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Water and energy are critical resources for human well-being. The quantification and
explanation of the water–energy nexus is important to enrich our understanding of
sustainable utilization of water and energy resources in a unified framework. Herein,
from the perspective of production efficiency, this study investigates the water–energy
nexus in China’s industrial sector by developing a network data envelopment analysis
(DEA) approach. Under two practical principles, we evaluate the water and energy usage
efficiencies as well as give projection points in terms of industrial production and
wastewater treatment processes for 30 provinces or urban areas in China during
2011–2015. The results show that the overall efficiency values of most provinces in
the industrial water–energy nexus system are high although the efficiency value of each
province fluctuates up and down in the sample period. When comparing two subsystems,
for most provinces, the sub-efficiencies of the industrial production subsystem are
relatively higher than those of the wastewater treatment subsystem under the
economic priority principle or environment priority principle. Considering the projection
points, the potential improvement space of the environment priority strategy is higher than
that of the economic priority strategy. Based on the empirical results, relevant policy
suggestions are provided to improve the provincial or urban industrial water–energy nexus
system in reality.

Keywords: water–energy nexus, network DEA, economic priority strategy, environment priority strategy, frontier
projection

INTRODUCTION

Water and energy are two kinds of essential and irreplaceable resources for human survival and social
development (Zhou et al., 2018). With the population growth, urbanization, and economic
development, many countries are facing water shortage and energy depletion issues to varying
degrees (Dong et al., 2018). As the State of Food and Agriculture 2020 points out, 3.2 billion people in
the world are facing water shortage, and 1.2 billion people live in severely arid regions. According to
the Global Sustainable Development Report in 2019, a billion people do not have access to modern
electricity, and more than 3 billion people use dirty fuels to cook food, which causes about 3.8 million
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premature deaths each year. More importantly, water and energy
resources are inseparable and interdependent (Hamiche et al.,
2016; Wang et al., 2020). On the one hand, in water-related
sectors, the energy resource is essential for water treatment,
supply, and consumption processes. On the other hand, in
energy-related sectors, the water resource is necessary for
energy production, conversion, and utilization.

Due to the interactive relation between water and energy
resources, the independent study on water or energy resource
management is of limited value. As a result, the concept of the
water–energy nexus has attracted wide concern over the years
since theWorld Economic Forum in 2008, where one of the three
global economic challenges was identified as the water–energy
nexus problem (WEFWI, 2011). Since then, a flood of literature
has focused on the water–energy nexus subject in terms of both
scholars and policy-makers. To be specific, some studies place
emphasis on the definition of the concept of the nexus (Albrecht
et al., 2018; Ahmad et al., 2020). For example, the nexus can be
expressed as the coordination degree between water and energy
resources. Some studies focus on exploring water–energy
nexus–related applications in different ranges, from the urban
level, regional level, and national level to the cross-national level
(Kızıltan, 2021). Some researchers devote to propose technical
models to quantify the coupling relations between water and
energy resources (Xu et al., 2020).

In addition, efficiency evaluation is another burgeoning issue
in the field of the water–energy nexus (Deng et al., 2016; An et al.,
2017). As a popular nonparametric evaluation method, data
envelopment analysis (DEA) has been naturally migrated to
the assessment of the water–energy nexus from the perspective
of production efficiency. However, the existing literature on
water–energy nexus efficiency evaluation has predominantly
focused on the conventional “black box” production structure,
in which the internal production relations of decision-making
units (DMUs) are ignored. Moreover, current studies primarily
analyze the performance of different water–energy nexus systems
based on efficiency values, while the specific efficiency
improvement direction of each system is not further investigated.

In China, the escalating demand for industrial water and
energy consumption has caused a serious contradiction in
supply and demand of water and energy resources. According
to statistics, the industrial water consumption has exceeded
1,261.6 billion cubic meters, accounting for 21.0 per cent of
the total water consumption in China (CWRB, 2018). And the
industrial energy consumption has reached 311.2 billion tons of
standard coal, accounting for more than 66 per cent of the total
energy consumption in the whole country (CSY, 2020). Based on
the above background, in this article, the network DEA approach
is introduced to investigate the water–energy nexus efficiency of
China’s industrial sector with provincial data. Specifically, by
opening the “black box,” the industrial process is divided into the
industrial production subsystem and the wastewater treatment
subsystem. First, the overall efficiency of the whole process is
defined and calculated by integrating the two subsystems. Then
by introducing two principles, that is, economic priority strategy
and environment priority strategy, two sets of unique subsystem
efficiency are obtained. In addition, two types of efficiency

improvement directions are derived in terms of the above
principles, that is, economical loose-type projection and
environmental loose-type projection. Finally, the proposed
approach is applied to evaluate the water–energy nexus
efficiency of China’s industrial sector in the period of
2011–2015, and the specific efficiency improvement directions
are provided for each province by two different strategies.

