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Water, energy, and food are the basic resources on which human beings depend for
survival and development. However, these resources, ecosystem, society, and economy
interact with each other in highly complex and interlinked ways, that is, the water-energy-
food (WEF) nexus, which is difficult to evaluate quantitatively, particularly whether there is a
harmonious, matching, and benign interaction in the WEF system for a given spatial and
temporal scale, that is, the WEF system suitability. Thus, we developed a comprehensive
model for the WEF system suitability evaluation, including stability, coordination, and
sustainability. The model mainly contains the index system construction, weight
calculation, and TOPSIS evaluation method. Specifically, we proposed an improved
weight calculation method (i.e., network assignment method) based on the network
analysis method and Amal’s method. A case study in Sichuan Province, China, has
shown that 1) the overall level of the WEF system suitability in Sichuan Province is above
medium and shows a fluctuating trend; 2) in terms of the proportion of each indicator to the
total, the contribution of coordination indicators to the comprehensive evaluation
decreases slightly, and the contribution of sustainability indicators is greater, but the
three remain in a balanced state, as evinced by good underlying conditions and potential
for future development; 3) the network assignment method can obtain more suitable
statistical characteristics (standard deviation, mean, maximum, and minimum) compared
with the Entropy method, Amal’s method, and analytic network process method, which
are consistent with the actual conditions in the study area. In general, the evaluation results
obtained by the network assignment method can better characterize the nexus at the core
of complex multi-resource systems and have significant advantages in the application of
comprehensive evaluation of the suitability of WEF systems.
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1 INTRODUCTION

Water, energy, and food are the basic strategic resources for human survival and development, and
the global supply of those three resources is in a critical situation due to global population growth,
climate change, and environmental degradation (Hoff, 2011). In 2013, the UN Economic and Social
Council for Asia and the Pacific published the water-energy-food (WEF) nexus report for Asia and
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the Pacific Region, which aims to consider various factors,
proposing an optimization of the WEF system by considering
multiple factors and proposing a framework for environmental
governance framework (Taniguchi et al., 2017). New ways to
support food security and sustainable agriculture organization of
the United Nations published the “The WEF Nexus: A New
Approach in Support of Food Security and Sustainable
Agriculture,” which interpreted the nexus from the perspective
of achieving sustainable agricultural development and food
security and proposed a method to make decisions using the
nexus. With the development of research into various aspects of
this topic, there is an inseparable coupling between water, energy,
and food. The three as a unified, organic whole may become the
way to solve the contradiction between supply and demand of the
three resources and can promote the synergistic and efficient use
of multiple resources and risk control. This inseparable coupling
is called a nexus; therefore, the WEF nexus has become a key
research topic (D’Odorico et al., 2018; Hogeboom et al., 2021;
Petrariu et al., 2021; Wen et al., 2022).

The results of research into WEF systems can be broadly
divided into two categories (Zhang et al., 2018). 1) The first is a
qualitative interpretation of the nexus between water, energy, and
food and relevant suggestions for effective cross-sectoral
management (Cai et al., 2018). In previous studies (Allan
et al., 2015; Biggs et al., 2015; Howarth and Monasterolo,
2016; Baghizadeh et al., 2022), a series of effective measures
are proposed to maintain the balance of the WEF system in the
study area by constructing a WEF system framework, cross-
sectoral workshops, and questionnaires from the perspectives of
environmentally sustainable livelihoods, sustainable resource use,
food scarcity, and water resources management. 2) The second is
constructing modeling tools to characterize the complex linkages
among different resources such as water, energy, and food
(Bazilian et al., 2011; Weitz et al., 2017; Dai et al., 2018;
Vakilifard et al., 2018). Daher and Mohtar (2015) constructed
a WEF system framework model, WEF Nexus Tool 2.0, as a
platform to identify resource allocation options.

The WEF system is complex, and the complex relationship
between the internal elements of the system is its fundamental
characteristic and the object of much research. For example,
Shannak et al. (2018) provided a comprehensive discussion of the
WEF system framework study; Stein et al. (2018) described the
regional WEF internal relationship in the Nile region in the form
of network structure analysis; and Chang et al. (2016) conducted
a preliminary exploration of the quantitative relationship
between the three resources. Moreover, many scholars have
assessed the WEF system by constructing an indicator system.
Giupponi and Gain (2017) discussed decision management
around water-energy-food issues in the Mekong River Basin
through indicator analysis and proposed an integrated
indicator-based approach to assess water, energy, and food
security in their article. Deng et al. (2017) discussed WEF
coordination at the national scale in China, respectively, and
researched the spatial distribution characteristics and temporal
evolution characteristics through an integrated indicator
evaluation method. Zhi et al. (2020) constructed a suitability
evaluation model for security, coordination, and sustainability

