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A B S T R A C T   

Water, energy, and food (WEF) are pivotal resources for the sustainable development of human society. Inte-
grated assessment of the sustainable WEF nexus is essential to enhance resource efficiency and security, but there 
is a crucial gap to be filled in assessing the coupling relationship among sustainable WEF subsystems and 
improving multi-sectoral synergy. In this paper, a comprehensive indicator system for sustainable WEF nexus 
assessment was constructed based on theme-based frameworks and nexus thinking, and the combination 
weighting method based on game theory (GT-CW), the improved TOPSIS method based on gray relation degree 
(GRD-ITOPSIS), and the coupling coordination model were proposed for integrated assessment. The sustain-
ability of WEF nexus in 30 regions of China from 2010 to 2019 was assessed and the spatiotemporal differences 
of the coupling coordination degree of sustainable WEF nexus were analyzed. The results revealed that the 
sustainability of WEF subsystems evidently affected the overall sustainability of regional WEF nexus. The change 
range of sustainable WEF nexus in different years was slightly lower than that of a single subsystem. The sus-
tainability of WEF subsystems were highly coupled, and the WEF nexus in each region was within the coordi-
nated development range. However, most eastern regions were at the intermediate coordinated development 
stage, and some western regions maintained at primary coordinated development stage for a long time. Ac-
cording to the results analysis, specific policy recommendations were proposed. The findings of this study can 
provide a useful reference for developing countries to improve resource management and promote sustainable 
development.   

1. Introduction 

Water, energy, and food (WEF) are the material basis and vital re-
sources for socioeconomic development (Zhang et al., 2020). Population 
growth, industrialization, urbanization, and changing lifestyles pose 
threats to WEF security (Han et al., 2020). Climate change caused by 
greenhouse gas emissions brings more uncertainties to resource man-
agement (WEF, 2011; Kang et al., 2020; Lee et al., 2020), affects water 
availability, threatens food supply, and increases energy demand (Zeng 
et al., 2019). Water is indispensable in energy and food production (Kan 
et al., 2018). Agriculture is the largest water consumption sector (Huang 
et al., 2019), accounting for almost 70% of global freshwater con-
sumption (FAO, 2014). The production and supply of food accounts for 

about 30% of global energy consumption (FAO, 2011). 90% of power 
generation is water-intensive, and approximately 75% of industrial 
water is used for energy production (UN, 2014). 

Water, energy, and food are also the core components of the United 
Nations Sustainable Development Goals (SDGs) (Bieber et al., 2018). To 
meet the ever-increasing demand for resources, technological develop-
ment has made the interactions among WEF systems more complex 
(IRENA, 2015). Irrigation, coal mining, and thermal power generation 
need enormous water consumption. Wastewater treatment, seawater 
desalinization, and food processing require sufficient energy supply. 
Meanwhile, grain production and trade promote virtual water trade 
(Zhang et al., 2019). And crop straw and food waste can be converted 
into biomass energy (Alidoosti et al., 2021). 
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At an international conference held in Bonn, Germany in 2011, the 
relationship among water, energy, and food security was formally pro-
posed as Water-Energy-Food (WEF) nexus for the first time (Hoff, 2011). 
The WEF nexus aims to study the interactions of water, energy, and food 
subsystems, reduce trade-offs, enhance efficiency and synergies, and 
promote collaboration across sectors (Wu et al., 2021; Zhang et al., 
2020). Nexus approaches advocate targeted interdisciplinary research, 
the integrated assessment of WEF nexus, and the holistic indicators and 
metrics of sustainability (Bieber et al., 2018; Yuan et al., 2018). Many 
international organizations have paid attention to the sustainable 
development opportunities brought by the WEF nexus and conducted 
extensive research, such as the United Nations (Bieber et al., 2018), the 
Food and Agriculture Organization (FAO, 2014), and the Word Bank 
(WB, 2018). 

Nexus thinking breaks through the limitations of single resource 
management and helps to enhance the security and efficiency of mul-
tiple resources (Endo et al., 2017; Sun et al., 2021b). The current aca-
demic research topics on the WEF nexus can be mainly divided into the 
following aspects. First, many scholars were committed to describe the 
relationship between resources, environment, and human society to 
deepen the understanding of WEF nexus, including the internal in-
teractions within WEF nexus, the external influence of socioeconomic 
and environmental factors on WEF nexus, and the coupled nature of 
WEF nexus (Zhang et al., 2018a). Second, considering the influence of 
external factors, different methods were developed to assess, simulate, 
and optimize WEF nexus from different perspectives and spatial scales, 
which aims to realize the coordinated planning, integrated manage-
ment, and efficient governance of WEF nexus (Dargin et al., 2019; 
Kaddoura and El Khatib, 2017; Namany et al., 2019). Third, based on the 
extensibility of nexus method, some researches focused on the devel-
opment of a specific sector or the interlinkages between two sectors 
within WEF nexus (Dai et al., 2018; Ding et al., 2020; Islam et al., 2021), 
or the interactions of WEF and other elements, such as land use, climate 
change, and ecosystem (Chai et al., 2020). 

To advance the understanding of WEF nexus, Bazilian et al. (2011) 
described the interactions among WEF systems and interpreted the WEF 
nexus from the perspective of energy. Biggs et al. (2015) developed a 
conceptual framework of Environmental Livelihood Security to depict 
the linkages between the WEF nexus system and livelihoods and to 
promote sustainable development by balancing natural resources and 
livelihood needs. Concerning the impacts of climate change, Zhang et al. 
(2018b) analyzed the tradeoffs and synergies between hydropower in-
dustry and other sectors within WEF nexus. Based on the data of energy 
projects in developing country, Terrapon-Pfaff et al. (2018) adopted the 
analytical nexus assessment approach to illustrate the relationship be-
tween energy projects and the water and food sectors. However, limited 
by the subjectivity of qualitative analysis and simple statistical data 
analysis, it is difficult to provide specific and practical policy 
enlightenment. 

With the advancement of the understanding of WEF nexus, the 
quantitative modeling and integrated assessment of WEF nexus can 
provide scientific reference for synergetic policy and decision-making. 
Kan et al. (2018) designed a series of indexes to evaluate the 
complexity and usability of different nexus tools. Although complex 
modeling tools can describe the details of the interactions across re-
sources, they cannot simultaneously demonstrate the synergies among 
sectors. Therefore, a preliminary and comprehensive assessment of WEF 
nexus is necessary. Many scholars developed decision-making tools 
based on mathematical optimization method (Khan et al., 2018; Zeng 
et al., 2019; Ji et al., 2020b), system dynamics (Wu et al., 2021; Wen 
et al., 2021), input-output analysis (Owen et al., 2018), econometric 
analysis, and game theory (Memarzadeh et al., 2020) to deal with the 
multi-sectoral and multi-stakeholder nexus management problems from 
different regional scales and research perspectives (Namany et al., 2019; 
Zhang et al., 2018a). Research areas of the WEF nexus cover household 
(Karan and Asadi, 2018), urban (Schlör et al., 2018), basin (Lawford 

et al., 2013), regional (Radmehr et al., 2021), national (Han et al., 
2020), and transnational levels (White et al., 2018). Considering the 
trade-offs and synergies among WEF nexus, many scholars adopted 
comprehensive methods to study realistic resource planning and man-
agement issues. Ji et al. (2020a) took the uncertainties of resources 
management and the risk attitudes of decision-makers into consider-
ation and proposed a multi-stage fuzzy stochastic programming model 
to maximize the total benefits of WEF nexus system. 

With the increasingly severe environmental and resource con-
straints, how to promote the sustainability of WEF nexus has attracted 
more attention (Namany et al., 2019). To deal with multiple un-
certainties, Zeng et al. (2019) utilized a simulation-optimization 
approach based on two-stage fuzzy stochastic programming and 
comprehensive Green criteria to achieve the sustainability of human 
development and WEF resources management. Niva et al. (2020) pre-
dicted the water demand between energy and food sectors by 2030 in 
different cities and conducted a spatial scenario analysis. Han et al. 
(2020) applied data envelopment analysis to evaluate the efficiency of 
WEF nexus, investigated the coupling interaction among the nexus in 
different provinces of China. Based on the evaluation indexes con-
structed by Pressure, State, and Response model, Wang et al. (2018) 
adopted combination weighting method and matter-element extension 
model to evaluate the sustainable WEF nexus in China. However, the 
complex interactions among WEF systems and the differences in various 
regions were neglected. Qian and Liang (2021) adopted the 
pressure-state-response framework to construct an evaluation index 
system and utilized the improved TOPSIS and obstacle degree model to 
evaluate the spatial-temporal evolution and obstacles of provincial WEF 
nexus sustainability in China. However, they didn’t consider the 
coupling relationship among sustainable WEF subsystems and neglected 
the coordinated development of different regions. 