The rest of this article is organized as follows. The Literature
Review section reviews the literature related to our study. The
Methodology and Data section describes the research problem
and proposes the two-stage network DEA models. The Empirical
Results section presents the empirical results and analysis of
China’s industrial water–energy nexus using data from 2011 to
2015. The Conclusion and Policy Implications section summarizes
the conclusion and provides related policy implications.

LITERATURE REVIEW

Two main streams of the literature are related to our study: 1)
applications are related to water–energy nexus assessment, and 2)
methods are related to water–energy nexus assessment. The
Summary of the Literature section summarizes the related
literature.

Applications Related to Water–Energy
Nexus Assessment
From the perspective of the application scales, the existing
literature can be classified into four levels: transnational level,
national level, regional level, and urban level. On the
transnational level, Ozturk (2017) studied the dynamic
relationship between the water–energy–food linkage system
and agricultural sustainability in sub-Saharan African
countries from 1980 to 2013. Ibrahim et al. (2019) assessed
the efficiency of Organization for Economic Co-Operation and
Development (OECD) countries from the perspective of the
water–energy–land–food nexus. Liu et al. (2020) explored
water use for energy from the source of raw materials to the
final consumption through global supply chains.

On the national level, Portney et al. (2018) explored the public
perception of the water–energy–food interconnected system by
utilizing the public opinion polls in the United States in 2015. The
results showed that it is the premise of the relevant policy
concerning water, energy, and food conservation for
constructing the public’s understanding of the nexus system.
Duan and Chen (2019) calculated the driving forces of the
water–energy nexus in China by structural decomposition
analysis during the period of 1990–2014. Lee et al. (2021)
comprehensively analyzed the tourism water footprint and
tourism energy footprint of the food supply sector in China’s
tourism industry from 2012 to 2017.

On the regional level, Wang and Chen (2016) studied the
internal connections of water use and energy consumption of the
Beijing–Tianjin–Hebei region in China. According to the results,
Beijing and Tianjin rely on Hebei for water and energy resources,
and Hebei is relatively self-sufficient. Chen et al. (2019) calculated
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the total factor productivity (TFE) of water, energy, and food
utilization in 12 cities of Inner Mongolia from 2007 to 2016.
Based on the trends of productivity of each city, policy
suggestions were provided to improve the water–energy
interacted system. Feng et al. (2019) established the
water–energy–food linkage system in the Detroit metropolitan
area. They found a great potential for resource optimization in the
intermediate process of supply chain because of the large amount
of energy, water, and food consumption.

On the urban level, Wang et al. (2017) studied both water-
related energy consumption and energy-related water
consumption of Beijing in China by using energy metrics. The
results showed that the manufacture sector has the largest outflow
of energy resources, while the agriculture sector is the largest
receiver of energy resources. De Stercke et al. (2020) explored the
water–energy nexus of Mumbai and its long-term resource
demand. They found that sustainable development goals can
save future water system infrastructure investments compared to
the normal operating mode. Yuan et al. (2020) analyzed
heterogeneity and policy system of sustainability topics related
to the water, energy, and food nexus for different cities.

Methods Related to Water–Energy Nexus
Assessment
Based on the state-of-the-art modeling approaches, we
summarized the main methods used in the assessment of the
water–energy nexus system, that is, input–output analysis (IOA),
life cycle assessment (LCA), econometric analysis (EA), multi-
objective programming (MOP), and data envelopment analysis
methods. Specifically, IOA is a top-down approach which
quantifies the water–energy nexus by calculating the flow of
currencies and objects during the process of resource
consumption (Owen et al., 2018; White et al., 2018; Feng
et al., 2019; Deng et al., 2020). As a bottom-up analysis
approach, LCA has been widely applied to evaluate the impact
of climate change and measure the water footprint as well as the
energy footprint in the water–energy nexus systems (Al-Ansari
et al., 2015; Salmoral and Yan, 2018; Yuan et al., 2018; Ghani et al.,
2019). Econometric analysis (EA) is an effective method for
providing empirical explanations of the economic phenomena
by using the statistical tools and nonexperimental data analysis
(Zhou et al., 2016; Ge and Lei, 2017; Zisopoulou et al., 2018;
Sharifinejad et al., 2020). Multi-objective programming (MOP) is
a branch of mathematical programming which has been applied
widely to analyze the optimal goal of the water and energy nexus
system (Hussien et al., 2018; Li et al., 2019; Yu et al., 2020).

