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Abstract: Due to the difference in pollutants discharged, along with heterogeneous abatement
technology, the structural and model design of the economic production system needs to consider
these differences. This study first proposes a network slacks-based model (SBM) to address the
inefficiency of the production system after considering pollutant abatement technology heterogeneity
for different kinds of pollutant. Then, we employ the model to study the inefficiency of the Chinese
industrial production system, analyzing the inefficiency in the stages of economic production
and pollutant treatment. Furthermore, the regional distribution of inefficiencies concerning SO2

(NOx) generation (emission) are discussed and compared. The results show that only the joint
reduction of NOx in two sub-stages simultaneously is feasible, and the synergistic pollutant reductions
seems limited.
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1. Introduction

Nowadays, environmental pollutant abatement strategies have attracted significant attention, and
a large number of studies have discussed the efficiency of economic production and environmental
abatement from different viewpoints [1–3]. However, even using the same network framework and
data, a variety of suitable network DEA models can be identified, based on different perspectives [4,5].

Numerous studies have addressed undesirable outputs under two-stage DEA frameworks of
economic production. The production system is often divided into two sub-stages: an economic
production sub-stage and a pollutant abatement sub-stage [6–9]. In the process of economic production,
various kinds of pollutants are generated due to different industry structures. For instance, regions
with better energy, metallurgy, building materials, nonferrous metals, and petrochemical industries are
expected to produce more SO2, while regions with a focus on electricity, cement, and transportation
industries are likely to generate more NOx. Since each region’s economic structure is diverse,
the efficiency of disposing pollutant is distinct; therefore, it is essential to take account of technology
differences in the pollutant abatement sub-stage. However, in the existing studies, the technology for
different kinds of pollutants is predetermined identically in the model.

Synergistic effects exist in many fields, and different kinds of pollutant reduction strategies might
create positive synergies [10]. Sueyoshi and Goto [11] compared the operational performance of
electricity-specialized firms with that of diversified utility firms and found no synergy in the
operational performance of diversified utility companies from 1990 to 2004. Buonocore et al. [12] found
that reducing carbon dioxide (CO2) emissions from power plants has important “co-benefits” for public
health, causing a reduction in the emissions of air pollutants. Complex models have been proposed
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to analyze these synergies, such as the Greenhouse Gas and Air Pollution Interaction and Synergies
(GAINS) model, which has been successfully used as a policy support tool in Europe and Asia [13].
However, none of the research discusses the synergistic effect in different pollutant generation and
treatment. Because various pollutants are produced within the same production process, through
different emissions channel, and may be addressed by different emission reduction measures, we can
discuss whether a synergistic effect exist during the production of the pollutant and the treatment of
the emission.

The contributions of this study are as follows. First, a new production system framework is
proposed. In previous studies, the production system often preestablish that the technology in the
abatement sub-stage is identical for different kinds of pollutants. In this study, we assume that the
pollutant abatement sub-stage’s technology depends on the type of pollutant for the first time. Second,
this study proposes an additive network SBM to measure the inefficiency in different sub-stages after
distinguishing the technology difference of the pollutant. Third, the proposed model is employed to
study the inefficiency of the Chinese industries. Furthermore, this study explores the synergy between
the inefficiencies of the SO2 (NOX) generation sub-stage and SO2 (NOX) abatement sub-stage.

The remainder of this paper is organized as follows. Section 2 describes the production system
and presents the model. Section 3 shows the empirical data and results, and Section 4 concludes.