According to the above literature review, nexus approaches can 
integrate multi-sectoral management, balance the trade-offs among 
stakeholders, increase synergies across resources, and provide oppor-
tunities for sustainable development. However, few scholars have 
studied how to translate the theoretical concept of WEF nexus to prac-
tical methods to assess the coupling relationship among water, energy, 
and food sectors. And the comprehensive assessment of sustainable WEF 
nexus in different regions of China over time is rare. 

To assess the spatiotemporal heterogeneity of sustainable WEF nexus 
in China, this paper constructed a comprehensive indicator system and 
applied innovative assessment methods to analyze the sustainability of 
WEF system and the coupling coordinated level of WEF nexus in 
different regions of China. The main contribution of this paper are as 
follows. (1) Based on theme-based frameworks and nexus thinking, a 
comprehensive indicator system for sustainable WEF nexus assessment 
was constructed. (2) Game theory (GT) was utilized to optimize the 
combination weighting (CW) method and synthesize the weights 
calculated by order relation method, entropy weighting method, and 
variation coefficient method. (3) The technique for order preference by 
similarity to ideal solution (TOPSIS) method was improved by gray 
relation degree (GRD) to make the assessment results more scientific and 
reasonable. (4) The coupling coordination model was employed to 
evaluate coupling coordinated level of sustainable WEF nexus in 
different regions and assess the synergies among different sectors. (5) 
According to the spatiotemporal analysis of assessment results, targeted 
policy recommendations were proposed to promote the sustainability of 
WEF nexus in different regions. 

2. Criteria of sustainable water-energy-food nexus assessment 

2.1. Status of water-energy-food nexus in China 

China has experienced rapid socioeconomic development since the 
reform and opening up, as shown in Fig. 1. With the accelerating 
industrialization and urbanization process, the demand for water, 
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energy, and food resources is also growing fast (Niva et al., 2020). 
However, rapid economic development has brought serious environ-
mental problems to China, such as haze, dust storms, water pollution, 
energy shortage, and land degradation (Shang et al., 2018). In addition, 
China has a vast territory and a large population, but resources distri-
bution and socioeconomic development are not balanced. 

As seen in Fig. 2 (a) and (b), the regional distribution of water re-
sources in China is extremely uneven and not compatible with popula-
tion (Gu et al., 2016). Typical agricultural provinces such as Shandong, 
Henan, and Hebei have a large population and a vast area of cultivated 
land, but water resources in these provinces are scarce. As shown in 
Fig. 3 (a), China’s grain output shows a fluctuating upward trend. As 
presented in Fig. 3 (b), although the energy consumption efficiency 
continues to improve, the total energy consumption is still increasing. 
Meanwhile, China’s energy endowment, which is rich in coal and short 
in oil and gas, has caused great difficulties in energy structure transition. 
According to statistics, China’s freshwater resources accounted for about 
6% of the world, arable land accounted for 9%, the population 
accounted for nearly 18% (World Bank, 2020), and food production 
accounted for about 25% (SCIO, 2019). The uncertainties brought by 
climate change will further exacerbate the imbalance between resources 

supply and demand, which poses huge pressure on regional and national 
sustainable development. 

In recent years, China has paid much attention to high-quality and 
sustainable development, and actively participated in global climate 
governance. At the Climate Ambition Summit 2020, China promised to 
peak carbon emissions before 2030 and achieve carbon neutrality before 
2060. In the “Outline of China’s 14th Five-year Plan and Long-term 
Goals for 2035” issued in March 2021, the Chinese government 
stressed the need to implement new development concepts and sus-
tainable development strategies. In view of the targets of the 13th Five- 
year Plan (FYP) for resources and environment, the 14th FYP has made 
some adjustments, as shown in Table 1. 

However, the targets are mainly set from the perspective of single 
resource management, which lacks consideration of the synergies and 
trade-offs across different resource sectors. In view of the unbalanced 
and inadequate development in different regions, the allocation and 
management of water, energy and food resources should be compre-
hensively assessed and optimized to promote multi-regional sustain-
ability and multi-sectoral synergy. 

2.2. Indicators selection for sustainable water-energy-food nexus 
assessment 

A comprehensive indicator system is an important premise for 
reasonable assessment of the sustainability of WEF nexus in different 
regions of China. The commonly used methods include driving force- 
pressure-state-response (DPSR) models, theme-based frameworks, and 
aggregated indicators (UN, 2007). However, the definition of driving 
force, pressure, state, or response indicators is often ambiguous and 
unclear. Aggregated indicators mainly focus on the environmental as-
pects, such as ecological footprint and water footprint (Zhang et al., 
2019; Lu et al., 2021). The theme-based indicator framework can fully 
reflect the complex interrelationship between indicators and assessment 
objectives and has strong flexibility, which can be adjusted according to 
assessment objectives and policy issues (UN, 2007). WEF nexus is a 
useful conceptual framework to bolster the effective implementation of 
the SDGs (Terrapon-Pfaff et al., 2018). Therefore, based on the natural 
resource conditions and resource management targets of China, com-
bined with theme-based frameworks and nexus thinking, the indicator 
system of sustainable water-energy-food nexus assessment can be con-
structed according to following steps, as shown in Fig. 4. 

Fig. 1. Urbanization rate and GDP of China from 1978 to 2020. 
Note: The data in the figure were obtained from the National Bureau 
of Statistics. 

Fig. 2. Water resources and population distribution of China in 2020. 
Note: The data in the figure were obtained from the National Bureau of Statistics. 
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(1) Determine the connotation of assessment theme. Sustainable 
WEF nexus emphasizes resource security and utilization effi-
ciency, which aims to ensure that water, energy, and food re-
sources can meet the growing demand in the future. Thus, the 
connotation of sustainable WEF nexus includes the availability, 
accessibility, affordability, and efficiency of water, energy, and 
food resources.  

(2) Establish indicator preliminary selection database. Based on 
relevant literature, research reports, and policies, 54 indicators 
are preliminarily selected according to the theme of sustainable 
WEF nexus assessment.  

(3) Construct assessment indicator system. Following the SMART 
(Specific, Measurable, Available, Relevant, Targeted) principle of 
indicator selection, 32 indictors are finally selected from the 
different dimensions of water, energy, and food subsystems, as 
seen in Table 2. Considering the different natural resource 

conditions and socioeconomic development levels of different 
regions in China, this paper selects many ratio indicators to 
comprehensively reflect the relationship between resource sup-
ply and demand and socioeconomic development. 

2.3. Data source and preprocessing 

Considering data availability and policy operability, this paper uti-
lizes administrative divisions as the resource boundary of the WEF nexus 
system. The study area covers 30 provincial administrative regions in 
China (excluding Hong Kong, Macao, Tibet, and Taiwan due to lack of 
data), with a time span of 2010–2019. The main data sources of in-
dicators are the National Bureau of Statistics, China Energy Statistical 
Yearbook, China Environmental Statistical Yearbook, and the Annual 
Statistical Yearbooks of different regions. For some missing data, the 
fitting values of adjacent years are used for data interpolation. 

Fig. 3. Energy consumption and grain output of China from 1978 to 2020. 
Note: The data in the figure were obtained from the National Bureau of Statistics. 

Table 1 
Comparison of resource management targets between 13th and 14th FYPs.  

Indicators Unit Expected targets in the 
13th FYP 

Actual values in the 13th 
FYP (2020) 

Expected targets in the 14th FYP 
(2025) 

Attribute 

Reduction rate of energy consumption per unit GDP % 15 (accumulative goal) – 13.5 (accumulative goal) Restrictive 
Reduction rate of carbon dioxide emission per unit 

GDP 
% 18 (accumulative goal) – 18 (accumulative goal) Restrictive 

Proportion of surface water with quality at or better 
than Grade III 

% >70 83.4 85 Restrictive 

Comprehensive grain productivity million 
t 

– 66.949 >65 Restrictive 

Comprehensive energy productivity million 
tce 

– 408 >460 Restrictive 

Reduction rate of water consumption per 10000 
yuan GDP 

% 23 (accumulative goal) – – Restrictive 

Cultivated land million 
mu 

1865 1865 >1800 Restrictive  
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Table 2 
Indicator system for sustainable water-energy-food nexus assessment.  