and discussed the security of the Chinese regional WEF system.
Huang et al. (2021) analyzed the resource allocation and
utilization efficiency of the water-energy-food system by
combining production-based intensity, consumption-based
intensity, and the quantity index system. Schmidt et al. (2022)
proposed a FEW security assessment framework that focuses on
the availability, accessibility, quality, and preference of security.
However, the complex connection between indicators limits the
application of some evaluation methods, which increases the
difficulty of the comprehensive evaluation of WEF systems.
Because the physical connotation of the relationship between
indicators is unclear, the mechanism of action is unclear. When
directly using the analytic network process (ANP) method (Hu
et al., 2013), it is difficult to quantify the impact of a large number
of indicators, and the basis for quantification is vague, which will
directly affect the accuracy of the calculation, while Amal’s
method of correlation approximation, instead of causality of
the idea of the application in the complex system of WEF
cannot truly reflect the actual characteristics.

Thus, this study establishes a system suitability evaluation
using the Technique for Order Preference by Similarity to the
Ideal Solution (TOPSIS) model based on the discussion of the
WEF system suitability. It adopts an improved coupled network
analysis method for index weight determination to assess the
WEF system suitability of Sichuan Province, a typical province in
China for water, energy, and food resource development. In
addition, the evolution of system suitability and the main
driving factors in the region are investigated, which provides
references for further proposing strategies to improve system
suitability.

2 METHODOLOGY

2.1 WEF System Suitability Concept and
Evaluation Index System
“Suitability” is a description of the system relationship. In the
WEF system, its suitability involves multiple heterogeneous
systems such as water resources, energy, food, and related
socio-economic and natural systems. The current cognitive
consensus is that there is a coordinated and matched benign
interaction between water resources, energy, and food in the
production and utilization process in the complex system. It is
formed by society and nature to achieve water, energy, and food
supply security goals while ensuring the long-term sustainable
development of the aforementioned resource production,
ultimately supporting the stable progress of society in
harmony with nature. Based on the research results of Zhi
et al. (2020) and other scholars, this study establishes an
evaluation index system of the WEF system’s suitability to
describe the system as a whole in terms of security,
coordination, and sustainability. We finally select 32 indicators
to constitute the suitability evaluation of the WEF system in this
region by combining the regional characteristics of Sichuan, as
shown in Table 1.

The WEF system has three levels: system function, system
state, and system external conditions. The basic state elements of
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water, energy, and food are the safety indicators in the WEF
system. The interaction relationship between water, energy, and
food is the coordination indicator, which aims to improve the
efficiency of resource allocation and utilization. The factors that
affect the natural, social, and economic systems and the WEF
system in both directions are sustainability indicators.
Sustainability indicators affect the coordination indicators,
leading to changes in safety indicators, and safety indicators
further affect the level of sustainability indicators, which is the
logical relationship between the three types of indicators.

2.2 WEF System Suitability Evaluation
Model
2.2.1 Standardization of Indicator Data
The units of each indicator are different, so the original indicator
data should be rendered dimensionless: the larger the indicator
value, the more favorable (positive) and vice versa. The
calculation method is described in Eqs 1, 2:

Positive:

xi � X′
i −Ximin

Ximax −Ximin
(i ∈ Np). (1)

Negative:

xi � Ximax −X′
i

Ximax −Ximin
(i ∈ Np) (2)

where xi is the index value that is the rendered dimensionless of
original indicator data; x′

i is the original value of the index sample;
Ximax and Ximax are the maximum and minimum values of the
sample, respectively; Np is the length of the data sequence
according to the dimensionless processing.

2.2.2 Calculation of Index Weights Based on Network
Assignment Method
The weight calculation methods are mainly divided into two
categories: subjective methods and objective methods. Subjective
methods are mainly based on the Delphi method, hierarchical
analysis, and network analysis (ANP) (Saaty, 2007), while
objective methods include the entropy weighting method,
coefficient of variation method, complex correlation coefficient
method, and Amal’s weightingmethod (Ray, 2008). Scholars have
also proposed a series of combined weight calculation methods
that integrate both objective and subjective methods to find a
more reasonable weighting, and the common combined

TABLE 1 | The indicators of water-energy-food system suitability evaluation.