2. Methodology

2.1. The Production System

In the economic production process, undesirable outputs are often generated along with desirable
outputs. In pollutant control practice, there are two main categories, namely, “source control” and
“end-of-pipe treatment” [14–16]. Source control indicates preventing and controlling pollutants in
the economic production process. It assumes that a firm should pay close attention to the entire
production process, with a full range of management methods, and try to eliminate the pollutant
sources in the production process. For instance, by improving the product design, using clean energy
and raw materials, adopting advanced technology and equipment, and improving management
measures, a firm can improve its resource use efficiency, reducing or even avoiding the generation of
pollutants. End-of-pipe treatment indicates the separate treatment of the generated pollutants after
the production process [14]. The purpose of end-of-pipe treatment is to control the emissions of
pollutants or dispose the pollutants to meet certain standards. In addition, end-of-pipe treatment also
involves the consumption of resources to eliminate pollutant. With the increase in emission standards,
treatment costs are expected to increase significantly, thus affecting the overall effectiveness of the
method. This indicates that we can decrease the pollutant generation in the production and decrease
the emission before discharging.

Currently, source control and end-of-pipe treatment are the two leading approaches to reducing or
eliminating pollutants, and they run in parallel. Following these pollutant treatment practice, this study
divided the production system into two sub-stages: an economic production sub-stage and a pollutant
abatement sub-stage. In the sub-stage of economic production, investment and energy are used, and
pollutants like SO2, NOx, and CO2 are generated along with the production of the desired output.
In the sub-stage of emission abatement, the pollutants’ treatment technology is distinguished, since the
economic structures might result in a diversity of discharged pollutants. For instance, in developed
countries, where the number of automobiles is high, the disposal technology on NOx might receive
more attention than in developing countries. In the pollutant abatement sub-stage, the different
pollutant abatement facilities, such as desulfurization facilities and denitrification facilities, operate
independently or dependently. Therefore, it is necessary to consider the technology differences in
pollutant abatement sub-stage. To achieve this goal, we first divide the pollutant abatement sub-stage
into several parallel divisions.
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Specifically, a firm’s total emissions are determined by the efficiency of both the pollutant
generation sub-stage and the pollutant abatement sub-stage. In the former sub-stage, a company
obtains its desirable output, Y, but at the same time, it also generates undesirable outputs, like CO2,
SO2, and NOX. Assuming that PCO2, PSO2, and PNOx are the amount of CO2, SO2, and NOx

produced in the economic production sub-stage, ECO2, ESO2, and ENOx are the quantities of pollutants
discharged in the pollutant abatement sub-stage. Thus, PCO2, PSO2, and PNOx are the undesired
output amount of the economic production sub-stage as well as the input of the pollutant abatement
sub-stage. The production system is illustrated in Figure 1.
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Figure 1. The economic production system with a multi-division network structure.

2.2. The Network DEA Model

As discussed in Section 2.1, we assume that the production system includes two sub-stages. In
the pollutant abatement sub-stage, we assume that it is composed of two parallel divisions, a NOx

abatement division and a SO2 abatement division. The proposed model can also be applied to
production systems with more than two kinds of undesired outputs after adding the corresponding
constraints and objective function.

The inputs and outputs of the production system are described in Figure 2. In the economic
production process, for the j-th DMU, the input is defined as x1

j ∈ <M
+ , and the desired output is

defined as y1
j ∈ <P

+. At the same time, the economic production generates undesired intermediate SO2

emissions, z11
j ∈ <

S1
+ , and NOX emissions, z12

j ∈ <
S2
+ . In the emission abatement sub-stage, a portion of

the produced emission is eliminated. In the SO2 emission abatement division, x21
j ∈ <

M1
+ is used to

deal with the produced SO2, and only partial SO2 b21
j ∈ <

R1
+ (S1 = R1) is discharged. In the NOX

abatement division, x22
j ∈ <

M2
+ is used to deal with the produced NOX emission, and only partial NOX

b22
j ∈ <

R2
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The strong and weak disposability assumptions of undesirable outputs have gained acceptance
among the majority of researchers [17]. However, the generally accepted assumption is the weak
disposability of the desirable and undesirable outputs [18]. Several studies also assume strong
disposability of the desirable and undesirable outputs in their research [19,20]. It is worth mentioning
that the weak disposability on undesirable outputs indicates a possible occurrence of “undesirable
congestion”, or a conceptual extension of the conventional congestion in DEA, while the strong
disposability does not incorporate such an occurrence of undesirable congestion [21]. In this study,
we intend to discuss the inefficiency of pollutant in both the economic production sub-stage and
pollutant abatement sub-stage; therefore, we assume the strong disposability of the undesirable
outputs, which might be different from the existing studies. The reason for this is that if we assume
weak disposability of the undesirable outputs, we would not be able to obtain the inefficiency score of
pollutant generation in the economic production sub-stage. Thus, we would not able to discuss the
synergy effects in the production system.