Sectors Indicators Definition Type Units References/ 
Source 

Water Per capita water 
resources (W1) 

Total water 
resources/ 
Total 
population 

+ cu.m/ 
person 

(Zhao et al., 
2021; Liu 
et al., 2020;  
Yin and Wu, 
2019; Wang 
et al., 2018) 

Per capita water 
consumption 
(W2) 

Total water 
consumption/ 
Total 
population 

- cu.m/ 
person 

(Zhao et al., 
2021; Liu 
et al., 2020;  
Yin and Wu, 
2019) 

Water 
consumption 
intensity per 
unit of GDP 
(W3) 

Total water 
consumption/ 
GDP 

- cu.m/ 
1000 
yuan 

Zhao et al. 
(2021) 

Water 
consumption of 
industrial added 
value (W4) 

Total water 
consumption/ 
Industrial 
added value 

- cu.m/ 
1000 
yuan 

Zhao et al. 
(2021) 

Utilization ratio 
of water 
resources (W5) 

Total water 
consumption/ 
Total water 
resources 

- / Zhao et al. 
(2021) 

Water 
production 
modulus (W6) 

Total water 
resources/ 
Total area of 
region 

+ million 
cu.m/ 
km2 

(Zhao et al., 
2021; Liu 
et al., 2020) 

Proportion of 
domestic water 
consumption 
(W7) 

Domestic 
water 
consumption/ 
Total water 
consumption 

- / (Zhao et al., 
2021; Yin 
and Wu, 
2019) 

Proportion of 
agricultural 
water 
consumption 
(W8) 

Agricultural 
water 
consumption/ 
Total water 
consumption 

- / (Zhao et al., 
2021; Liu 
et al., 2020;  
Yin and Wu, 
2019) 

Proportion of 
ecological water 
consumption 
(W9) 

Ecological 
water 
consumption/ 
Total water 
consumption 

+ / (Zhao et al., 
2021; Yin 
and Wu, 
2019) 

Proportion of 
groundwater 
supply (W10) 

Groundwater 
supply/Total 
water supply 

- / Zhao et al. 
(2021) 

Total 
wastewater 
discharge 
(W11) 

Refers to the 
sum of 
industrial 
wastewater 
discharge and 
domestic 
sewage 
discharge. 

- million 
t 

(Zhao et al., 
2021; Yin 
and Wu, 
2019; Wang 
et al., 2018) 

Energy Per capita 
primary energy 
production (E1) 

Primary energy 
production/ 
Total 
population 

+ tce/ 
person 

(Zhao et al., 
2021; Liu 
et al., 2020) 

Per capita 
energy 
consumption 
(E2) 

Total energy 
consumption/ 
Total 
population 

- tce/ 
person 

(Zhao et al., 
2021; Liu 
et al., 2020) 

Energy self- 
sufficiency rate 
(E3) 

Primary energy 
production/ 
Total energy 
consumption 

+ / Zhao et al. 
(2021) 

Energy 
consumption 
per unit of GDP 
(E4) 

Total energy 
consumption/ 
GDP 

- tce/ 
million 
yuan 

(Zhao et al., 
2021; Liu 
et al., 2020) 

Energy 
consumption of 

Total energy 
consumption/ 

- tce/ 
million 
yuan 

Yin and Wu 
(2019)  

Table 2 (continued ) 

Sectors Indicators Definition Type Units References/ 
Source 

industrial added 
value (E5) 

Industrial 
added value 

Degree of 
electrification 
(E6) 

Electricity 
consumption/ 
Total energy 
consumption 

+ / China 
Energy 
Statistical 
Yearbook 

Proportion of 
hydropower 
(E7) 

Hydropower 
generation/ 
Total power 
generation 

+ / Zhao et al. 
(2021) 

Proportion of 
coal 
consumption 
(E8) 

Coal 
consumption/ 
Total energy 
consumption 

- / China 
Energy 
Statistical 
Yearbook 

Proportion of 
natural gas 
consumption 
(E9) 

Natural gas 
consumption/ 
Total energy 
consumption 

+ / China 
Energy 
Statistical 
Yearbook 

Investment 
Completed in 
industrial 
pollution 
treatment (E10) 

Refers to the 
amount of 
investment 
completed in 
industrial 
pollution 
projects. 

+ million 
yuan 

China 
Energy 
Statistical 
Yearbook 

Investment in 
energy industry 
(E11) 

Refers to the 
amount of 
investment 
completed in 
energy 
industry. 

+ million 
yuan 

Zhao et al. 
(2021) 

Food Per capita 
output of grain 
(F1) 

Grain output/ 
Total 
population 

+ t/ 
person 

(Liu et al., 
2020; Yin 
and Wu, 
2019) 

Grain output 
per unit area 
(F2) 

Grain output/ 
Sown area of 
grain crop 

+ t/km2 (Zhao et al., 
2021; Yin 
and Wu, 
2019) 

Proportion of 
grain crop sown 
area (F3) 

Sown area of 
grain crop/ 
Total area of 
region 

+ / (Zhao et al., 
2021; Yin 
and Wu, 
2019) 

Mechanization 
level of 
agriculture (F4) 

Total power of 
agricultural 
machinery/ 
Total sown 
area 

+ kW/ 
km2 

(Zhao et al., 
2021; Wang 
et al., 2018) 

Burden of 
chemical 
fertilizers (F5) 

Consumption 
of chemical 
fertilizers/ 
Total sown 
area 

- t/km2 Zhao et al. 
(2021) 

Burden of 
pesticides (F6) 

Consumption 
of pesticides/ 
Total sown 
area 

- t/km2 China 
Statistical 
Yearbook 

Proportion of 
effective 
irrigation area 
(F7) 

Effective 
irrigation area/ 
Total sown 
area 

+ / (Zhao et al., 
2021; Yin 
and Wu, 
2019) 

Proportion of 
water-saving 
irrigation area 
(F8) 

Water-saving 
irrigation area/ 
Total sown 
area 

+ / Liu et al. 
(2020) 

Turnover cost of 
food (F9) 

Retail price 
index of grain/ 
Producer price 
index for 
farmer 
products 

- / Zhao et al. 
(2021) 

Total output 
value of first 
industry (F10) 

Refers to total 
output value of 
agriculture, 
forestry, 

+ billion 
yuan 

China 
Statistical 
Yearbook 

(continued on next page) 
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The indicators can be divided into positive indicators and negative 
indicators. And the indicator data should be nondimensionalized to 
make the assessment results comparable. The positive indicators are 
processed according to Eq. (1) and the negative indicators according to 
Eq. (2). 

xt
ij
′

=
xt

ij − xt
imin

xt
imax − xt

imin
(1)  

xt
ij
′

=
xt

imax − xt
ij

xt
imax − xt

imin
(2)  

where, i denotes the assessment indicator, t denotes the evaluated year, j 
denotes the evaluated region. xt

ij
′

represents the normalized value of the 
indicator xt

ij, xt
imax is the maximum value of xt

i , and xt
imin is the minimum 

value of xt
i . 

3. Methods 

Based on the WEF nexus and sustainable development goals, the 
research framework for sustainable WEF nexus assessment in this paper 
is shown in Fig. 5. 

3.1. Combination weighting method based on game theory (GT-CW) 

The commonly used indicator weighting methods can be roughly 
divided into two categories: subjective weighting method and objective 
weighting method. Subjective weighting methods intuitively reflect the 
comparison of evaluators on the importance of indicators, such as order 
relation method and analytic hierarchy process (Yuan et al., 2021). 
Objective weighting methods determine the indicator weights purely 
through mathematical methods, such as entropy weight method and 
variation coefficient method (Yin and Wu, 2019). To make indicator 
weights more scientific and reasonable, the combination weighting 

method can be employed to synthesize the weights obtained by different 
methods (Wang et al., 2018). The commonly used combination 
weighting methods include additive integration and multiplicative 
integration method, but these two methods simply integrate the weights 
together without considering the relationship between the different 
weights. 

Based on the previous study (Liu et al., 2017; Zhu et al., 2021), we 
established the combination weighting method based on game theory 
(GT-CW) to determine the combined weights of indicators. Each 
weighting method can be regarded as a player in the game, and the 
weight value of each indicator can be taken as the interests of players in 
different aspects. Thus, the problem of seeking the comprehensive 
weight is transformed into the optimization problem of balancing the 
interests of multiple players. The interests represented by the indicator 
weights compromise among different players to minimize the deviation 
between the optimization results and the interests of each player, which 
means the deviation between the optimal weight vector and each weight 
vector is minimized. 

The order relation method (ORM), entropy weighting method 
(EWM), and variation coefficient method (VCM) are used to calculate 
the weight of each indictor, and the CT-CW method is utilized to opti-
mize the combined weight of indicators. The introduction of the ORM, 
EWM and VCM is shown in Appendix A. The specific calculation steps of 
CT-CW method are as follows.  

(1) k methods are used to calculate indicator weight, and the weight 
vector of indicators is Wg = (w1g, w2g, ⋯, wig), where wig is the 
weight of the i-th indicator obtained by the g-th method. Com-
bined weight can be expressed by Eq. (3). 

W =
∑k

g=1
αgWg (3)  

where, αg is the game coefficient of the weighting method g, satisfying 
∑k

g=1αg = 1 and αg > 0.  

(2) Based on the basic idea of CT-CW method, the game coefficient αg 
is optimized to minimize the deviation between the combined 
weight vector and each weight vector. 

min
⃦
⃦
⃦WT − WT

g

⃦
⃦
⃦

2
=min

⃦
⃦
⃦
⃦
⃦

∑h

g=1
αgWT

g − WT
g

⃦
⃦
⃦
⃦
⃦

2

(4)  

s.t.
∑k

g=1
αg = 1,  αg > 0 (5)    

(3) Base on the matrix differential property, the first derivative 
condition of equation optimization can be converted to Eq. (6). 