Goal Criterion Sub-criterion No. Indicator
connotation

Polarity

WEF system suitability Security Water W1 Water resources per capita +
W2 Water utilization rate +
W3 Groundwater utilization rate +
W4 Proportion of unconventional water +
W5 Water consumption for GDP -

Energy E1 Energy production per capita +
E2 Energy consumption for GDP -
E3 Energy consumption elasticity coefficient +
E4 Energy self-sufficiency rate +

Food F1 Arable land area per capita +
F2 Food production per capita -
F3 Percentage of agriculture value added +
F4 Grain self-sufficiency rate +

Coordination Water-energy WE1 Water consumption for energy production -
WE2 Proportion of water used for energy production -
WE3 Industrial water reuse +

Water-food WF1 Proportion of agricultural water -
WF2 Irrigation water consumption per mu -
WF3 Efficiency of irrigation water +
WF4 Average rainfall +

Food-energy FE1 Agricultural machinery power +
FE2 Proportion of primary energy consumption +

Sustainability Economic S1 GDP per capita +
S2 GDP growth rate +
S3 Proportion of added value of tertiary industry +

Social S4 Population growth rate +
S5 Urbanization rate +
S6 Population density -

Environment S7 Wastewater recycling rate +
S8 Forest coverage +
S9 Amount of chemical fertilizer applied per unit of cultivated land -
S10 Greenhouse gas emissions per 10,000 yuan of GDP -
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subjective and objective methods mainly include the combined
assignment method, the interactive assignment method, and the
combined TOPSIS method. TheWEF system is a typical complex
system, and we argue that, in the evaluation of the suitability of
this system, the description of the interactions between indicators
is its key, and the current common ones with the characteristics of
describing the interrelationship of indicators are the ANPmethod
and Amal’s method. The ANP method relies on the construction
of a network structure between indicators through expert a priori
knowledge and makes a two-by-two comparison of the indicators
with interactions under the evaluation criteria. Amal’s method
makes full use of the information provided by the original data,
adopting a statistical correlation analysis method, uses the
correlation between the indicators to represent the mutual
influence of the indicators in practice, and finally calculates
the weights thereon.

In this study, the advantages of Amal’s method and the
network analysis method are integrated, and an improved
weight method is proposed, named the network assignment
method. The method draws on the ANP method to determine
the qualitative linkage between the mutual influence of indicators
based on subjective experience. At the same time, it adopts the
variance matrix and inter-correlation matrix in Amal’s method to
quantify the degree of mutual influence between indicators,
combining the qualitative linkage and quantitative influence
degree to construct a supermatrix reflecting the complex
relationship between indicators, finally obtaining indicator
weights by calculating the maximum eigenvectors of the
supermatrix.

The steps in the calculation of the coupled network assignment
method are as follows:

(1) With the help of a priori knowledge, we draw the network
structure diagram between indicators and determine the
causal relationship between indicators through network
analysis.

Based on existing research results, theWEF indicator system is
constructed with n indicators xi. The evaluation indicators are
used as network nodes, combined with theoretical research and
engineering experience in the process of water, energy, and food
production. When the influences between the indicators are
considered to exert their effects, the indicators are connected
with arrowed lines, and, finally, the network structure of theWEF
indicator system can be obtained. The relationship between two
indicators is assessed (Eq. 3), and the causality matrix C is
derived:

cij � { 1
0

(3)

where cij reflects whether there is a causal relationship between
indicator i and indicator j, which is inferred based on prior
knowledge. When indicator i has a causal effect on indicator j, cij
is 1; otherwise, cij is 0. For the indicator i itself, cii = 1.

cij is defined as a direct connection between nodes. It is
considered that two nodes are directly connected without

passing through other nodes, meaning that xi and xj have a
causal feedback relationship. Finally, an n × n {0,1} asymmetric
matrix C is formed, and the form of the causality matrix C is
shown in Eq. 4:

C � ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ c11 . . . cn1
..
.

1 ..
.

c1n . . . cnn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (4)

2) Correlation analysis is used to quantify the degree of influence
between two indicators objectively, and the indicator sample
standard deviation is employed to approximate the degree of
change in the indicator itself.

Correlation analysis is the analysis of sample series that are
indeed linked in the aggregate. However, it does not reflect the
existence of a link: it is simply the process of describing the
closeness of the relationship between two series from the trend of
the paired data series and expressing it in terms of appropriate
statistical indicators. On the premise that a causal relationship
does exist between the indicators, the correlation indicator
between the series is used to approximate the degree of
influence between the series. The correlation indicators
between indicators are calculated according to Eq. 5, and the
correlation matrix R is constructed, the form of which is shown in
Eq. 6:

rij �
∑m

k�1(xk
i − xi)(xk

j − xj)���������(xk
i − xi)2

√ ���������(xk
j − xj)2

√ (5)

where xi and xj are the average of indices i or j and rij is the
correlation coefficient between indices j and k:

R � ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ r11 . . . r1n
..
.

1 ..
.

rn1 . . . rnn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (6)

If the actual value of an indicator can clearly distinguish
between the samples, it means that the indicator is rich in
discriminatory information in this evaluation. Then, the
indicator should be given a larger weight to improve the
discriminatory validity of the comprehensive evaluation. On
the contrary, if the actual value of each participant in an
indicator is less different, it means that the ability of the
indicator to distinguish between the samples is weak, then
the indicator should be given a smaller weight. The weight of
this indicator should be smaller. To obtain the aforementioned
information pertaining to the index, we constructed a diagonal
matrix of standard deviations S. The standard deviation
reflects the degree of discrete deviation of the data and is
calculated using Eq. 7. Its corresponding S-matrix form is
given in Eq. 8:

si �
��������������∑m
k�1

(xk
i − xi)2/m

√√
(7)
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where si is the standard deviation of index i:

S � ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ s11 . . . 0
..
.