In addition to the above method, data envelopment analysis
(DEA) is a popular approach to evaluate the relative efficiency of a
set of decision-making units (Units) by multiple inputs and
outputs. Recently, from the perspective of production
efficiency, scholars are gradually using a variety of DEA
methods to assess the water–energy nexus systems. Li et al.
(2016) evaluated China’s input–output efficiency of the
water–energy–food nexus by using the DEA-Malmquist index.
Zheng et al. (2018) applied a three-stage data envelopment
analysis modeling evaluation method to explore the

agricultural production efficiency (APE). Zhou et al. (2018)
proposed a mixed network DEA model to evaluate the
integrated water use and wastewater treatment process in the
industrial sector. Hong et al. (2019) used an integrated model
included the multiregional input–output (MRIO) and DEA
analyses to study its water–energy nexus, especially the
efficiency and flows. Han et al. (2019) measured the efficiency
and the coupling interactions of the food–energy–water nexus in
China by using a multiplicative environmental data envelopment
analysis model (ME-DEA). Zhang and Xu, (2019) explored the
coupling efficiency of the W-E-F (water–energy–food) nexus for
different regions in China based on the DEA method and the
Malmquist index. Ding et al. (2020) investigated the regional
water–energy nexus in China’s industrial sector by proposing an
interactive meta-frontier DEA approach. More recently, Sun et al.
(2021) constructed a water–energy–food input–output index
system by using the superefficient DEA model, which aims to
measure the coupling efficiency in the water–food–energy nexus.
Yang et al. (2021) developed a dynamic interactive network slack-
based measure to explore the performance of the provincial
industrial water system in China.

Summary of the Literature
The literature review above indicates that most studies mainly
focus on single geographic-scale water–energy nexus issues, and
few studies investigate more than one scale of water–energy nexus
assessment. In addition, from the perspective of production
efficiency, existing DEA-based water–energy nexus evaluation
primarily treats the production structure as a “black box,” while
the internal relations of the system are uncertain. More
importantly, existing studies evaluate the performance of the
water–energy nexus system, but the improvement directions of
different systems are not provided. Therefore, it is necessary to
assess the production efficiency as well as provide specific
improvement directions of industrial water–energy nexus
systems by considering the internal structure of DMUs.

METHODOLOGY AND DATA

Problem Statement
Let us consider there are N regions that are evaluated, which are
denoted by DMUn (n � 1, . . ., N) as shown in Figure 1. In the
industrial production (IP) subsystem, X1 [industrial capital (XC),
energy consumption (XE), industrial labor force (XL), and industrial
water consumption (XW)] is used to produce the gross industrial
output value (Y1) and intermediate outputZ [industrial wastewater
(WW)]. And in the wastewater treatment (WT) subsystem,
industrial wastewater (WW) and total investment in WT (X2)
are consumed as inputs to generate recycled and reused wastewater
(RW), and the product output value by disposing of and utilizing
wastewater (YO). It should be pointed out that output RW in the
WT system is a recycled resource, which is also an input in the IP
subsystem (Zhou et al., 2018).

The main goal of this study is to develop network DEAmodels
to assess the production efficiencies of the industrial
water–energy nexus system as well as the IP and WT
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subsystems. The proposed models must consider the following
three aspects. First, existing models treat the water–energy nexus
system as a “black box,” in which the internal structure of the
system is uncertain. Therefore, the calculation of overall efficiency
and subsystem efficiencies should be incorporated into a unified
model. Second, based on the real-world situation in China,
different preferences on economic development and
environment protection may affect the decomposed efficiencies
in the IP and WT subsystems. Therefore, in our study, both
economic priority strategy and environment priority strategy are
introduced to obtain two types of subsystem efficiencies. Third,
conventional models can provide efficiency evaluation results;
however, an inefficient water–energy nexus system cannot get
specific improving directions to increase the efficiency. Therefore,
the models developed in our study should provide frontier
projection for each inefficient system.