⎡

⎢
⎢
⎢
⎢
⎢
⎣

W1⋅WT
1

⋮
Wg⋅WT

1

⋯
⋱
⋯

W1⋅WT
g

⋮
Wg⋅WT

g

⎤

⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎣
α1
⋮
αg

⎤

⎦=

⎡

⎢
⎢
⎣

W1⋅WT
1

⋮
Wg⋅WT

g

⎤

⎥
⎥
⎦ (6)    

(4) According to the solving method of quadratic programming 
problem, the game coefficient αg is obtained, and the combina-
tion weight W can be calculated by Eq. (3). 

3.2. Improved TOPSIS method based on gray relation degree (GRD- 
ITOPSIS) 

To better compare the sustainability of WEF nexus among different 
regions, the improved TOPSIS method based on GRD (GRD-ITOPSIS) is 

Table 2 (continued ) 

Sectors Indicators Definition Type Units References/ 
Source 

animal 
husbandry, and 
fishery.  

Fig. 4. Flow chart of indicator system construction.  
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utilized to synthesize the assessment indictors. The traditional TOPSIS 
method, which was first proposed by Hwang and Yoon (1981), sorts the 
evaluated samples by calculating and integrating the Euclidean Distance 
between the sample and the positive and negative ideal solution (Che 
et al., 2021; Zhao et al., 2019). However, it equates the differences 
among indicators of the sample without considering the impact of 
overall variation on distance (Qian and Liang, 2021). The gray relation 
degree can judge the closeness of the relationship between different 
factors by comprehensively measuring the similarity between the geo-
metric curves of different data series. Therefore, inspired by the previous 
study (Liu et al., 2017, 2019; Baranitharan et al., 2019), this paper 
utilizes the GRD to improve the TOPSIS method. The basic principle is to 

calculate the GRD between the sample and the positive and negative 
ideal solutions. 

Specific calculation steps of GRD-ITOPSIS method are as follows.  

(1) Construct standardized sample matrix. 

Assuming that there are m samples to be assessed, each sample 
contains n evaluation indicators, and the indicator value is xij (i = 1, 2,⋯,

n; j = 1, 2,⋯,m), then the sample matrix X = (xij)n×m can be constructed. 
Calculated by Eq. (1) and Eq. (2), the standardized sample matrix X′

=

(x′

ij)n×m is obtained, as shown in Eq. (7). 

Fig. 5. Research framework of sustainable WEF nexus assessment.  
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X
′

=

⎡

⎢
⎢
⎢
⎢
⎢
⎣

X′

1

X′

2

⋮
X′

n

⎤

⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎣

x
′

11 x
′

12 … x
′

1m

x
′

21 x
′

22 ⋯ x
′

2m

⋮ ⋮ ⋱ ⋮
x′

n1 x′

n2 ⋯ x′

nm

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(7)    

(2) Determine positive and negative ideal solution. 

Positive ideal solution refers to the assumed ideal scheme in which 
each index value is optimal, while negative ideal solution is the opposite. 
Therefore, the positive ideal solution is composed of the maximum value 
of the positive indicators and the minimum value of the negative in-
dicators, which is denoted as X+. And the negative ideal solution is 
denoted as X− . 

X+ =

{(

max 
1≤i≤n

xij

⃒
⃒
⃒
⃒j∈ j+

)

,

(

min
1≤i≤n

 xij

⃒
⃒
⃒
⃒j∈ j−

)}

=
(
x+1 , x+2 ,⋯x+n

)
(8)  

X− =

{(

max 
1≤i≤n

xij

⃒
⃒
⃒
⃒j∈ j+

)

,

(

min
1≤i≤n

 xij

⃒
⃒
⃒
⃒j∈ j−

)}

=
(
x−1 , x−2 ,⋯x−n

)
(9)    

(3) Calculate the weighted GRD.  
1) Based on standardized indicator matrix, the GRD between the 

j-th sample and the positive ideal solution with respect to the 
i-th indicator is calculated by Eq. (10). 

k+ij =
min

i
min

j
Δxij + ρmax

i
max

j
Δxij

Δxij + ρmax
i

max
j

Δxij
(10)  

where, Δxij =
⃒
⃒x+

i − xij
⃒
⃒, min

i
min

j
Δxij is the minimum absolute difference, 

max
i

max
j

Δxij is the maximum absolute difference, ρ denotes the resolu-

tion coefficient and ρ ∈ [0,1]. The value of ρ is normally set as 0.5.  

2) The GRD matrix K+ between positive ideal solution and each sample 
is expressed as Eq. (11). 

K+ =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

k+11 k+12 ⋯ k+1m

k+21 k+22 ⋯ k+2m

⋮ ⋮ ⋱ ⋮
k+n1 k+n2 ⋯ k+nm

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(11)    

3) To manifest the different importance of each indicator close to the 
ideal solution, the GRD is weighted. The weighted GRD K+

j between 
the j-th sample and the positive ideal solution is calculated by Eq. 
(12). 

K+
j =

∑n

i=1
wik+ij (j= 1, 2,⋯,m) (12)    

4) Similarly, the weighted GRD K−
j between the j-th sample and the 

negative ideal solution can be obtained. 

K −
j =

∑n

i=1
wik−ij (j= 1, 2,⋯,m) (13)    

(4) Calculate the weighted Euclidean Distance. 

The weighted Euclidean Distance from the j-th sample to the positive 
and the negative ideal solution are denoted as D+

j and D−
j , which can be 

calculated by Eq. (14) and Eq. (15) respectively. 

D+
j =

∑n

i=1
wi

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
xij − x+j

)2
√

(j= 1, 2,⋯,m) (14)  

D−
j =

∑n

i=1
wi

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
xij − x−j

)2
√

(j= 1, 2,⋯,m) (15)    

(5) Calculate the relative closeness degree. 

To calculate the relative closeness degree, it is necessary to stan-
dardize the values of GRD and Euclidean Distance. 

L′

j =Lj

/

max
j

(
Lj
) (j= 1, 2,⋯,m) (16)  

where Lj represents K+
j , D+

j , and D−
j ; L′

j represents the normalized K+
j

′

, 

K−
j

′ , D+
j

′

, and D−
j

′ . 
Obviously, the larger K+

j and D−
j are, the closer the sample j is to the 

positive ideal solution, the better the assessment result is. On the con-
trary, the larger K−

j and D+
j are, the closer the sample j is to the negative 

ideal solution, and the worse the assessment result is. Therefore, the 
weighted GRD and weighted Euclidean distance between the sample and 
the positive and negative ideal solutions are combined to obtain the 
comprehensive closeness degree. 

C+
j = θK+

j
′

+ (1 − θ)D−
j

′ (17)  

C−
j = θK −

j
′

+ (1 − θ)D+
j

′

(18)  

where, θ ∈ [0,1] reflects the degree of trust of the evaluator in the GRD, 
and the value of θ is taken as 0.5 in this paper. C+

j and C−
j represents the 

comprehensive closeness degree of samples to positive and negative 
ideal solutions respectively. 

Then, the relative closeness degree of the sample to the positive ideal 
solution can be calculated. 

δj =
C+

j

C+
j + C−

j
(i= 1, 2,⋯,m) (19)    

(6) Sort the samples and obtain the evaluation results. 

The samples are sorted according to the relative closeness degree δj 
and the assessment results is obtained. 

3.3. Assessment method based on GT-CW-GRD-ITOPSIS 

The combination weighting method based on game theory is adopted 
to determine the weight of each indicator in different years, and the 
improved TOPSIS method is utilized to assess the sustainable WEF nexus 
in different regions. The calculation process of the comprehensive 
assessment model based on GT-CW-GRD-ITOPSIS established in this 
paper is presented in Fig. 6. 

3.4. Coupling coordination model 

The concept of coupling degree originates from physics and can be 
used to measure the interaction degree of different subsystems, but it 
cannot judge the advantages and disadvantages of interactions (Song 
et al., 2018). While coupling coordination degree can measure the 
beneficial coupling degree between subsystems (Zhao et al., 2021). 
From the perspective of synergetic theory, the coupling effect and co-
ordination degree of each subsystem determine the development trend 
of the whole system when it reaches the critical region (Liu et al., 2005). 
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Synergy describes the situation that the improvement of a sector can 
promote the performance improvement of other resource sectors (Ben-
nett et al., 2009), for example, the optimization of energy structure can 
reduce the pressure of water resources, and the improvement of water 
utilization efficiency can enhance the efficiency of energy production 
and grain output. 

Based on the concept of coupling degree and coupling coordination 
degree (Yin and Wu, 2019; Han et al., 2020), this paper constructs a 
coupling coordination model of WEF nexus to further study the in-
teractions among water, energy, and food subsystems and evaluate the 
coordinated development level of sustainable WEF nexus in different 
regions over time. The coupling degree can reflect the level of in-
teractions among WEF systems, which can be calculated by Eq. (20). 