1 ..
.

0 . . . snn

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (8)

(3) Integrating the network causality, the degree of its own
contribution to the change, and the degree of mutual
influence, we determined the weight of each indicator.

According to Eq. 9, the matrices C, R, and S are coupled to
obtain a comprehensive supermatrix RC.

Among them, the supermatrix Rc is given by

RC � C × R × S (9)
where × is defined as the product of the corresponding elements
of two matrices.

The maximum eigenvector W of the matrix Rc represents the
contribution of each indicator to the whole, and we normalize it
through Eq. 10, finally getting indicator weights set Ω:

W � [w1, w2, w3,/, wn],
ωi � wi∑n

i�1wi
(10)

Ω � [ω1,ω2,ω3,/,ωn],
where W is the eigenvector of the supermatrix Rc and ωi

represents the weight of index i.

2.2.3 TOPSIS-Based Suitability Evaluation Calculation
The standardized index data series and weight calculation
results for different years are used to calculate water-
energy-grain according to Eq. 11. The TOPSIS model
calculation is adopted for comprehensive evaluation. The
TOPSIS method is a ranking method based on the
proximity of a finite number of evaluation objects to an
idealized target. It is a method for assessing the relative
merits of existing objects (Dymova et al., 2013). TOPSIS is
a ranking method that approximates the ideal solution, and the
method requires only monotonically increasing (or
decreasing) utility functions. TOPSIS is a common and
effective method in multi-objective decision analysis and is
also known as the distance method of superior and inferior
solutions. The basic principle is to check the distance between
the evaluation object and the optimal solution and the inferior
solution and then rank them: if the evaluation object is closest
to the optimal solution and furthest from the inferior solution,
it is the best; otherwise, it is not optimal. The value of each
index of the optimal solution reaches the optimal value of each
evaluation index. The value of each index of the worst solution
is the worst value of each evaluation index.

In the evaluation of WEF system suitability, there is no
widely accepted unified quantitative standard due to the
prevailing large regional differences. In this study, the
relative ideal solution is used for the calculation of the
indicator distance, and the indicator values of each
evaluation scheme are substituted into Eqs 11 to 13 in the

multi-year series data to calculate the distance values of each
scheme and for the relative ranking of the schemes:

P � 1

1 + (d(xi−xα)
d(xi−xβ))2 (11)

d(xi − xαi ) � ������������∑n
i

ω2
i (xi − xαi )2√

(12)

d(xi − xβi ) � ������������∑n
i

ω2
i (xi − xβi )2√

(13)

where xαi denotes the ideal solution of the evaluation value of xi

and xβi is the negative ideal solution of the evaluation value of xi.
Here, xαi = max{xij, x

β
i = min{xij, xij is the evaluation value of

the jth scheme of index i; d(xi − xαi ) is the positive Euclidean
distance; d(xi − xβi ) is the negative Euclidean distance; and ωi is
the weight of index i.

2.2.4 Criteria for Classifying Suitability Levels
The suitability evaluation value obtained according to the
TOPSIS method reflects the closeness to the ideal state.
Nevertheless, in the exploration of the WEF system suitability,
the ideal state cannot be reached due to limitations on
productivity and competition among various resources, so in
actual decision-making, it is more important to combine the
historical development level, compare all such schemes to be
evaluated, and assess the ranking among the historically
achievable states of the evaluated schemes.

Here, in the relative rank division, the evaluation results are
taken to be divided intoN ranks according to the maximum value
and distribution characteristics of the TOPSIS evaluation value of
each scheme. The grade interval is calculated by equal length as
follows:

Δ � MAX −MIN

N
(14)

where Δ is the interval length, MAX is the largest TOPSIS
evaluation value in all the schemes, MIN represents the
smallest TOPSIS evaluation value among the schemes, and N
is the number of classifications.

The grade interval is divided according to the plan
evaluation value and the grade interval length. According to
the calculated evaluation value of each item, the grade is
divided. Specifically, Li is the evaluation grade, Δ is the
interval length, MAX and MIN have the same meaning as
Equation 14, and N = 5. The classification criteria are shown in
Table 2, with five grades, namely, very bad, bad, moderate,
good, and excellent.

TABLE 2 | The calculation method of the evaluation value range corresponding to
the suitability evaluation grade standard.