Model Development
In our study, both the IP subsystem and the WT subsystem work
together to reach the optimal performance of the industrial
water–energy nexus system. Under the additive efficiency
aggregation approach developed by Chen et al. (2009), the
overall efficiency score of the whole system for Figure 1 can
be calculated by the following linear model.

max E0 � U1 · Y1
0 + U2 · Y2

0 ,
s.t. V1 · X1

0 + 2W · Z0 + V2 · X2
0 � 1,

V1 · X1
j +W · Zj ≥U1 · Y1

j ,∀j � 1, ...,N
W · Zj + V2 · X2

j ≥U
2 · Y2

j ,∀j � 1, ...,N
U1,U2,V1,V2,W ≥ ξ,

(1)

where the vectors of U1, U2, V1, V2, and W are unknown
nonnegative weights to be solved. And ξ is a small non-
Archimedean value (Charnes and Cooper, 1984) added upon
all multipliers to avoid ignoring unfavorable factors in evaluating
efficiencies.

By solving model (1), once the optimal solution (U1, U2, V1,
V2,W)* is obtained, the efficiency of IP andWT systems based on
(U1, U2, V1, V2, W)* can be expressed as

e10 �
U1p · Y1

0

V1p · X1
0 +Wp · Z0

, e20 �
U2p · Y2

0

V2p · X2
0 +Wp · Z0

. (2)

Based on the results of overall efficiency calculation and
efficiency decomposition, we have definition 1:

Definition 1. We define DMUs with an overall efficiency equal
to one to be efficient, and similarly, we define the stages where the
sub-efficiency equal to one to be efficient.

Then we have theorem 1:
Theorem 1. The sufficient and necessary conditions for DMU0

to be efficient are that its two stages are both efficient.
Proof of Theorem 1. We first prove the sufficiency of this

condition for DMU0 to be effective. Here, two stages of DMU0 are
both efficient, and that means, there is at least one solution
(U1,U2,V1,V2,W)p to ensure that U1p · Y1

0 � V1p · X1
0 +Wp ·

Z0 and U2p · Y2
0 � V2p · X2

0 +Wp · Z0. Therefore, we naturally
have U1p · Y1

0 + U2p · Y2
0 � V1p · X1

0 + 2Wp · Z0 + V2p · X2
0 , and

considering that V1p · X1
0 + 2Wp · Z0 + V2p · X2

0 � 1, we have
U1p · Y1

0 + U2p · Y2
0 � 1, which means that DMU0 is effective.

Then we prove the necessity of this condition for DMU0 to be
effective. Here, DMU0 is efficient means that
U1p · Y1

0 + U2p · Y2
0 � V1p · X1

0 + 2Wp · Z0 + V2p · X2
0 , and

considering that V1p · X1
0 +Wp · Z0 ≥U1pY1

0 ,W
p · Zj + V2p·

X2
0 ≥U

2 · Y2
0 , we have U1p · Y1

0 � V1p · X1
0 +Wp · Z0,U2p · Y2

0 �
V2p · X2

0 +Wp · Z0, which means that DMU0’s two stages are
both efficient. Q.E.D.

Based on Theorem 1, we further propose Theorem 2:
Theorem 2. For each DMU0 (X1

0 ,Y
1
0 ,Z0,X2

0 ,Y
2
0 ) and

e10, e
2
0 based on (U1,U2,V1,V2,W)p, we denote

(X1
0 , ε

1
0 · Y1

0 ,Z0,X2
0 , ε

2
0 · Y2

0 ), where εk0 � 1/ek0, k � 1, 2 as DMU0*,
and DMU0* is one projection of DMU0.

Proof of Theorem 2. To DMU0*, (U1,U2,V1,V2,W)p is also
a feasible solution of model (1), and it is obvious that

e10p � U1p ·Y1
0 ·ε10

V1p ·X1
0+Wp ·Z0

� e20p � U2p ·Y2
0 ·ε10

V2p ·X2
0+Wp ·Z0

� 1. Therefore, based on

Theorem 1, we have E0p � 1, which means DMU0* is one
projection of DMU0. Q.E.D.

Based on Theorem 2, we can propose an improvement target
for each inefficient DMU0. However, the optimal solution
(U1,U2,V1,V2,W)p of model (1) may not be unique, which
means the efficiency decomposition e10, e

2
0 and the projection

(X1
0 , ε

1
0 · Y1

0 ,Z0,X2
0 , ε

2
0 · Y2

0 ) may not be unique too.
Therefore, to obtain specific efficiency decomposition and

frontier projection of DMU0, we further propose two alternative
models based on the leader–follower paradigm inspired by
Liang et al. (2008). Specifically, if we assume the IP

FIGURE 1 | Schematic of the IP and WT system.