The overall technology of the system production process, Ts, can be estimated as:

Ts =
{
(x1, y1, z11, z12, x11, x21, b21, b22) ∈ <M+P+S1+S2+M1+M2+R1+R2

+ :
J

∑
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J
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J
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J
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(1)

Assuming an output-oriented evaluation of the inefficiency of the production system, the system
inefficiency can be obtained by solving the following network SBM model:

Es
k = max

(
1
P

P
∑
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pk
+ 1
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λ1
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(2)

In this program, the objective of model 5 represents the output inefficiency, including desirable
and undesirable outputs. It is calculated as the sum of the potential output improvement divided by
the observed output. The objective function of model (5) is also a network slacks-based inefficiency
measure (NSBI) [8,22,23], in which the firm’s undesirable and desirable outputs are contracted and
expanded, respectively. The model drives the DMU to the farthest point of the production frontier by
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expanding the desired outputs and contracting the undesired outputs simultaneously. The objective of
the model takes value from zero to infinity.

Assuming that (v+∗p , t−∗s1
, t−∗s2

, v+∗r1
, v+∗r2

) are the optimal solutions, the inefficiency of the economic
production system in the k-th DMU can be defined as:

ES∗
k =

1
P

P

∑
p=1

v+∗p

y1
pk

+
1
S1

S1

∑
s1=1

t−∗s1

z11
s1k

+
1
S2

S2

∑
s2=1

t−∗s2

z12
s2k

+
1

R1

R1

∑
r1=1

v+∗r1

b21
r1k

+
1

R2

R2

∑
r2=1

v+∗r2

b22
r2k

(3)

The inefficiency of the economic production sub-stage and pollutant abatement sub-stage can be
obtained using the following two equations, respectively:

E1∗
k =

1
P

P

∑
p=1

v+∗p

y1
pk

+
1
S1

S1

∑
s1=1

t−∗s1

z11
s1k

+
1
S2

S2

∑
s2=1

t−∗s2

z12
s2k

(4)

E2∗
k =

1
R1

R1

∑
r1=1

v+∗r1

b21
r1k

+
1

R2

R2

∑
r2=1

v+∗r2

b22
r2k

(5)

where ES∗
k = E1∗

k + E2∗
k .

The inefficiency of the production system equal to the sum of all inefficiency of the outputs in
both the economic production sub-stage and pollutant abatement sub-stage.

Furthermore, we can decompose the inefficiency of the economic production sub-stage into three
parts: the inefficiency of the desirable output, the inefficiency of cleaner SO2 production, and the
inefficiency of cleaner NOX production, using the following equations:

E10∗
k =

1
P

P

∑
p=1

v+∗p

y1
pk

(6)

E11∗
k =

1
S1

S1

∑
s1=1

t−∗s1

z11
s1k

(7)

E12∗
k =

1
S2

S2

∑
s2=1

t−∗s2

z12
s2k

(8)

where E1∗
k = E10∗

k + E11∗
k + E12∗

k .
E10∗

k represents the increasable proportion of desirable output, and E11∗
k and E12∗

k represent
the reducible proportion of the generated SO2 and NOX for the k-th DMU in the economic
production sub-stage.

Similarly, we can obtain the inefficiency of the SO2 abatement division and the inefficiency of
NOX abatement division using the following equations:

E21∗
k =

1
R1

R1

∑
r1=1

v+∗r1

b21
r1k

(9)

E22∗
k =

1
R2

R2

∑
r2=1

v+∗r2

b22
r2k

(10)

where E2∗
k = E21∗

k + E22∗
k .