Ct
j =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Wt

j Et
jFt

j
(

Wt
j + Et

j + Ft
j

/
3
)3

3

√
√
√
√ =

3
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Wt

j Et
jFt

j
3
√

Wt
j + Et

j + Ft
j

(20)  

where, Ct
j denotes the coupling degree of WEF system of region j in year 

t, and Ct
j ∈ [0, 1]. Wt

j , Et
j , and Ft

j refer to the comprehensive assessment 
results of water, energy, and food subsystems. When Ct

j = 0, each 
subsystem is independent and the development direction and structure 
of the system are disordered. When Ct

j = 1, the coupling degree between 
subsystems is the largest and system develops to a new orderly direction. 

The coupling coordination degree can measure the benign coupling 
interactions among subsystems, and further reflect the coordinated 
development stage of WEF nexus (Yin and Wu, 2019), as shown in 
Table 3. The calculation method of coupling coordination degree is 
shown in Eq. (21) and Eq. (22). 

Dt
j =

̅̅̅̅̅̅̅̅̅
Ct

jS
t
j

√
(21)  

St
j = λWt

j + βEt
j + γFt

j ,  λ + β + γ = 1 (22)  

where, Dt
j denotes the coupling coordination degree of WEF system of 

region j in year t, Dt
j ∈ [0,1]. λ, β, γ are the weights to measure the 

importance of water, energy, and food subsystems. Referring to relevant 
research (Han et al., 2020), this paper considers that the three sub-
systems are equally important, thus λ = β = γ = 1/3. 

4. Results and discussion 

4.1. Dynamic changing trend of indicator weights 

This paper first adopted the GT-CW method to calculate the annual 
combined indicator weight of water, energy, and food subsystems from 
2010 to 2019 respectively. Then, the integrated indicator weights of 
sustainable WEF nexus assessment were calculated based on the weights 
of subsystems. The combined indicator weights of each subsystem in 
2019 are shown in Fig. 7. It is noted that the indicator weights obtained 
by EWM and VCM are similar, because both methods calculate weights 
according to differences among indicator values in different regions. The 
indicator weights obtained by ORM reflect the subjective view of the 
experts, and are somewhat different from the objective weights. For 
example, experts consider that utilization ratio of water resources (W5) 
and water consumption of industrial added value (W4) are more 
important, while per capita water resources (W1) and proportion of 
ecological water consumption (W9) indicators have higher objective 

Fig. 6. Flow chart of assessment method based on GT-CW-GRD-ITOPSIS.  

Table 3 
Criteria of coordinated development and coupling coordination degree.  

Types of development Value Specific stages of development 

Coordinated development 
(Acceptable range) 

(0.90, 
1.00] 

Superior coordinated 
development 

(0.80, 
0.90] 

Good coordinated 
development 

(0.70, 
0.80] 

Intermediate coordinated 
development 

(0.60, 
0.70] 

Primary coordinated 
development 

Transitional development 
(Transitional range) 

(0.50, 
0.60] 

Barely coordinated 
development 

(0.40, 
0.50] 

Endangered by maladjustment 
decline 

Maladjustment decline 
(Unacceptable range) 

(0.30, 
0.40] 

Mild maladjustment decline 

(0.20, 
0.30] 

Moderate maladjustment 
decline 

(0.10, 
0.20] 

Severe maladjustment decline 

[0, 0.10] Extreme maladjustment 
decline  
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weights. The GT-CW method proposed in this paper can comprehen-
sively integrate the subjective and objective weights of all indicators to 
obtain more scientific and reasonable weights. 

Fig. 8 presents the dynamic changing trend of integrated weights of 
sustainable WEF nexus assessment indictor system from 2010 to 2019. 
In general, the weights of proportion of ecological water consumption 

Fig. 7. Combined indicator weights of water, food, and energy subsystems in 2019.  

Fig. 8. Weights of sustainable WEF nexus assessment indictor system from 2010 to 2019.  
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(W9), proportion of groundwater supply (W10), degree of electrification 
(E6), proportion of natural gas consumption (E9), proportion of grain 
crop sown area (F3), and mechanization level of agriculture (F4) fluc-
tuated greatly over time. Since the subjective weights of indicators in 
different years are the same, the dynamic changing trend of these in-
dicators is mainly due to the changes of objective weights. Based on the 
mathematical calculation principle of objective weighting methods, it 
can be explained that the regional difference level of these indicators 
varied greatly in different years. As seen obviously in Fig. 8, the weights 
of per capita water resources (W1), per capita primary energy produc-
tion (E1), and per capita output of grain (F1) have always been at a high 
level. On the one hand, it indicates that the difference level of these 
indicators among different regions changes little over time. On the other 
hand, it demonstrates that these indicators are relatively important in 
assessing the sustainability of WEF nexus. To improve the sustainable 
level of WEF nexus, indicators such as per capita water resources, pri-
mary energy production, and grain output should be emphasized. 

4.2. Comparative analysis of sustainable WEF nexus assessment results 

Based on the integrated weights calculated by GT-CW method, the 
GRD-ITOPSIS method was employed to assess the sustainability of 
water, energy, and food subsystems and WEF nexus in 30 regions of 
China from 2010 to 2019. The assessment results are shown in 
Figs. 9–12. 

4.2.1. Water subsystem 
As seen in Fig. 9, from regional dimension, there was a big gap in the 

sustainability of water subsystem in different regions of China. The 
sustainable level of water subsystem in Qinghai was higher, which was 
between 0.550 and 0.573 from 2010 to 2019. The highest assessment 
results of sustainable water subsystem in Ningxia and Gansu were 0.423 
(in 2018) and 0.488 (in 2018) respectively. Qinghai has a vast land with 
sparse population, high per capita water resources, and low utilization 
ratio of water resources. Conversely, Ningxia and Gansu are scarce of 
water resources and are confronted with high water consumption 
pressure. The average assessment result of sustainable water subsystem 

in Xinjiang was 0.426. Per capita water resources of Xinjiang are in the 
forefront of China, but its per capita water consumption is high and 
water utilization efficiency is low, resulting in a low level of sustainable 
water subsystem. Beijing has limited water resources, but benefited from 
balanced socioeconomic development, high water consumption effi-
ciency and water-saving awareness, the sustainable level of water sub-
system in Beijing is leading. The assessment results of sustainable water 
subsystem in Beijing were all beyond 0.53. Although Jiangsu has high 
economic development level, the industrial development put intense 
pressure on the sustainability of water subsystem. The assessment results 
of sustainable water subsystem in Jiangsu were all below 0.48. The 
water resources in Zhejiang, Jiangxi, Fujian, and Hainan are rich, and 
Zhejiang has high water utilization efficiency. From the assessment re-
sults of different regions, the sustainable level of water subsystem is not 
only related to regional water resource conditions, but also largely 
affected by water utilization efficiency, water consumption structure, 
population density, and water environmental pressure. 

From temporal dimension, the sustainable level of water subsystem 
in most regions fluctuated greatly with time, which was mainly related 
to the change of annual precipitation and the implementation of the 
South-to-North Water Diversion Project. Hainan, Fujian, and Zhejiang 
are vulnerable to the influence of typhoon, resulting in large fluctuations 
in the sustainable level of water subsystem. For instance, the assessment 
results of sustainable water subsystem in Hainan fluctuated between 
0.490 and 0.537 from 2010 to 2019. The sustainability of water sub-
system in Hubei (0.513 in 2010 and 0.476 in 2019) and Hainan (0.520 in 
2010 and 0.495 in 2019) showed an obvious downward trend, while the 
sustainability of water subsystem in Ningxia (0.411 in 2010 and 0.423 in 
2018) and Xinjiang (0.415 in 2012 and 0.436 in 2019) has improved. 
With the increase of per capita water consumption, per capita water 
resources in Hubei gradually decreased. The rapid economic develop-
ment has brought great pressure on the ecological environment and 
groundwater resources in Hainan. In recent years, Xinjiang and Ningxia 
have alleviated the pressure of water resources to a certain extent by 
developing water-saving agriculture and developing new energy. 
Conversely, the sustainability of water subsystem of Guangdong, 
Yunnan, Guizhou, Sichuan, and Hunan has been stable at moderate 

Fig. 9. Assessment results of sustainable water subsystem in different regions of China from 2010 to 2019.  
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level. This is mainly because that the geographical distribution of water 
resources in China is more in the South and less in the North. 

4.2.2. Energy subsystem 
As seen in Fig. 10, the sustainable level of energy subsystem in re-

gions with abundant energy resources is relatively high. Qinghai, 
Sichuan, and Yunnan have abundant clean energy resources, reasonable 
energy consumption structure, and low pressure on environmental 
pollution. The average assessment results of sustainable energy 

subsystem in Sichuan, Yunnan, and Qinghai were 0.55, 0.53, and 0.52 
respectively. Inner Mongolia, Shanxi, and Shaanxi are rich in coal re-
sources, and have high energy self-sufficiency rate and developed en-
ergy industry. The assessment results of sustainable energy subsystem in 
Inner Mongolia and Shannxi from 2010 to 2019 were all beyond 0.52. 
Although Ningxia is abundant with renewable energy resources, the 
overall sustainability of the energy subsystem was poor due to the 
inadequate socioeconomic development, low energy consumption effi-
ciency, and unreasonable energy structure. The highest assessment 

Fig. 10. Assessment results of sustainable energy subsystem in different regions of China from 2010 to 2019.  