Frontiers in Energy Research | www.frontiersin.org July 2021 | Volume 9 | Article 7079224

Liang et al. Water and Energy Nexus Analysis

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


subsystem as the leader, then the IP stage performance is more
important; thus, the efficiency value for the leader is first
calculated, subject to the requirement that the overall
efficiency stays fixed; that is, for a given DMUo, we solved
the following linear model:

max e1max
0 � U1 · Y1

0 .
s.t. V1 · X1

0 +W · Z0 � 1,
(V1 · X1

0 + 2W · Z0 + V2 · X2
0) · E0 � U1 · Y1

0 + U2 · Y2
0 ,

V1 · X1
j +W · Zj ≥U1pY1

j ,∀j � 1, ...,N ,

W · Zj + V2 · X2
j ≥U

2 · Y2
j ,∀j � 1, ...,N ,

U1,U2,V1,V2,W ≥ ξ.

(3)

By computing model (3), the maximum achievable efficiency value
in the IP subsystem and the optimal solution (U1,U2,V1,V2,W)p
are obtained. At the same time, the efficiency value e20′ in the WT
subsystem is also uniquely determined.

In a similar manner, if we assume the WT subsystem as the
leader, the maximum achievable efficiency value in the WT
subsystem is obtained by the following linear model:

max e2max
0 � U2 · Y2

0 .
s.t. V2 · X2

0 +W · Z0 � 1,
(V1 · X1

0 + 2W · Z0 + V2 · X2
0) · E0 � U1 · Y1

0 + U2 · Y2
0 ,

V1 · X1
j +W · Zj ≥U1pY1

j ,∀j � 1, ...,N ,

W · Zj + V2 · X2
j ≥U

2 · Y2
j ,∀j � 1, ...,N ,

U1,U2,V1,V2,W ≥ ξ.

(4)

In summary, we can obtain two kinds of efficiency decomposition
e1max
0 , e20′ and e10′, e2max

0 as well as two sets of corresponding
frontier projections. Here, we call the projection based on
e1max
0 , e20′ as “Economical loose type projection” for the reason
that it will minimize economic efficiency improvement while
maximizing environmental efficiency improvement. Similarly, we
call the projection based on e10′, e2max

0 as “Environmental loose
type projection.”

Data Source
This study was investigated based on China’s industrial provincial
data during 2011–2015. Considering the data availability, 30
provinces in Mainland China were studied, excluding Tibet,
Macao, Hong Kong, and Taiwan. The data used in our study
are described as follows.

The industrial labor force (XL) and industrial water consumption
(XW) data were derived from the Provincial Statistical Yearbook
(2012–2016). The energy consumption (XE) data were obtained
from the China Energy Statistical Yearbook (2012–2016). The
industrial capital (XC) of each province was calculated by the
perpetual inventory method. The gross industrial output (Y1)
data were collected from the China Statistical Yearbook
(2012–2016) and converted into 2000 constant prices. And the
data of industrial wastewater (WW), total investment in wastewater
treatment (X2), wastewater recycled and reused (RW), and product
output value by disposing of and utilizing waste water (YO) were
obtained from the Environmental Statistical Database of China
(2012–2016). The descriptive statistics of data are shown in Table 1.

EMPIRICAL RESULTS

Analysis of Overall Efficiency
After solving the proposed model (1) by using the above data, the
overall efficiency values of China’s 30 provinces from 2011 to
2015 and its average during the 5 years are shown in Table 2.

TABLE 2 | Results of overall efficiency in China’s 30 provinces from 2011 to 2015.