E21∗
k and E22∗

k represent the reducible emissions of SO2 and NOX for the k-th DMU in the pollutant
abatement stage. The above score reflects the level of inefficiency, and hence, a higher value indicates a
lower efficiency of the DMU.
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Definition 1: DMUk is system efficient if and only if ES
k = 0.

Definition 2: DMUk is efficient in sub-stage 1 if and only if E1
k = 0.

Definition 3: DMUk is efficient in sub-stage 2 if and only if E2
k = 0.

3. An Empirical Study of China’s Industrial Inefficiency

3.1. Data Description

In the past 30 years, China’s rapid economic growth has attracted worldwide attention, and
the industrial sector has made substantial contributions to the country’s growth. The rapid
industrial development has generated a significant amount of pollutants. According to the National
Environmental Statistical Bulletin of 2013, Chinese industrial energy consumption accounted for 70% of
the national energy consumption, and Chinese industry’s output accounted for 38.48% of the national
GDP. In addition, the industrial emission of SO2 and NOx accounted for 90.3% and 70.9% of the
country’s emissions, respectively. The government and the companies have invested a large amount
of input and adopted several measures to abate pollutant emission, with significant results. In 2012,
the investment for the control of industrial pollutant reached 50.05 billion RMB, and the industrial
waste gas abatement accounts for 28% of the total investment.

Some regions in China follow the route of “treatment after pollution”, which blindly pursues the
economic boom, often neglecting the generation and emissions of pollutants. Due to the technology
and industrial structure are different across regions, a regional analysis seems appropriate. Therefore,
this study uses Chinese provincial data of industrial sector as DMUs.

With respect to the sub-stage of economic production, most previous studies have focused on
investment, energy, and labor. This study takes capital and energy as inputs in this sub-stage.
Since 2011, employment data relative to Chinese industrial sectors have no longer been published;
therefore, the labor variable is not considered in this study. The output of the economic production
sub-stage consists of both desirable and undesirable outputs. In particular, the industrial product
is regarded as the desirable output, while the generated SO2 and NOx emissions are considered the
undesirable output.

For the sub-stage of pollutant abatement, investments for improving environmental sustainability
are not classified by the type of pollutant. Because the number and cost of facilities are counted by the
type of pollutant, this study chose these variables as the input in this sub-stage. In the SO2 abatement
division, we chose the cost for running the desulphurization, the number of desulphurization facilities,
along with the yield of SO2 in the economic production sub-stage as the inputs. In addition, as SO2

cannot be eliminated completely in the division, we defined the emission of SO2 as the undesirable
output of the division. Likewise, in the NOx abatement division, we identified the cost for running the
denitrification, the number of denitrification facilities, along with the yields of NOx in the economic
production sub-stage as inputs. Due to the incomplete disposal of NOx abatement, we defined the
emission of NOx as the undesirable output of the division. Because the statistical standards for
pollutants in the China Statistical Yearbook on Environment changed in 2011, this study employed data
from 2012, and 30 provinces, cities, and autonomous regions were selected as DMUs. Tibet, Hainan
province, and Qinghai province have not been included in the analysis due to lack of data. The statistics
used in this study were obtained from the China Statistical Yearbook 2013, China Statistical Yearbook
on Environment 2013, and China Energy Statistical Yearbook 2013. The variables referring to the
production system are shown in Table 1, and a statistical summary of the variables used in the analysis
is presented in Table 2.
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Table 1. The inputs, intermediate variable, desirable outputs, and undesirable outputs in different
stages and divisions.