L1 L2 . . . Li LN

0~MIN+Δ MIN+Δ~ . . . MIN +(i − 2)Δ~
MIN +(i − 1)Δ

MIN +(N − 1)Δ~1
MIN+2Δ
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3 CASE STUDY

3.1 Overview of Water, Energy, and Food
Resources in Sichuan Province
Sichuan Province is in the southwest of China. The region has a
large population, a well-developed water system, abundant water,
energy, andmineral resources, and the largest natural gas reserves
in China, as well as being an important grain production area in
China and the only major grain-producing area in the southwest
hydroelectric energy base, and one of the main supply areas for
live pigs and liquor. The study area is illustrated in Figure 1.

Water resources are relatively abundant in Sichuan province,
with 295.379 billion m3 of water resources in the province in
2018. In the same year, the province’s water supply was 25.911
billion m3, giving a total water consumption of 14.113 billion m3,
with agricultural water accounting for 60.40%, industrial water
accounting for 16.40%, domestic water accounting for 21.00%,
and ecological water accounting for 2.20% thereof. The total
amount of water resources in Sichuan province remained
unchanged from 2008 to 2017, with an average value of
245.820 billion m3 for 10 years, of which the lowest was
222.050 billion m3 in 2015 and the largest was 257.530 billion
m3 in 2011 (Figure 1).

In terms of energy, Sichuan province has shown increasing
energy production over the years, with hydropower and natural
gas production increasing year on year, while raw coal production
has decreased year on year and oil production is minimal, being
almost wholly reliant on imports to meet local oil fuel
consumption needs. However, simultaneously, the hydropower
capacity in Sichuan is lower than the design capacity of power
stations, and there is a large amount of water abandonment every
year. The weak capacity of hydropower consumption and
transmission is in contradiction with the high rate of
hydropower development. From 2008 to 2017, the total energy

production of Sichuan province increased year by year, from
136.431 million tons sec in 2008 to 186.134 million tons sec in
2017. Energy production increased particularly rapidly from 2009
to 2013 because of the hydropower development of Sichuan
province. From 2015 to 2017 is the second stage of the rapid
increase in energy production, with shale gas development and
new clean energy (Figure 1).

In terms of food, the per capita grain allocation in Sichuan
province is relatively stable at between 320 and 400 kg; the grain
self-sufficiency rate shows a steady increase, from 177.39% in
2005 to 244.64% in 2016, and as an important grain-producing
area in southwest China, Sichuan province has great potential to
ensure regional food security. From 2008 to 2017, the grain
output of Sichuan Province increased steadily, with an average
grain output of 32.95 million tons in 10 years and 34.890 million
tons in 2017, with an average annual growth rate of 1.15%
(Figure 1).

3.2 Data Sources
The data for the study are obtained from the official public reports
such as the Sichuan Statistical Yearbook (2008–2017) in the
https://www.sc.gov.cn/10462/c106305/zttjnj_list.shtml, the
Sichuan Water Resources Bulletin (2008–2017) in the http://
slt.sc.gov.cn/scsslt/tzgg/szy_list.shtml, the Sichuan National
Economic and Social Development Statistical Bulletin
(2008–2017) in the http://tjj.sc.gov.cn/scstjj/tjgb/common_list.
shtml, and the Sichuan Third National Agricultural Census
Main Data Bulletin (2017) in the https://www.sc.gov.cn/10462/
10464/10797/2017/12/29/10441804.shtml. In order to ensure
consistency and reliability of the data, the statistical yearbook
prevails for data from different sources. For data differences in
different years, the latest calculation method is used for
conversion. For missing data, the statistical indicators related
thereto are fitted and supplemented for the same period.

FIGURE 1 | Study area.
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4 RESULTS AND DISCUSSION

4.1 Calculation and Analysis of Weights
4.1.1 WEF System Index Network Structure
Experts were invited to reveal the mutual influence
relationship among the above indicators by integrating the
theoretical mechanism and engineering experience in the
process of water, energy, and food production, as well as
plotting the network structure of indicators according to the
principle of taking the majority in the case of different
opinions of multiple experts (Figure 2). In the indicator
system, there are three criteria of security, coordination,
and sustainability, and nine sub-criterions of water
resources, energy, food, water-energy, water-food, energy-
food, economy, society, and nature.

The water sub-criterion contains five indicators: water
resources per capita (W1), water utilization rate (W2),
groundwater utilization rate (W3), proportion of
unconventional water (W4), and the water consumption for
GDP (W5). Among its internal indicators, W2 receives the
relevant influence of W3 and W4, with the higher level of the
two, the higher the level of W2. There is no mutual influence
between the indicators of the water sub-criterion and the energy
sub-criterion, the food sub-criterion, and the energy-food sub-
criterion, so their correlation matrices are all null matrices. The
relationship between the water sub-criterion and the water-
energy sub-criterion is that the demand for W1 increase with
the industrial water reuse (WE3) decrease, the water
consumption for energy production (WE1), and the
proportion of water used for energy (WE2) are related to the
production process and industrial structure and not related to the
water resource. In the water sub-criterion and the economic sub-
criterion, the water consumption for GDP (W5) and GDP per
capita (S1) are closely related. In the water sub-criterion and the
social sub-criterion, the population growth rate indicator (S4)
and W1 are related. Similarly, the wastewater recycling rate (S7)
contributes to reducing the demand for W2.