DMU Average 2011 2012 2013 2014 2015 Rank

Anhui 0.90 0.94 0.94 0.94 0.78 0.87 14
Beijing 0.91 0.99 0.83 0.83 0.99 0.90 13
Fujian 0.91 0.88 0.96 0.96 0.83 0.94 12
Gansu 0.66 0.65 0.79 0.79 0.56 0.52 29
Guangdong 0.87 0.89 0.90 0.90 0.80 0.83 18
Guangxi 0.94 0.96 0.96 0.96 0.89 0.95 8
Guizhou 0.75 0.99 0.70 0.70 0.68 0.65 27
Hainan 0.76 0.76 0.74 0.74 0.76 0.80 26
Hebei 0.97 0.97 0.97 0.97 0.97 0.99 4
Henan 0.83 0.91 0.90 0.90 0.71 0.73 22
Heilongjiang 0.84 0.90 0.87 0.87 0.77 0.78 21
Hubei 0.79 0.76 0.80 0.80 0.74 0.83 24
Hunan 0.89 0.96 0.94 0.94 0.71 0.90 16
Jilin 0.96 0.98 0.98 0.98 0.93 0.94 6
Jiangsu 0.88 0.89 0.93 0.93 0.80 0.85 17
Jiangxi 0.93 0.96 0.96 0.96 0.86 0.92 9
Liaoning 0.93 0.89 0.90 0.90 0.99 0.93 10
Inner Mongolia 0.99 1.00 0.99 0.99 0.98 1.00 2
Ningxia 0.89 0.63 0.93 0.93 0.96 1.00 15
Qinghai 0.83 0.75 0.83 0.83 0.86 0.89 23
Shandong 0.95 0.96 0.96 0.96 0.90 0.97 7
Shanxi 0.77 0.94 0.86 0.86 0.62 0.57 25
Shaanxi 0.92 0.98 0.99 0.99 0.84 0.81 11
Shanghai 0.97 0.97 0.99 0.99 0.92 0.99 5
Sichuan 0.85 0.89 0.94 0.94 0.69 0.78 20
Tianjin 1.00 1.00 1.00 1.00 1.00 0.99 1
Xinjiang 0.60 0.68 0.62 0.62 0.57 0.54 30
Yunnan 0.74 0.74 0.78 0.78 0.69 0.71 28
Zhejiang 0.86 0.92 0.93 0.93 0.66 0.85 19
Chongqing 0.98 0.98 0.98 0.98 0.97 0.98 3

TABLE 1 | Descriptive statistics.

Variable Mean Max Min Sd

Inputs XC (billion
yuan)

5,868.31 26,222.95 426.06 5,059.46

XE (million
tons of coal
equivalent)

14,091.07 36,759.20 1,549.29 8,142.67

XL
(thousand
people)

274.54 1,217.65 16.93 244.58

XW
(108 m3)

46.41 239.00 2.40 45.62

XI (million
yuan)

182,255.13 706,881.00 5,936.00 139,010.80

Outputs YG (million
yuan)

9,944.32 32,613.54 714.50 7,660.42

YO (million
yuan)

211,807.86 1,372,238.00 10,512.00 197,033.00

RW
(million ton)

21,157.91 95,714.00 4.00 19,612.92

WW
(million ton)

232,555.26 911,522.60 21,291.52 181,507.60
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According to the results, the overall efficiency of China in each
province shows a trend of fluctuation during 2011–2015. In terms
of the average overall efficiency, 30 provinces can be classified
into four categories: high level (efficiency values more than 0.95),
relatively high level (efficiency values between 0.90 and 0.94),
medium level (efficiency values between 0.80 and 0.89), and low
level (efficiency values less than 0.8).

Specifically, Tianjin, Inner Mongolia, Chongqing, Hebei,
Shanghai, Jilin, and Shandong belong to the category of high
level, in which the water–energy nexus performance is the most
excellent among all provinces. In addition, the efficiency values of
these provinces have very little variation during the sample
period, which can be a worthy learning model for other
provinces in China. Among them, Tianjin, Chongqing, and
Shanghai, which are municipalities in China, are economically
successful and technologically advanced cities. In the constant
deepening of China’s industrial structure reform, these provinces
have also simultaneously pushed for tougher enforcement of
existing environmental regulations, so as to ensure the high
efficiency in industrial water and energy usage. Although the
shortage of water and energy resource and environmental
pollution problems still exist in Inner Mongolia, Jilin,
Shandong, and Hebei, the efficiency values of the provinces
are very high. The reasons may be that these provinces
implement water-saving irrigation projects and improve the
water resource tax system.

In Guangxi, Jiangxi, Liaoning, Shaanxi, Beijing, Fujian, and
Anhui, the overall efficiency values are between 0.90 and 0.94, in
which the provinces still have some room for efficiency
improvement. Taking Beijing as an example, with the rapid
economic and social development, some common defects have
gradually appeared, that is, serious pollution regarding to
industrial water use, low efficiency in cyclic utilization of
waste water, and excessive energy consumption. In the third
category, the average overall efficiencies of Hunan, Ningxia,
Jiangsu, Guangdong, Zhejiang, Sichuan, Heilongjiang, Henan,
and Qinghai are between 0.80 and 0.89. In addition, the efficiency
values show significant changes during the sample period. For

example, in Sichuan Province, the overall efficiency value was
0.94 in 2013 but changed to 0.69 in 2014. Among them, Hunan,
Jiangsu, Guangdong, and Zhejiang are facing the same typical
problem called “the engineering shortage of water,” which means
the total amount of water in the region is abundant but the water
supply is insufficient because of low engineering construction.