Type Name Unit

Economic production stage

Inputs Industrial fixed assets Billion RMB
Energy consumption Million tons of standard coal

Desirable output Industrial output value Billion RMB

Intermediate variables
Yield of industrial SO2 Thousand tons
Yield of industrial NOX Thousand tons
Pollutant abatement stage
SO2 abatement division

Inputs Operational cost of desulphurization facilities Million RMB
Number of desulphurization facilities Set

Undesirable output Emission of SO2 Thousand tons
NOX abatement division

Inputs Operational cost of denitrification facilities Million RMB
Number of denitrification facilities Set

Undesirable output Emission of NOX Thousand tons

Table 2. Statistical description of the main variables in 2012.

Mean S.D. Min Max

Industrial fixed assets 945.69 674.31 72.02 2774.01
Energy consumption 72.48 48.16 8.49 199.09

Industrial output value 3032.36 3034.44 179.91 11870.55
Yield of SO2 1977.59 1231.49 114.84 5004.97
Yield of NOX 597.63 372.45 85.67 1338.19

Operational cost of desulfuration facilities 1801.45 1471.56 146.64 5613.81
Number desulphurization facilities 698.93 806.47 16.00 3392.00

Emission of SO2 637.19 378.39 33.04 1543.77
Operational cost of denitrification facilities 220.10 274.52 0.39 1111.55

Number of denitrification facilities 27.83 28.16 2.00 126.00
Emission of NOX 552.55 341.48 71.85 1238.17

3.2. Results of the Analysis

The empirical results are discussed in the following section.

3.2.1. The Analysis of the Inefficiency of Three Areas in China

Table 3 shows the inefficiencies in three areas. The second column of Table 3 is the inefficiency of
the desirable output, E10, in the economic production sub-stage. E10 in the East was lower than
that of the central area, which, in turn, was lower than that of the West. This phenomenon paralleled
the economic developments of these areas in China, perhaps because areas with a higher economic
development level could produce more output. This result is in line with several existing studies [24–26].
The results also indicate that the economic development potential in the central and west area is rather
large, which could enhance their technology by learning from the east areas.
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Table 3. Inefficiencies of different stages and divisions in three areas.

E10 E11 E12 E1 E21 E22 E2 Es

East 0.36% 38.31% 26.47% 65.14% 67.56% 33.24% 100.80% 165.94%
Central 19.27% 75.13% 57.95% 152.35% 88.40% 63.77% 152.17% 304.52%

West 108.64% 81.65% 64.12% 254.41% 90.82% 67.43% 158.26% 412.66%
All 45.11% 64.02% 48.67% 157.80% 81.65% 53.92% 135.57% 293.36%

The third and fourth column of Table 3 show the inefficiency of two undesirable outputs SO2

and NOx in the economic production sub-stage, E11 and E12, respectively. The eastern area shows
the smallest values for E11 and E12, respectively, which indicate low emission in these areas based on
technological innovation and upgraded emissions standards. It is worth noting that SO2 can be
reduced more than NOx in the three areas, and the country’s inefficiency in terms of cleaner SO2 and
NOx production is 64.02% and 48.67%, respectively.

In the sub-stage of pollutant abatement, E21 in the three areas was comparatively higher than
E22. Therefore, the inefficiency in the abatement of SO2 is also higher than the inefficiency of
the NOx abatement, indicating that most regions’ treatment technology of SO2 needs to be
improved dramatically.

To verify whether the three areas show significant differences in terms of inefficiency score, the
Kruskal-Wallis test was performed. The null hypothesis is that the inefficiency difference of the three
areas is not statistically significant. Based on the results reported in Table 4, we cannot reject the
null hypothesis that E10, E11, E12, E1, E21, E22, E2 and Es for these three areas are the same at the 1%
significance level. Three areas also show a statistically significant difference in both the economic
production sub-stage and pollutant abatement sub-stage. The results seem to indicate that, under
increasingly stringent environmental regulations, the eastern, central, and western areas’ inefficiency
measures are all statistically different. This indicates that the three areas can improve their efficiency in
different ways, and each region should pay attention to their own industrial structure and adopt the
corresponding advanced technology to reduce pollutants.

Table 4. Hypothesis testing for inefficiency values of different stages in three major areas.