According to the same method, the relationship between the
indicators of other subsystems such as the energy subsystem, food
subsystem, water-energy, water-food, energy-food, social
subsystem, economic subsystem, and natural subsystem is
clarified, and the network structure diagram of the whole
indicator system can be obtained. According to Figure 2, we
describe the relationship between other factor level indicators
according to Eq. 3 to obtain the causal relationship cij between the
indicators and then obtain the causal relationship matrix C
according to the form of Eq. 4.

4.1.2 Calculated Indicator Weights
The data series of each indicator in the composite WEF system of
Sichuan province for the years 2008–2017 are processed, and the
correlationmatrix R and standard deviationmatrix S are obtained
according to the method delineated in Section 3.2. The
comprehensive matrix Rc is established according to Eq. 11 to
obtain the indicator weights. Here, the weighting results obtained
using the entropy weight method, Amal’s method, and the ANP
method are compared as shown in Table 3.

According to the actual status of the WEF system, the weights
obtained by different methods are similar (Table 3): both can better
distinguish the contribution of different indicators, but there are also
some differences therein. Entropy and Amar’s methods are objective
methods, and their distribution results are closer because they both
determine the weight according to the difference information in the
index data series. Due to different starting points of subjective and
objective interpretations, the difference between the subjective-based
ANP and the other three methods is larger, while the network
assignment method, which integrates the subjective and objective
perspectives, is intermediate thereto. The quantitative results based
on data effectively limit the tendency to excessively subjective
judgments when analyzed with the physical connotation of
indicators. For example, “water resources per capita,” as an
indicator with greater influence in the WEF system, interacts
with some indicators, but its indicator value varies less over the
years, and theweighting results determined by the entropyweighting

FIGURE 2 | The structure of indicators for the water-energy-food nexus.
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method and Amal’s method are 0.016 and 0.018, respectively. The
result of ANP is 0.034. It is much larger than the other three
methods, which are also unrealistic. In a comprehensive comparison,
the weighting results of the network assignment method are more
reasonable.

In order to assess the differentiation ability of the weighting
results of different methods further, the statistical characteristics of
the results are studied. The greater the dispersion of the indicators,
the greater the difference between the maximum and minimum
values of the indicators, and the stronger the differentiation
between them (Table 4). The weighting results determined by
the network assignment method are slightly better than the two
objective weighting methods. However, both are inferior to the
ANP method, but the maximum and minimum values of the
weights are close to the ANP method and produce stronger
differentiation. The maximum and minimum values of the
weights are close to the ANP method, which has a strong
ability to distinguish important indicators. Considering that the
conclusion of the subjective method contains a part of individual
subjective tendencies and there is a possibility of inconsistency with
the objective facts, the application of the network assignment
method for comprehensive evaluation can more accurately
describe the actual degree of influence of the important
indicators (in general). In summary, it is believed that the

proposed network assignment method can meet the weight
requirements of WEF system evaluation, and its weight
distribution differences are more advantageous.

4.2 Suitability Evaluation Results and
Analysis
The TOPSIS model is applied to calculate the security,
coordination, sustainability, and WEF system suitability
evaluation, and the suitability is divided into five grades
according to the evaluation results, from small to large (very
poor, poor, moderate, good, and excellent): the result of level
regions (Table 5) is determined according to Eq. 16.

In the WEF system suitability evaluation, the TOPSIS evaluation
result describes the size of the gap between the program and the ideal
state. The ranking portrays the relative level of the program results
under those pertinent historical conditions in the current, based on
the evaluation results (Table 6), to analyze the suitability status of the
WEF nexus in Sichuan province.

4.2.1 Evaluation Analysis of WEF System Suitability in
Sichuan Province
During the period from 2008 to 2017, the WEF system suitability
in Sichuan province was basically flat, with fluctuations between

TABLE 3 | Comparison of indicator weight results calculated by different methods.

