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Abstract: Water and energy are essential resources that flow between different regions in economic
activities, forming a complex network that profoundly impacts sustainable development. Revealing
network structural resilience allows for the identification of weak links, thus enhancing the capacity
for sustainable development. This study employs a resilience-based method to examine changes
in virtual water-energy transfers, combining input–output tables and total resource consumption
coefficients (TRCC) to investigate the structural resilience of the virtual water-energy network. Case
studies were conducted in the Yangtze River Economic Belt (YEB) in 2012 and 2017. The results show
that the virtual water flow rate decreased by 28.66%, while that of virtual energy increased by 4.88% in
YEB. The virtual energy network’s structural resilience is better than that of the virtual water network
and shows significant improvement in later periods. The virtual water network structure has a clear
hierarchical structure, while the virtual energy network structure is relatively flat. The transmission
and connectivity of the two networks do not differ significantly, but the virtual energy network’s
transmission is superior to that of the virtual water network. There is a significant improvement in
the virtual energy network’s agglomeration in the later stages, while there is no significant change in
the virtual water contact network.

Keywords: virtual water-energy; input–output analysis; total resources consumption coefficient;
network structure resilience; Yangtze River economic belt

1. Introduction

Water resources and energy are basic natural resources and important strategic re-
sources in economic and social development. There is a complex correlation between the
two, forming a circulation network [1–3]. The acquisition, treatment, distribution, and
wastewater treatment and reuse processes in water resources entail significant energy
consumption. Many energy extraction processes, such as petroleum, natural gas, and coal
mining, require substantial amounts of water resources. This interdependence may give
rise to water and energy supply issues and irreversible environmental damage [4]. As
one of the most populous countries in the world, China has a multi-dimensional demand
for water resources and energy [5], encompassing various sectors, including industry,
agriculture, transportation, urban areas, daily life, and ecology. Under the guidance of
national macro policies, resource flow between different provinces and cities in China has
become increasingly frequent, forming complex networks in terms of water resources and
energy [6]. Studying the spatial characteristics of water and energy distribution facilitates
the exploitation of regional resource advantages and further alleviates the pressure on
resource-scarce cities [7]. Taking YEB as an example, studying the complex network and
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structural resilience formed by water resources and energy among provinces in the YEB
is of great significance for the rational utilization of regional water resources and energy,
promoting resource balance, stimulating socioeconomic development, and maintaining
ecological security.

To identify the flow of water and energy, virtual resource accounting is an indispens-
able link, and input–output (I–O) analysis is one of its main methods [8–12]. I–O analysis is
to calculate the number of resources circulating between various sectors via economic input
and output based on the economic links between various sectors. I–O analysis models
are divided into single- and multi-regional input–output models [13]. Based on the I–O
model, Wang et al. analyzed the circulation characteristics of virtual energy in 5 sectors
in Gansu from 2007 to 2012 [14]. Yang et al. calculated the circulation and transfer of
virtual water and energy among various sectors based on the I–O table of Heilongjiang in
2012 [15]. Sun and Zheng analyzed the structure of China’s water consumption in 42 sectors
based on input–output table [16]. MRIO model can not only calculate the local resource
circulation but also calculate the resource circulation of any two regions through the eco-
nomic circulation between regions. Zhang et al. conducted a multi-regional input–output
(MRIO) analysis of China’s regional energy utilization as reflected in the final demand and
inter-regional trade 2007 and pointed out that the energy flow has largely shifted from the
central and western regions to the eastern regions [17]. Cao et al. calculated the virtual
water flow in the Beijing-Tianjin-Hebei region based on I–O table in 2012, and pointed out
that the virtual water showed a net outflow as a whole [18]. Yan and Sun calculated the
water footprint transfer of 30 regions in China based on interregional I–O Tables in 2007
and 2012 [19]. Hong et al. took China’s YEB as an example, used the complex network
theory to build a resource network model, and explored the characteristics of the resource
network from a new perspective of dual conservation of water and energy [6]. At present,
the research on water-energy based on complex networks is still in its infancy, and the
research on complex network topology based on water-energy relationships still has a large
development space.

In recent years, network structure resilience has become a new research rise in re-
source flow network structure stability [20–22]. At present, there is no unified method for
evaluating the network structure resilience. Resilience refers to the stability and resilience
of a system to maintain its original state after suffering external shocks. According to the
“structure determines function principle” in the system theory, the network is regarded
as a physical phenomenon, and the network topology parameters based on the complex
network theory are considered to have a key impact on resilience [23,24]. Vijaya found
that the enterprise supply chain network with the lowest density and centrality, the largest
connectivity, and the network scale has the highest resilience [25]. Peng et al. evaluated
the network structure resilience of the three types of networks, economy, information,
and transportation, from the aspects of hierarchy, matching, transmissibility, and aggrega-
tion [26]. Hou and Sun [27] used the complex network theory to analyze the evolution of
the network resilience of urban agglomeration from three aspects: the overall completeness,
the structure characteristics, and the network aggregation. Currently, although network
structure resilience has been called one of the focuses of complex network structure, the
research on the structure resilience of water-energy flow networks has not been found,
which is one of the important issues of water-energy NEXUS.

In summary, existing research has mainly focused on constructing network connec-
tions from a singular perspective of either water resources or energy. However, water
energy is an interactive and complex system that requires the careful consideration of
various factors, including energy demand, sustainable utilization of water resources, and
environmental protection, in order to achieve coordinated economic, social, and environ-
mental development [28]. Network resilience can enhance the stability, reliability, and
recoverability of network structures and has been applied in various fields, such as infor-
mation and communication networks, transportation systems, and the Internet of Things.
However, its application in water-energy network structures remains limited. This study
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aims to calculate the water and energy flows among the 11 provinces (municipalities) in the
YEB using a multi-regional input–output (MRIO) table and comprehensive total resource
consumption coefficients. Based on this, a water-energy flow network is constructed, and
the structural resilience of water resources and energy networks is evaluated using network
resilience analysis. By calculating network density, average path length, core-periphery
structure fit, degree distribution curve slope, and clustering coefficient based on network
resilience indicators, this study provides support for the consumption and management of
water and energy in the YEB region.