Chi-Squared p-Value Hypothesis Test

E10 12.029 0.0024 *** Rejected
E11 12.164 0.0023 *** Rejected
E12 8.869 0.0119 ** Rejected
E1 17.759 0.0001 *** Rejected
E21 12.005 0.0025 *** Rejected
E22 8.521 0.0141 ** Rejected
E2 8.802 0.0123 ** Rejected
Es 17.759 0.0001 *** Rejected

Note: *** denotes significance at the 1% level, and ** denotes significance at the 5% level.

For the inefficiency in the economic production sub-stage, E1 is equal to zero in Beijing, Shanghai,
Jiangsu, and Guangdong, while Ningxia, Xinjiang, Guizhou, and Gansu can significantly reduce
their pollution or increase their desirable output dramatically. In twenty regions, E2 is larger
than E1. Therefore, the reduction of pollutants in the abatement sub-stage needs more attention.
For the inefficiency of the industrial system, ES, Jiangsu province has the lowest inefficiency, followed
by Shanghai, while Ningxia and Xinjiang have the highest inefficiency. Moreover, ES is rather high in
most western provinces, suggesting that their system efficiency can be improved notably.
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3.2.2. Statistical Analysis of the Inefficiency Score

In this section, we explore the difference between the inefficiencies regarding SO2 (NOX) in the
sub-stages of economic production and pollutant abatement. In other words, we test whether the
inefficiency show similar features in two sub-stages. The Wilcoxon-Mann-Whitney test is employed in
this section; the null hypothesis is that the difference in the inefficiency score of two sub-stages is not
statistically significant. Based on the results shown in Table 5, we can reject the null hypothesis that
E11 equals E21 at the 1% significance level, and we cannot reject the null hypothesis that E12 equals
E22 at 1% significance level. The results suggest that the generated SO2 in the economic production
sub-stage and the emitted SO2 in the pollutant abatement sub-stage show different characteristics,
while the generated NOx is similar to the emitted NOx. Since most areas are inefficient in both the
NOx production and abatement sub-stages, the regions with more NOx generation tend to discharge
more NOx.

Table 5. Statistical differences between the inefficiency of SO2 (NOx) generation and emission.

Null Hypothesis Z-Statistics Significance Result

E11 = E21 −3.437 0.00 *** Rejected
E12 = E22 −0.939 0.3478 No rejected

Note: *** denotes significance level at the 1%.

We also address whether there is a significant difference between E11 (E21) and E12 (E22), that is,
whether it is necessary to consider the difference of SO2 and NOx in the economic production
sub-stage and the pollutant abatement sub-stage. To answer this question, we performed the
Wilcoxon-Mann-Whitney test, and the results are reported in Table 6. We can reject the null
hypothesis that E11 equals E12, and we can also reject the null hypothesis that E21 equals E22. Thus,
it is necessary to distinguish the inefficiency of different types of pollutants in the economic production,
and the pollutant reduction measurements in this stage should pay more attention to the source of
different pollutants.

Table 6. Statistical differences between waste gas and effluent abatement efficiencies in the stages of
economic production and pollutant abatement.

Null Hypothesis Z-Statistics Significance Result

E11 = E12 2.809 0.005 *** Rejected

E21 = E22 4.938 0.000 *** Rejected

Note: *** denotes significance at the 1% level.

3.2.3. Regional Distribution of the Inefficiency Score

To further analyze the regional distribution of E11 and E21, Figure 3 plots the map of E11 and
E21 across the 30 regions, divided into four groups. The regions with inefficiency rankings between
1 and 5 are set as Group 1, regions ranking between 6 and 15 as Group 2, regions between 16 and 25 as
Group 3, and regions with inefficiency rankings between 26 and 30 are set as Group 4. The groups
are represented by a different shade of gray on the map. The regional distribution of E11 and E21

show different characteristic. Among the 30 regions, Chongqing, Shanxi Province, and Yunnan are the
regions with the largest E11 and E21, meaning that both the source control and end-of-pipe treatment of
SO2 is essential for those regions. The values of E11 and E21 in Beijing, Shanghai, Jiangsu, Guangdong,
and Fujian were the smallest.
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Figure 3. Regional (provinces, autonomous regions, and municipalities) inefficiency in SO2 generation
(left) and SO2 emission (right).