Indicator Weighting result

Entropy method Amal’s method APN method Network assignment method

W1 0.016 0.018 0.034 0.030
W2 0.020 0.014 0.034 0.024
W3 0.017 0.014 0.045 0.027
W4 0.051 0.043 0.045 0.041
W5 0.042 0.053 0.045 0.043
E1 0.038 0.026 0.011 0.020
E2 0.038 0.033 0.045 0.053
E3 0.016 0.016 0.022 0.013
E4 0.024 0.034 0.011 0.017
F1 0.025 0.035 0.045 0.039
F2 0.016 0.025 0.011 0.015
F3 0.028 0.017 0.022 0.024
F4 0.023 0.031 0.034 0.034
WE1 0.036 0.038 0.022 0.036
WE2 0.033 0.038 0.011 0.019
WE3 0.030 0.026 0.045 0.036
WF1 0.052 0.047 0.022 0.033
WF2 0.041 0.042 0.034 0.047
WF3 0.041 0.026 0.034 0.046
WF4 0.023 0.026 0.022 0.036
FE1 0.034 0.039 0.045 0.039
FE2 0.027 0.034 0.011 0.018
S1 0.042 0.043 0.022 0.030
S2 0.019 0.018 0.022 0.023
S3 0.046 0.016 0.011 0.023
S4 0.020 0.018 0.056 0.026
S5 0.039 0.038 0.045 0.036
S6 0.033 0.041 0.079 0.062
S7 0.030 0.037 0.022 0.019
S8 0.038 0.039 0.022 0.022
S9 0.029 0.033 0.056 0.045
S10 0.035 0.044 0.011 0.022
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years. Among them, the rating was moderate in 2008 and 2017,
poor in 2009 and 2010, stable at moderate in 2011–2014, and
good in 2015 and 2016, reflecting that, in recent years, the WEF
system is affected by a variety of external uncertainties and is
sensitive to external change. The synergistic adaptation of various
resources needs to be improved. From the point of view of
evaluation scores, the highest evaluation score in the last
10 years is 0.837 and the lowest is 0.746 under the current
level of productivity development.

4.2.2 Analysis of Security, Coordination, and
Sustainability
Although the evaluation score for the WEF system suitability in
Sichuan province is high, there are significant differences among
years from different criteria of security, coordination, and
sustainability, and the evaluation of each criterion contributes
differently to the suitability evaluation and shows different trends
in the time series (Figure 3). The temporal change tends to a score
of 0.800, indicating that the production and supply of water,
energy, and food reflect the function of the WEF system. Its score
and the overall operation of the system are approximately
equivalent, while the coordination evaluation shows greater
volatility. The criterion level reflects the characteristics of the
synergistic competition of resources within the WEF nexus. In

different socio-economic and natural conditions, these are subject
to dynamic adjustment. Their state affects the trend of the overall
state of the system, especially in 2009, 2012, and 2017 when the
level of coordination is relatively low, which directly affects the
overall level of suitability, and its volatility is mainly brought
about by internal competition between resources (coordination
factor) and the external influence of the system (sustainability
factor). Sustainability evaluation over the years reflects the fact
that, in practice, there is a time lag in the interaction between
WEF production and socio-economic and ecological
development. This process is extremely complex, thus
warranting further exploration. In the specific analysis, it is
found that since 2015, under the guidance of the national
sustainable development policy, the relevant measures in
Sichuan province have gradually generated positive impacts,
and sustainable development scores have continued to rise.
Combined with the actual situation of the Sichuan region, the
analysis based on the dynamics of each subsystem found that the
strong rise of the socio-economic and natural environments
provides the precondition and guarantee for the overall
security of the whole system. It is the main reason for the
stability of the suitability evaluation, while there is a passive
regulation process affecting the production and supply of
resources in the sustainable green development decisions in

TABLE 4 | Statistical characteristics of weight results by different methods.

Methods Standard deviation Average Max Min

Entropy method 0.010 0.031 0.052 0.016
Amal’s method 0.011 0.031 0.053 0.014
APN method 0.016 0.031 0.079 0.011
Network assignment method (this study) 0.012 0.031 0.062 0.013

TABLE 5 | The indicator value range corresponding to the evaluation standard.

Evaluation Very poor Poor Moderate Good Excellent

Security 0–0.767 0.767–0.784 0.784–0.800 0.800–0.817 0.817–1
Coordination 0–0.706 0.706–0.746 0.746–0.785 0.785–0.825 0.825–1
Sustainability 0–0.768 0.768–0.784 0.784–0.799 0.799–0.815 0.815–1
Suitability 0–0.764 0.764–0.782 0.782–0.800 0.800–0.819 0.819–1

TABLE 6 | Evaluation results of security, coordination, sustainability, and suitability.

Year Evaluation result

Security Coordination Sustainability Suitability

2008 0.826 (excellent) 0.769 (moderate) 0.767 (very bad) 0.792 (moderate)
2009 0.782 (bad) 0.666 (very bad) 0.766 (very bad) 0.746 (very bad)
2010 0.750 (very bad) 0.738 (bad) 0.759 (very bad) 0.749 (very bad)
2011 0.815 (good) 0.798 (good) 0.752 (very bad) 0.792 (moderate)
2012 0.803 (good) 0.716 (very bad) 0.831 (good) 0.791 (moderate)
2013 0.807 (good) 0.823 (good) 0.767 (very bad) 0.801 (good)
2014 0.824 (good) 0.786 (good) 0.770 (bad) 0.797 (moderate)
2015 0.805 (good) 0.865 (excellent) 0.821 (excellent) 0.832 (excellent)
2016 0.834 (excellent) 0.858 (excellent) 0.815 (excellent) 0.837 (excellent)
2017 0.805 (good) 0.730 (poorer) 0.829 (excellent) 0.794 (moderate)
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the region. Thus, it leads to the fluctuation of the coordination
index over many years. The coordination and sustainable
development appear significantly different, indicating that, as
the requirements for sustainable development increase, there are
also higher requirements for coordination regulation ability.
However, due to beneficent regional resource endowment, the
security evaluation is quasi-stable and the system does not yet
bear the risk to supply of material.