Fig. 11. Assessment results of sustainable food subsystem in different regions of China from 2010 to 2019.  
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result of sustainable energy subsystem in Ningxia was 0.475 (in 2011). 
As the old industrial base in Northeast China, Heilongjiang, Liaoning, 
and Jilin are facing bottlenecks in economic transformation and energy 
transition. In addition, the energy consumption structure of the three 
northeastern provinces is biased towards coal, and the degree of elec-
trification is relatively low, thus the sustainable development of energy 
subsystem is restricted. The assessment results of sustainable energy 
subsystem in Heilongjiang, Liaoning, and Jilin from 2010 to 2019 were 
all below 0.48. Economically developed regions such as Guangdong, 
Fujian, and Beijing have high energy efficiency and electrification de-
gree, and low dependence on coal for energy consumption, thus the 
sustainable level of energy subsystem in these regions was relatively 
high, which were all beyond 0.50. However, the energy consumption 
structure of Shandong is biased towards coal, and provinces such as 
Zhejiang and Jiangsu have low energy self-sufficiency rate. The assess-
ment results of sustainable energy subsystem in Shandong, Zhejiang, 
and Jiangsu fluctuated up and down around 0.50. According to the 
analysis of regional differences, the sustainability of energy subsystem 
mainly depends on energy resources endowment and energy self- 
sufficiency rate, as well as regional energy structure, energy effi-
ciency, and clean energy development. 

From temporal dimension, the sustainable level of regional energy 
subsystems fluctuated from 0.42 to 0.56. Energy production and con-
sumption are closely related to socioeconomic development. Driven by 
the process of urbanization and industrialization, the sustainable level of 
energy subsystem in different regions was also fluctuating over time. 
However, the changing trend of sustainable energy subsystem in 
Liaoning, Jilin, Jiangsu, and Hunan was not obvious. Despite the 
improvement of energy efficiency and electrification degree, per capita 
energy production and consumption in Liaoning and Jilin has not 
changed much, and the effect of energy structure adjustment was not 
obvious. In Jiangsu, the socioeconomic development was rapid, the 
energy production and consumption were increasing, the energy struc-
ture and energy efficiency was continuously improving. However, the 
energy self-sufficiency rate of Jiangsu has been low, and the pressure of 
environmental pollution caused by industrial development was 

increasing, resulting in the slow improvement of the sustainable energy 
subsystem. The sustainable level of energy subsystem in Qinghai (0.559 
in 2010 and 0.516 in 2019) and Ningxia (0.465 in 2010 and 0.423 in 
2019) showed a remarkable downward trend, and the sustainable level 
of Hebei (0.466 in 2010 and 0.492 in 2019) and Henan (0.488 in 2010 
and 0.511 in 2019) had an apparent upward trend. Although Qinghai 
and Ningxia are rich in clean energy and have a high energy self- 
sufficiency rate, the regional economic development level and energy 
efficiency are low. And these regions once faced a severe wind and solar 
power curtailment dilemma in the process of rapid renewable energy 
development. In Hebei and Henan, the investment in energy industry 
has increased steadily, the energy self-sufficiency rate and energy effi-
ciency have been significantly improved, and the energy structure has 
been gradually optimized. Moreover, the sustainable level of energy 
subsystem in Sichuan, Shaanxi, and Guizhou and other provinces pre-
sented a fluctuating upward trend. 

4.2.3. Food subsystem 
This paper mainly assessed the sustainability of food subsystem from 

the aspects of grain output and planting area, energy and water re-
sources utilization in agricultural production, and the impact of agri-
culture on the environment. As portrayed in Fig. 11, the differences of 
the sustainable level of food subsystem in different regions were quite 
obvious. As traditional agricultural provinces, Shandong, Heilongjiang, 
Hebei, and Henan has high grain output and agricultural mechanization 
degree, thus the sustainable level of food subsystem in these regions was 
prominent. The average assessment results of sustainable food subsys-
tem in Shandong, Heilongjiang, Henan, and Hebei were 0.578, 0.582, 
0.549, and 0.545 respectively. With advanced economic development 
and leading agricultural modernization degree, Jiangsu and Zhejiang 
have a high output value of first industry. And the assessment results of 
sustainable food subsystem in Jiangsu from 2010 to 2019 were all above 
0.54. Relying on geographical and climatic advantages, Sichuan and 
Anhui have actively developed agriculture. The sustainable level of food 
subsystem in Sichuan and Anhui was between 0.50 and 0.53 from 2010 
to 2019. Xinjiang has a vast territory but relatively poor water resources. 

Fig. 12. Assessment results of sustainable WEF nexus in different regions of China from 2010 to 2019.  
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Benefited from advanced and efficient water-saving irrigation technol-
ogy, its sustainable food subsystem was at a medium level. The average 
assessment result of sustainable food subsystem in Xinjiang was 0.523. 
However, the assessment results of sustainable food subsystem in 
Hainan, Guizhou, Yunnan, and Gansu from 2010 to 2019 were all below 
0.48. Due to the characteristics of climate environments and economic 
structures, the grain output and first industry output value of Hainan are 
relatively low, and the agricultural mechanization level and water- 
saving irrigation ratio are not high. The level of agricultural moderni-
zation in Guizhou, Yunnan, and Gansu is relatively backward, which 
restricts the sustainable development of food subsystem. 

From temporal dimension, the sustainability of food subsystem in 
Heilongjiang and Shandong maintained at a high level during 
2010–2019, which were all above 0.569. And Heilongjiang (0.570 in 
2010 and 0.589 in 2019) showed a fluctuating upward trend, while 
Shandong (0.595 in 2010 and 0.570 in 2019) presented a wavelike 
downward trend. In Heilongjiang, with the improvement of agricultural 
modernization degree, the grain output and the total output value of first 
industry have increased, the proportion of grain crop sown area and 
effective irrigation area have rose, and the burden of chemical fertilizers 
and pesticides have gradually decreased. The assessment results of 
sustainable food subsystem in Jiangsu were relatively stable, ranging 
from 0.541 to 0.552. However, the sustainable level of food subsystem in 
Xinjiang, Zhejiang, and Yunnan presented obvious declining trend, 
while Anhui and Chongqing demonstrated a rising trend. The sustain-
able level of food subsystem in Qinghai, Hunan, Shanxi, Beijing and 
other regions was unstable and fluctuated irregularly. This is mainly due 
to the uneven distribution of cultivated land resources and the unbal-
anced development of agricultural modernization degree and agricul-
tural mechanization level. 

4.2.4. WEF nexus 
The sustainable WEF nexus in different regions of China was 

comprehensively assessed based on GT-CW-GRD-ITOPSIS method, and 
the results are shown in Fig. 12. Due to various natural resource con-
ditions, industrial structures, and socioeconomic development levels, 
the sustainability of water, energy, and food subsystems in different 
regions exhibit great differences, which in turn affects the overall level 
of regional sustainable WEF system. 

From the perspective of regional distribution, Qinghai had a higher 
sustainable level of WEF nexus due to abundant water and energy re-
sources, high energy self-sufficiency rate, and low resources consump-
tion pressure. In 2011, the assessment result of sustainable WEF nexus in 
Qinghai was 0.534, the highest among all assessed regions. Although 
Shandong, Zhejiang, Beijing, Henan, and Hebei have dense population 
and intense resource pressure, their socioeconomic development level 
and resource management ability and efficiency are higher. The sus-
tainable level of WEF nexus in these regions were all above 0.50 from 
2010 to 2019, which was in the forefront of China. However, the 
assessment results of sustainable WEF nexus in Ningxia, Gansu, and 
Guizhou were all below 0.49. These regions were at low sustainable 
level of WEF nexus, mainly because the sustainability of water subsys-
tem in Ningxia and Gansu was deficient, and the sustainability of food 
subsystem in Guizhou was poor. Due to limited natural resources and 
strong external dependence on water, food, and energy, the level of 
sustainable WEF nexus in Shanghai and Chongqing was not high. The 
average assessment results of sustainable WEF nexus in Shanghai and 
Chongqing were 0.482 and 0.491 respectively. 