In the last category, the average overall efficiencies of Hubei,
Shanxi, Hainan, Guizhou, Yunnan, Gansu, and Xinjiang are all
less than 0.80. Among them, for Guizhou, Yunnan, Gansu, and
Xinjiang, the water resources are lacking because of the special
topographical environment and climatic conditions. In these
provinces, on the one hand, the capability of water
environment management and the carrying capacity of water
environment are low. On the other hand, due to the resource
development and primary processing industries accounting for a
large proportion in industry development, a large quantity of the
industrial sewage water and more serious industrial
pollution exist.

FIGURE 2 | Water–energy nexus system efficiency. IP and WT sub-
efficiencies in 14 provinces. FIGURE 3 | Water–energy nexus system efficiency. IP and WT sub-

efficiencies in 10 provinces.

FIGURE 4 | Water–energy nexus system efficiency. IP and WT sub-
efficiencies in six provinces.
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Analysis of Sub-Efficiency
By solving models (3 and 4), the results of sub-efficiency values of
30 provinces in China during 2011–2015 are shown in Tables 3, 4
in the Supplementary Appendix. Here, we also plot the average
overall efficiency and sub-efficiency values of each province
during the sample period. In terms of efficiency differences
between the IP and WT subsystems, the 30 provinces are
classified into three categories: the provinces in which
efficiency in the IP subsystem is markedly higher than that in
the WT subsystem, the efficiency in the IP subsystem is about the
same as that in the WT subsystem, and the efficiency in the WT
subsystem is higher than that in the IP subsystem. The details are
depicted by Figures 2–4.

As shown in Figure 2, for 14 provinces, in both of the two
principles (economic priority principle or environment
priority principle), the efficiency of the IP subsystem is
much higher than that of the WT subsystem. To be specific,
for these provinces, that is, Anhui, Chongqing, Fujian,
Guangdong, Guangxi, Henan, Heilongjiang, Hubei, Hunan,
Jilin, Jiangsu, Jiangxi, Sichuan, and Zhejiang, the efficiency
values in the IP subsystem are approximately between 0.8 and
1, while the efficiency values in the WT subsystem are less than
0.4. The results indicate that those provinces perform well in
industrial production and economic development, but the
effect of pollution control, especially the wastewater
treatment, is poor.

From Figure 3, it is found that ten provinces have roughly
similar level sub-efficiencies in the IP subsystem and WT
subsystem. Specifically, Inner Mongolia, Shandong, and
Tianjin are efficient in the IP subsystem under the economic
priority principle or environment priority principle. In addition,
the sub-efficiencies in Liaoning, Hebei, and Shaanxi provinces are
very close to being efficient. However, in Hainan, Qinghai,
Xinjiang, and Yunnan provinces, the sub-efficiencies in both
subsystems are in a relatively low level, which means that both
economic development and environment management are not
going well in the industrial sector.

Figure 4 consists of six provinces (Beijing, Gansu, Guizhou,
Ningxia, Shanxi, and Shanghai), in which the sub-efficiency of
the WT subsystem are higher than that of the IP subsystem. For

example, in Beijing and Shanghai, theWT subsystem is efficient,
while the efficiencies of the IP subsystem are less than 0.6. It
might be because Beijing and Shanghai are the most advanced
urban areas to implement the green concept of development.
Besides, in rest of the four provinces, the performance in both
the IP subsystem and the WT subsystem is at a relatively low
level. Therefore, it is important to attach equal importance to
economic development and environmental protection in those
provinces.

Analysis of the Projection
In measuring the sub-efficiencies via models (3 and 4) under
two different principles, two sets of projection points can be
obtained via the equation in Theorem 2. The projection points
on the one hand can be viewed as the basis for evaluating
performance, and on the other hand, they act as the target for
inefficient provinces or urban areas to make improvements to
become more efficient.