To reveal the effects of the transformation between security,
coordination, and sustainability, the scores of the three subsystem
indicators are compared. The proportion of the scores of each
subsystem in the total score is calculated to obtain the proportion
of the scores of each subsystem over the years (Figure 4). Energy
and food enjoy good basic conditions and development potential
for future development. Combined with the 13th Five-Year
Development Plan of Sichuan province and the contents of the
government work reports after 2013, it can find that the demand
for water, energy, and food has increased in recent years. The
competition among the three has increased, and the coordination
evaluation has decreased year on year, which imposes more
onerous requirements on management and decision-making of
the coordinated development among the three.

4.2.3 WEF System Suitability Analysis for a Typical
Year
In order to determine the factors affecting the suitability of theWEF
system in Sichuan province, the index evaluation values of typical
years (2010, 2016, and 2017) are analyzed. Those years with the
lowest rating, the highest rating, andmoderate rating are selected for
indicator analysis (Figures 5–7). In the 2010 years, GDP per capita
and other key indicators are at a very low level, although supporting
factors such as arable land area and irrigation water use perform
better, resulting in a low overall score, with the sustainable
evaluation level growing year-on-year, correspondingly due to
reduced production pressure. Combined with the year being part
of a post-disaster reconstruction period, socio-economic production
has a temporary nature. Because it is in a well-coordinated state,
system suitability soon rebounded after 2010. In 2016, a suitability
evaluation showed that most indicators are at a high level, especially
those indicators under the coordination guidelines, which have
obvious advantages. Combined with 2015 and 2016, these are

FIGURE 3 | Water-energy-food suitability trend for Sichuan province from 2008 to 2017. The range is divided into five grades (bad, bad, moderate, good, and
excellent, respectively) based on the calculated evaluation value of each item.

FIGURE 4 | Proportional sub-criteria rated in Sichuan province from
2008 to 2017.
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always at a high level. The evaluation value of each indicator in 2017
continues the trend in per capita water resource, per capita energy
production, and per capita food production towards higher levels.
However, the unit energy water consumption, agricultural water
consumption ratio, and average irrigation water consumption
decrease. Although security can still be maintained, the difficulty

of coordination has increased, posing a challenge for the further
development of theWEF system. Through the analysis of indicators,
we can find that insisting on sustainable development and
optimizing the WEF structure to improve the level of system
coordination is the way to guarantee water, energy, and food
production. Improving the indicator grade of water consumption

FIGURE 5 | Comparison of security indicator evaluation values in typical years.

FIGURE 6 | Comparison of coordination indicator evaluation values in typical years.
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for energy production, the proportion of water used for energy
production, the rate of reuse of industrial water, the proportion of
water used for agriculture, the average amount of water used for
irrigation, and the proportion of energy consumption for primary
production can be used to indicate the best direction for
development beyond 2017.

5 CONCLUSION

In view of the complex relationship in the WEF system, this study
establishes the WEF system suitability evaluation model, determines
the indicator weights through the improved coupled network analysis
method, and finally proposes the water-energy-food suitability
evaluation method based on a TOPSIS model. According to this
method, the main conclusions of this work are as follows:

1) The overall level ofWEF system suitability in Sichuan province is
good, amongwhich the score for security evaluation is stable, that
for sustainability is increasing, the overall coordination fluctuates
to a significant extent, and the suitability status of the region has
significant potential for improvement.

2) The sustainability of the WEF system in the region has
increased and the coordination has decreased, indicating
that the competition among water, energy, and food
resources has increased, implying that the coordination of
the three resources will become a bottleneck limiting the
further improvement of the region’s suitability.

3) Analysis of the historical data of indicators and their weights
shows that the improvement of four indicators, namely, the

irrigation water consumption per mu, the efficiency of
irrigation water, the proportion of agricultural water, and
the arable land per capita, can help improve the level of
adaptability of the water-energy-grain system in the region.

4) Combining the characteristics of the complex WEF system, we
proposed a combined subjective and objective weight calculation
method integrating the network analysis method and Amal’s
method. Using the case of Sichuan province, we verified the
applicability of this weight calculation method in the study of the
internal linkage of the WEF system.
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