We also analyze the relationship between the inefficiency in NOx generation and NOx emission.
Figure 4 plots the map of E12 and E22 across the 30 regions. The regional distribution of E12 and E22 in
China is similar, and the correlation coefficient between the values is up to 0.994. In particular, these
regions need to greatly reduce the NOX in both the economic production sub-stage and the emission
abatement sub-stage, and in a similar fashion. Among the 30 regions, Yunnan, Shanxi Province, Hebei,
Heilongjiang, and Hainan show the largest values for both E11 and E21, meaning that the source control
and end-of-pipe treatment of NOX are both needed in these regions urgently.
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(left) and NOx emission (right).

We can address the regional distribution of E11 and E12 by comparing the left image in Figures 3
and 4. The figures show that the regional distributions of inefficiency score of SO2 and NOx generation
are rather different. Therefore, it is necessary to reduce SO2 and NOx using specialized technology
in the economic production sub-stage, respectively. Similarly, we can also address the regional
distribution of E21 and E22 by comparing the right image in Figures 3 and 4. The figures show that
the regional distributions of inefficiency score of SO2 and NOx emission are rather different. Thus,
it is necessary to differentiate the technology for reducing SO2 and NOx in the pollutant abatement
sub-stage, as well.

4. Discussion and Conclusions

This paper contributes to the literature on efficiency analysis by proposing a new framework
with two parallel divisions and two sub-stages after considering undesirable outputs, and we develop
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a non-parametric frontier model to evaluate the DMU’s inefficiency. The model allows us to build
the best-practice efficient frontier based on observed input–output data without making explicit
prioritization assumptions. The model also allows for greater flexibility and opens up a new path for
the analysis of frontier models, and is not limited to the measurement of the inefficiency of economic
production system. Furthermore, the inefficiency of the system can be decomposed into the inefficiency
in different sub-stages, and further into the inefficiency of different divisions. In addition, the proposed
framework can be applied to other complex systems after changing the variables and structure of
the model.

Our application of the model to Chinese regional industrial production shows that, although
relevant departments have made significant efforts toward environmental protection and management,
cleaner production technologies and pollution control technologies still have a large potential for
improvement in many regions. In most regions of China, the efficiency in the sub-stage of pollutant
abatement is lower than in the sub-stage of economic production. In particular, in some eastern
regions of China, the efficiency of pollutant abatement is low despite their rather developed economy.
Hence, it is necessary to improve the target management of pollutant abatement and update the
controlling goals. The government should encourage industries to adopt advanced techniques to
eliminate most pollutants before they are discharged.

Although most regions are inefficient in both pollutant generation and pollutant abatement,
the feasibility of synergistic pollutant reductions seems limited. The synergy effects in SO2 and
NOx generation (emission) in the economic production sub-stage (emission abatement sub-stage)
are infeasible. Therefore, it is indispensable to improve the source control target management
and emission abatement for different kinds of pollutant simultaneously. Building sound systems
for pollutant supervision and emission-reduction responsibility management is also essential for
NOX. The inefficiency score can help DMUs understand their competitive advantage and provide a
benchmark for subsequent efficiency improvement.

However, several aspects should be considered in future research. First, in this study, we assume
that the sum of inefficiency in different sub-stages can obtain a global value for the system. Future
research can relax this assumption and investigate the impact of different weights. Second, although
the proposed model makes it easier for managers to make good decisions, the system of preference of
decision makers and multi-objective production systems may also be considered. In addition,
the functional relationship between sub-stages and divisions should also be investigated in detail.
Although this research identified the main causes of inefficiency in the Chinese industrial production
system, future research may discuss the industrial factors that affect regional inefficiencies as well.
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