Figure 5 shows the average values of original data, economical
loose type projection, and environmental loss-type projection of
the gross industrial output value (YG) for 30 provinces,
respectively. It is found that the projection points have small
increments in both the economical loose-type and environmental
loose-type projections in most provinces. It indicates that the
industrial production efficiencies in most provinces are at a high
level during 2011–2015. However, there are also some provinces
in which the projection points have appreciable increments in
terms of the YG value. It means that the improvement spaces in
terms of economic development in these provinces are great due
to low-level industrial production efficiencies. In addition, for
most provinces, the increment space of YG values has little
difference between the economical loose-type and
environmental loose-type projections.

Because the projection points of both YO and RW are
calculated based on the sub-efficiency in the WT subsystem,
we just show the average projection points of YO values in
Figure 6. From Figure 6, it is found that almost all provinces
have significant increments for YO values in both economical
loose and environmental loose types. The results reveal that most
regions of China should pay more attention to environmental

FIGURE 5 | Average projection comparison for YG in 30 provinces during 2011–2015.
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protection than economic growth alone due to low efficiency
values in the WT subsystem. Differently, in a few provinces, such
as Beijing, Ningxia, and Shanghai, the potential room for YO
improvement is limited. It indicates that the green economy
mode has done well for these provinces in terms of
wastewater treatment. In addition, for most provinces, it can
be seen that the increment space of YO values in the economical
loose type projection is obviously higher than that in the
environmental loose type projection.

CONCLUSION AND POLICY
IMPLICATIONS

Explanation and assessment of the water–energy nexus is
important to the development of water–energy nexus research.
This study develops a network DEA approach for assessing the
efficiency of the water–energy nexus system. Specifically, the
additive efficiency aggregation network DEA approach is
introduced to evaluate the overall efficiency of the industrial
water–energy nexus system. Then based on the economic priority
principle and the environment priority principle, the
decomposition of sub-efficiencies in IP and WT subsystems is
obtained by introducing the “leader–follower” model. And the
frontier projections of inefficient DMUs are given in terms of
both the environmental loose-type and the economic loose-type
projections. Finally, the proposed approach is applied to evaluate
the efficiencies of the industrial water–energy nexus system and
to give projection points of inefficient provinces or urban areas
during 2011–2015.

The results show that the average overall efficiencies in
Tianjin, Inner Mongolia, Chongqing, Hebei, Shanghai, Jilin,
and Shandong provinces are relatively high, while the
efficiencies in Hubei, Shanxi, Hainan, Guizhou, Yunnan,
Gansu, and Xinjiang are low. In terms of sub-efficiencies,
most provinces perform better in the IP subsystem than in
the WT subsystem, which means that wastewater treatment is
not performed well in most regions of China. Moreover, the
environment priority strategy (economic loose type) is more
suitable for the sustainable industrial water–energy nexus
system since the potential improvement spaces are higher

than the economic priority. Based on the above conclusions,
we offer the following policy implications: 1) For the provinces
that perform relatively poor in the industrial water–energy
nexus system, the local governments should implement and
optimize industrial water-saving and energy-saving as well as
sewage disposal policies and regulations. Advanced industrial
water-saving technologies and related latest equipment should
be actively introduced and promoted in the industrial water
treatment. 2) In reaction to the phenomenon that the IP
subsystem performs better than the WT subsystem in most
provinces, on the one hand, industrial structural adjustment
and technological upgrading in wastewater treatment and
recycling should be greatly strengthened. On the other hand,
industrial enterprises should reduce the total amount of water
consumption and actively implement cleaner production
technology, accelerate the construction of wastewater
treatment facilities, and promote the operation supervision
of industrial production. 3) To carry out more effective
environment priority strategy (economic loose type), the
government and enterprises should attach great importance
to the comprehensive treatment of industrial wastewater and
water environmental pollution. How to transform the
industrial sewage into available resources is a crucial
application, such as auditing the industrial water, improving
the rate of reused and recycled water, strictly managing
industrial waste water discharge standards, and
strengthening monitoring and evaluation systems in water
quality.

Nevertheless, the complexity and uncertainty embodied in the
industrial water–energy nexus evaluation convince us that no
single method can be viewed as the most authoritative approach.
First, our approach takes into account the internal structure of the
production process, which may ignore technology heterogeneity
caused by temporal and spatial factors. Second, the dynamic
correlation of panel data has not been considered in the model.
Third, in addition to input and output indexes, external factors
may also affect the water–energy nexus efficiency. For future
study, the meta-frontier approach, dynamic network DEA
models, and regression models would be introduced to obtain
more information with respect to water–energy nexus
assessment.

FIGURE 6 | Average projection comparison for YO in 30 provinces during 2011–2015.
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