict environmental protection policies
in order to reduce the emissions of pollutants. Meanwhile, enterprises and individuals should also
enhance their awareness of energy conservation and environmental protection in order to promote
sustainable development.

4. Conclusions

Through the DEA environmental evaluation model, this paper studied the environmental
performance under two different strategies: natural disposability and managerial disposability, which
are responses to government environmental regulation. To be specific, with the panel datasets,
this paper evaluated the environmental performance of 30 Chinese provinces from 2006 to 2015.
In order to distinguish the economic growth and environmental protection among the different regions,
the unified environmental efficiency under different conditions (RTS and DTS) and situations were
measured thorough the DEA environmental assessment model.

Due to less industry and its coastal position, South China does a better job in protecting the
environment than other regions. However, the governments in Northwest China, especially in
Qinghai, Shaanxi, Ningxia, Inner Mongolia, etc., should pay attention to the distribution of resources
(Capital, Education, Natural resources, Opportunities, etc.) to achieve balanced economic development.
Through the diverse allocation of resources, the coordinated development of regional economic progress
and environmental protection can be realized among the different regions. Meanwhile, the governments
should practice stricter regulations on the industry, especially those of energy enterprises in major
cities, to promote the improvement of environmental efficiency. In terms of achieving the objective of
sustainable development, it is an indispensable step for China to carry out strategic transformation
from economic growth to environmental protection.
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