From temporal perspective, the sustainable level of WEF nexus in 
Qinghai, Ningxia, and Xinjiang has changed greatly and showed a 
downward trend during 2010–2019. The sustainable level of WEF nexus 
in Qinghai fluctuated between 0.503 and 0.534 from 2010 to 2019. And 
the sustainable level of WEF nexus was between 0.465 (in 2012) and 
0.445 (in 2019) in Ningxia and between 0.499 (in 2010) and 0.479 (in 
2019) in Xinjiang. The reason for the decline of sustainable WEF nexus 
in Ningxia was that the sustainability of energy and food subsystems 

showed an obvious downward trend. The decrease of sustainable WEF 
nexus in Qinghai and Xinjiang was mainly affected by the changing 
trend of sustainability of energy subsystem. On the contrary, the sus-
tainable level of WEF nexus in Guizhou, Shanghai, Chongqing, and 
Shannxi has increased. Although the sustainable level of water, energy, 
and food subsystems in Guizhou was relatively low, the sustainability of 
each subsystem has been gradually improved in recent years. Despite the 
lack of natural resources, Shanghai has improved the sustainable level of 
water and energy subsystems by enhancing resource management and 
utilization efficiency. The obvious improvement of sustainable food 
subsystem in Chongqing has promoted the rise of sustainable level of 
WEF nexus. The increase of sustainable level of WEF nexus in Shaanxi 
was mainly due to the improvement of sustainable water and energy 
subsystem. Shandong, Hebei, Heilongjiang, Sichuan, and Jilin had a 
relatively stable level of sustainable WEF nexus, with little change over 
time. The sustainable level of WEF nexus in Beijing, Inner Mongolia, 
Yunnan, Anhui, and Guangxi improved slightly after 2010, but 
decreased again. The assessment results of sustainable WEF nexus in 
Beijing were relatively high, ranging from 0.524 to 0.535. 

4.3. Spatiotemporal characteristics analysis of coupling coordination 
degree 

According to the assessment results of the sustainability of each 
subsystem in different regions from 2010 to 2019, the coupling degree 
and coupling coordination degree of WEF nexus can be calculated. 
Coupling degree can measure the interactions among different resource 
sectors, which includes both trade-offs and synergies. The synergy 
among multiple sectors can be measured by coupling coordination de-
gree, which helps to providing policy implications for reducing trade- 
offs among different sectors and improving the sustainability of regions. 

The coupling degrees of different regions from 2010 to 2019 were all 
around 0.99, indicating that the sustainability of water, energy, and food 
subsystems is highly coupled and actively interacting. As presented in 
Fig. 13, the coupling coordination degrees of various regions of China 
from 2010 to 2019 were roughly between 0.66 and 0.74, meaning that 
all regions were at coordinated development stage according to Table 3. 

The spatial distribution differences of the coupling coordination 
degree of WEF nexus in 2010 and 2019 can be seen clearly in Fig. 14. In 
2010, the sustainable WEF nexus was at intermediate coordinated 
development stage in most eastern coastal and central regions, and 
provinces with ample water resources such as Qinghai and Sichuan. 
Shandong, Beijing, Sichuan, Zhejiang, and Henan have high levels of 
socioeconomic development and comprehensive resource management, 
and the synergy effect among water, energy, and food sectors were more 
obvious. Thus, the sustainability of water, energy, and food subsystems 
in these regions are more balanced and coordinated. However, due to 
deficient natural resources and high resources consumption pressure, 
the sustainable level of water, energy, and food subsystems in Shanghai 
was poor, and its WEF nexus was at primary coordinated development 
stage. In addition, WEF nexus in Xinjiang, Gansu, Ningxia, Yunnan, 
Guizhou, and Hainan has been at the primary coordinated development 
level from 2010 to 2019. Due to the limited water, energy, and food 
resources, stakeholders need to weight different or even conflicting in-
terests and objectives in resource management and production decision- 
making. Trade-offs among various resource sectors affected the overall 
level of regional sustainable development and the coupling coordination 
degree of WEF nexus. 

As seen in Fig. 15, in 2019, the sustainability of water subsystem in 
Xinjiang was poor; the sustainability of water, energy, and food sub-
systems in Gansu and Ningxia was deficient; the sustainable level of food 
subsystem in Hainan was low; and the development of three subsystems 
in Yunnan and Guizhou was not coordinated. Based on the comparison 
of Figs. 14 (b) and Fig. 15 (d), the coupling coordination degree of WEF 
nexus is related to the assessment results of sustainable WEF nexus. In 
regions at the primary stage of coordinated development, such as 
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Xinjiang, Gansu, and Ningxia, the overall sustainable level of WEF nexus 
was also not high. Although the sustainable level of WEF nexus in 
Jiangsu, Guangdong, Hubei, and Hunan was not high, the development 
of water, energy, and food subsystems in these regions was balanced and 
the synergy effect among different water, energy, and food sectors is 
relatively obvious. Thus, these regions were still at the intermediate 
coordinated development stage. 

From temporal dimension, the coupling coordination degrees of WEF 
nexus in Shandong, Zhejiang, and Sichuan were maintained at a high 
level, which were all above 0.71 during 2010–2019, indicating that the 
sustainable development level of water, energy, and food subsystems is 
balanced and the synergy effect among different sectors is high. In 

addition, the coupling coordination degrees of Hebei, Jilin, Hei-
longjiang, and Hunan were stable, and the sustainable WEF nexus of 
these regions were kept at the intermediate coordinated development 
stage. However, the coupling coordination degree of sustainable WEF 
nexus in Qinghai (0.703 in 2015 and 0.726 in 2018) changed greatly 
with time, revealing that the sustainable development level of water, 
energy, and food subsystems were inconsistent. In Hubei, Shanxi, 
Guangdong, Jiangsu, Liaoning, Yunnan, Guangxi, Shanghai, and 
Chongqing, the coupling coordination degree of sustainable WEF nexus 
fluctuated between the primary and the intermediate coordinated 
development stage, as shown in Fig. 13. Therefore, while improving the 
sustainable level of water, energy, and food subsystems, these provinces 

Fig. 13. Temporal changing trend of coupling coordination degree of WEF nexus.  

Fig. 14. Spatial difference of coupling coordination degree of WEF nexus in 2010 and 2019.  
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should pay more attention to the synergy effect among different sectors 
to promote the balanced and coordinated development of sustainable 
WEF nexus. 

4.4. Policy implications 

Based on the comparative analysis of sustainable WEF nexus 
assessment results and the spatiotemporal analysis of coupling coordi-
nation degree of sustainable WEF nexus, to enhance multi-regional 
sustainability and multi-sectoral synergy, this paper mainly puts for-
ward policy recommendations from the following aspects. 

First, coherent resource planning and management policies should 
be formulated considering the resource characteristics of different re-
gions and synergy effect among multiple sectors. According to the 
assessment results, the sustainability of WEF nexus is affected by each 
subsystem. To improve the sustainable development of WEF nexus, it is 
essential to strengthen coordination among sectors, maximize the syn-
ergistic enhancement effect, and minimize the loss of trade-offs (Bazilian 
et al., 2011; Sun et al., 2021a). Considering the regional heterogeneity of 
resource distribution, the government should reasonably allocate re-
sources, promote resource conservation and recycling, and jointly pro-
mote high-quality economic development and high-level resource 
management. For example, the construction of ultra-high voltage grid 
can promote the transmission of clean energy in the “Three North” re-
gions (northeast, north and northwest China) to the economically 
developed eastern regions. The balanced spatial allocation of water re-
sources can be further enhanced by improving the follow-up projects of 
the South-to-North Water Diversion Project. To ensure national food 
security, the regulation capacity of grain reserves should be increased 

and the inter-regional grain transportation and trading systems should 
be improved. In addition, different regions can take advantage of 
resource characteristics to promote the coordinated and sustainable 
development of WEF nexus. Specifically, in regions with scarce water 
resources such as Xinjiang and Ningxia, and regions with vast arable 
land such as Shandong and Henan, water-saving agriculture and 
water-saving irrigation technologies should be developed. Regions with 
ample energy resources, such as Shanxi and Inner Mongolia, need to 
enhance energy efficiency and develop modern agriculture and waste-
water treatment technology to improve environmental quality. Regions 
rich in water resources should reasonably develop hydropower re-
sources on the premise of necessary agricultural and fishery production. 
More stakeholders in the water, energy, and food sectors should be 
involved in the decision-making process to help develop win-win policy 
schemes (Niva et al., 2020). 

Second, rational resource development and utilization targets should 
be developed to improve resource allocation and utilization efficiency. 
To promote sustainable development, China has clearly determined 
strict resource management targets, such as the “three red lines” of 
water resources management, dual-control targets of energy consump-
tion and intensity, 18 billion mu red line of cultivated land (Niva et al., 
2020). Critical indicators related to water resources development, en-
ergy utilization efficiency, and food security should be incorporated in 
the comprehensive assessment system of local socioeconomic develop-
ment to urge governments at all levels to take the responsibility for the 
management and conservation of WEF resources (Shang et al., 2018). 
Different regions should formulate resource management targets ac-
cording to natural resource conditions and socioeconomic development 
level. For example, Ningxia, Gansu, Xinjiang, and Jiangsu need to 

Fig. 15. Spatial difference of assessment results of sustainable water, energy, food and WEF nexus in 2019.  
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strengthen water utilization and protection. Energy production and 
consumption efficiency should be improved in Liaoning, Jilin, Hei-
longjiang, and Hebei. Hainan, Guizhou, Gansu, Chongqing, and Yunnan 
should emphasize food security and promote agricultural modernization 
level. 

Third, the investment should be increased to improve infrastructure 
construction and encourage technological innovation. In response to the 
challenges of industrialization, urbanization, and socioeconomic 
development, it is of vital importance to improve the utilization and 
recycling efficiency of resources, establish water-saving mechanism, 
develop low-carbon renewable energy, and promote agricultural 
modernization (Karan and Asadi, 2018; Yuan et al., 2021). The pressure 
of industrialization on resources can be alleviated by transforming in-
dustrial equipment and enhancing industrial energy-saving and 
water-saving technological innovation (Han et al., 2020). The con-
struction of “Sponge City” in Beijing, Tianjin, Shanghai, Chongqing, and 
other cities can help cope with the extreme weather brought by climate 
change. The development of large-scale wind and solar power bases can 
promote the economic development of the western regions and the 
low-carbon transition of the eastern regions. By rationally developing 
small hydropower, complementary fishing and photovoltaic power, and 
biomass power generation projects, the sustainable development of WEF 
nexus in rural areas can be improved (Lu et al., 2021). 

5. Conclusions 

As the basic resources for socioeconomic development, WEF are the 
core of sustainable development. This paper first introduced the current 
status of WEF nexus in China and constructed a comprehensive indicator 
system for sustainable WEF nexus assessment. Second, the assessment 
method based on GT-CW-GRD-ITOPSIS and the coupling coordination 
model were established. Third, the weighting results of indicators in 
different years, the sustainability assessment results of water, energy, 
and food subsystems and WEF nexus in different regions, and the 
spatiotemporal characteristics of the coupling coordination degree of 
sustainable WEF nexus were compared and analyzed. Finally, policy 
suggestions to enhance multi-regional sustainability and multi-sectoral 
synergy were put forward. The main conclusions drawn in this study 
are as follows.  

● The sustainability of water subsystem is related to regional water 
resources conditions, water consumption structure and efficiency. 
The assessment results of sustainable water subsystem in Qinghai 
and Beijing were higher, while that in Ningxia and Gansu were 
lower. The sustainability of water subsystem in Hubei and Hainan 
showed an obvious downward trend, while the sustainability of 
water subsystem in Ningxia, Guizhou, and Xinjiang has improved.  

● The sustainability of energy subsystem mainly depends on energy 
resource endowment and self-sufficiency rate, energy structure and 
efficiency, and is also related to socioeconomic development. The 
sustainable level of energy subsystem in Qinghai was high, but it 
showed a remarkable downward trend. Hebei and Henan had an 
apparent upward trend. The assessment results of sustainable energy 
subsystem in most economically developed regions were stable at 
around 0.50, such as Shandong, Zhejiang, and Jiangsu.  

● The sustainability of food subsystem is relevant to the geographical 
and climatic conditions, and the modernization and mechanization 
level of agricultural development. The sustainability of food sub-
system in Heilongjiang and Shandong maintained at a high level 
during 2010–2019. The assessment results of sustainable food 

subsystem in Hainan, Guizhou, Yunnan, and Gansu were relatively 
lower, but showed an upward trend.  

● From regional perspective, Qinghai had a higher sustainable level of 
WEF nexus due to abundant water and energy resources. With more 
developed economy, the sustainable level of WEF nexus in Shan-
dong, Zhejiang, Beijing, Henan, and Hebei was high. From temporal 
dimension, the sustainable level of the WEF nexus in each region 
fluctuated within a certain range due to socioeconomic development 
and resource utilization efficiency, and the magnitude of changes 
was slightly lower than that of a single subsystem.  

● The coupling degree of WEF nexus indicated that the sustainable 
level of WEF subsystems is highly coupled. From temporal dimen-
sion, the coupling coordination degrees of WEF nexus in various 
regions were roughly between 0.66 and 0.74, which were within the 
range of coordinated development. In terms of regional distribution, 
most of the eastern and central regions are at intermediate coordi-
nated development stage of WEF nexus. In regions at the primary 
coordinated development stage, such as Xinjiang, Gansu, Ningxia, 
and Yunnan, the overall sustainability of WEF nexus was also not 
high. 

With the increase of non-traditional risks and uncertainties, resource 
governance research centered on single resource can no longer adapt to 
the current situation of coupling resource issues, and it is difficult to 
cope with economic, social and environmental changes. WEF nexus can 
bring new inspiration to resource security and sustainable development. 
The finding of this study is of great significance to alleviate the conflicts 
of resource management, strengthen WEF security, increase the syn-
ergies across sectors, enhance the resilience to climate change, and 
achieve sustainable development goals. With the improvement of data 
availability, more coupling indicators that can reflect the mutual 
transformation and utilization of water, energy, and food resources can 
be added to the sustainable assessment indictor system. In the context of 
global climate change, the sustainability of WEF nexus in different 
countries can be assessed and compared to improve resource manage-
ment efficiency and sustainable development through international 
cooperation. 
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Appendix A  

1. Order relation method 

The specific steps for determining the subjective indicator weight by the ORM are as follows.  

(1) Establish the order relation. 

If the importance of indicators x1, x2,⋯, xn to the evaluation target exists x*
1 ≻ x*

2 ≻ ⋯ ≻ x*
n, it can be considered that the order relation between 

the n indicators is established according to ‘≻’. Where, x*
i represents the i-th indicator (i = 1,2,⋯,n) of {xi} reordered by ‘≻’. The order relation can be 

established according to the following steps: first, experts selected the most important indicator as x*
1 in n indicators by subjective evaluation; then, the 

most important indicator selected from the remaining n − 1 indicators is x*
2; finally, the remaining indicators after n − 1 selection are denoted as x*

n. 
Thus, the unique order relation is determined.  

(2) Judge the relative importance between adjacent indicators. 

Assume that the ratio of importance degree of indicator xi− 1 to xi is shown in Eq. (A-1). 

wo
i− 1
/

wo
i
= ri  ,  (i= 2,⋯, n − 1, n) (A-1)  

where, wo
i is the sorting weight of the i-th indicator. The value of ri is determined according to Table A1.  

(3) Calculate the weight coefficient wo
i 

wo
n =

(

1 +
∑n

h=2

∏n

i=h
ri

)− 1

,  (h= 2,⋯, n − 1, n) (A-2)  

wo
i− 1 = riwo

i  ,  (i= 2,⋯, n − 1, n) (A-3)   

Table A1 
The value reference of rk  

ri  Explanation 

1.0 xi− 1 and xi are equally important  
1.2 xi− 1 is slightly more important than xi  

1.4 xi− 1 is obviously more important than xi  

1.6 xi− 1 is strongly more important than xi  

1.8 xi− 1 is extremely more important than xi     

2. Entropy weighting method 

EWM utilizes the information provided by the entropy value of each indicator to determine the indicator weight, which is applied in this paper to 
calculate the objective weight of each indicator.  

(1) Construct evaluation matrix. 

After standardizing the indicator data, an evaluation matrix R can be obtained. x′

ij represents the standardized value of the i-th indicator in region j, 
where i = 1, 2,⋯,n, j = 1,2,⋯,m. 

R=

⎛

⎜
⎜
⎜
⎜
⎜
⎝

x
′

11 x
′

12 ⋯ x
′

1m

x
′

21 x
′

22 ⋯ x
′

2m

⋮ ⋮ ⋱ ⋮
x′

n1 x′

n2 ⋯ x′

nm

⎞

⎟
⎟
⎟
⎟
⎟
⎠

(A-4)    

(2) Normalize data. 

For the i-th indicator, calculate the value of the region j accounted for the total value of the indicator in all regions. 
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fij = x′

ij

/
∑n

i=1
x′

ij
(A-5)   

(3) Calculate the information entropy. 

Ei = −

∑m

j=1
fij ln fij

ln m
(A-6)  

where, to ensure that Ei id meaningful, fij ln fij = 0 when fij = 0 is specified.  

(4) Calculate the objective weight we
i . 

we
i =

|1 − Ei|

n −
∑n

i=1
Ei

i= 1, 2,⋯, n (A-7)  

0≤we
i ≤ 1,

∑n

i=1
we

i = 1 (A-8)    

3. Variation coefficient method 

VCM is an objective weighting method, which uses the information contained in each indicator to calculates weight. 
The variation coefficient of indicator can be calculated by Eq. (A-9). 

vi = si/xi
(A-9)  

xi =
1
m
∑m

j=1
x′

ij (A-10)  

si =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑m

j=1

(
x′

ij − xi
)2

m − 1

√
√
√
√
√

(A-11)  

where, xi is the average value of indicator, si is the standard deviation of different sample values of indicator, and m is the number of samples. 
The indicator weight can be calculated by Eq.(A-12). 

wvc
i = vi

/
∑n

i=1
vi

(A-12)  
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