2. Materials and Methods
2.1. Study Area and Data Sources

The YEB in China is a significant strategic development area encompassing 11 provinces
and cities, including Sichuan, Guizhou, Yunnan, Chongqing, Hubei, Hunan, Jiangxi,
Shanghai, Jiangsu, Zhejiang, and Anhui. (Figure 1). Spanning over an estimated area
of 2.05 × 106 km2, the region constitutes approximately 21.4% of China’s overall landmass,
traversing the upper, middle, and lower reaches of the river and playing a crucial role in
ensuring its high-quality development.
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Figure 1. Geographical location of YEB.

YEB boasts abundant water resources, with a total volume of 1.56 × 1012 m3 in 2020,
constituting 49.36% of China’s aggregate water resources. Water resource distribution
across the YEB exhibits a gradient, with superior abundance in the upper reaches and
relatively scarce availability in the lower reaches. Moreover, YEB serves as a key industrial
hub for China, housing several traditional sectors with high energy consumption and
pollution. The upper reaches of the YEB yield significant quantities of raw coal and
natural gas, with Guizhou ranking first in raw coal production at 163.55 million tons while
Sichuan leads in natural gas production at 35.639 billion m3. Hydropower potential is
abundant in the middle and upper reaches, with Sichuan and Yunnan accounting for 87%
and 84%, respectively. It is noteworthy that the spatial distribution of both water and
energy resources in the YEB is uneven, thus reinforcing the significance of trade circulation
between the different regions in the YEB as a crucial foundation for rapid economic and
social development.

This study is mainly based on the MRIO table of China in 2012 and 2017. Among them,
the latest available MRIO is the 2017 version. The remaining data mainly come from the
China Water Resources Bulletin, the First Water Conservancy Census Bulletin, the China
Economic Census Yearbook, the Statistical Yearbook, the Energy Statistical Yearbook, the
Wine Industry Yearbook, the Agricultural Product Processing Industry Yearbook, and the
statistical yearbook of 11 provinces (cities) in YEB.

2.2. Total Resource Consumption Coefficient (TRCC)

The input–output table, containing horizontal and vertical columns based on the
material conservation theorem, was compiled by American economist W. Leontief to depict
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the potential direct and indirect links in the flow of production factors within economic
sectors. Input–output analysis is a commonly used method in econometrics [29] and has
been extensively applied in research examining leading sectors and industrial linkages [30],
resource circulation, and environmental impact [31]. In this study, a multi-regional input–
output (MRIO) model is required to elucidate the circulation of water resources-energy
between any two provincial administrative regions in YEB. Table 1 presents the MRIO table
of resource consumption for YEB in both 2012 and 2017.

Table 1. MRIO model of resource use in YEB.

Intermediate Consumption Final Consumption Export Total
Output

Shanghai . . . Yunnan
Shanghai . . . Yunnan

S1 . . . Sn . . . S1 . . . Sn

Intermediate
input

Shanghai
S1 xR1R1

11 . . . xR1R1
1n . . . xR1R11

11 . . . xR1R11
1n yR1R1

1 . . . yR1R11
1 eR1

1 xR1
1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sn xR1R1

n1 . . . xR1R1
nn . . . xR1R11

n1 . . . xR1R11
nn yR1R1

n . . . yR1R11
n eR1

n xR1
n

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Yunnan
S1 xR11R1

11 . . . xR11R1
1n . . . xR11R11

11 . . . xR11R11
1n yR11R1

1 . . . yR11R11
1 eR11

1 xR11
1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sn xR11R1

n1 . . . xR11R1
nn . . . xR11R11

n1 . . . xR11R11
nn yR11R1

n . . . yR11R11
n eR11

n xR11
n

Import input IR1
1 . . . IR1

n . . . IR11
1 . . . IR11

n
Added value VR1

1 . . . VR1
n . . . VR11

1 . . . VR11
n

Total investment xR1
1 . . . xR1

n . . . xR11
1 . . . xR11

n
Water consumption WR1

1 . . . WR1
n . . . WR11

1 . . . WR11
n

Energy consumption ER1
1 . . . ER1

n . . . ER11
1 . . . ER11

n

The MRIO model contains 11 regions, R1, R2, · · · , R11. Each region has n sectors
(Table 1). The row balance relationship is as follows.

XRr
i =

11

∑
s=1

n

∑
j=1

xRr Rs
ij +

11

∑
s=1

yRr Rs
i + eRr

i (1)

where Rr and Rs are any two regions. XRr
i is the total output of the sector i in the region

Rr. xRr Rs
ij is the intermediate input provided by sector i of region Rr to sector j of region Rs;

yRr Rs
i is the input of sector i in region Rr to the final demand of region Rs. eRr

i is the output
of sector i in region Rr.

The direct resources consumption coefficient (DRCC) is as follows:

aRr Rs
ij = xRr Rs

ij /xRs
j (2)

Bring Equation (2) into Equation (1):

XRr
i =

11

∑
s=1

n

∑
j=1

aRr Rs
ij xRr

i +
11

∑
s=1

yRr Rs
i + eRr

i (3)

Expressed as the matrix form:

XRr = ARr Rs XRr + YRr Rs + ERr (4)

Further,
XRr = (1 − ARr Rs)

−1
(YRr Rs + ERr ) (5)

where L = (1 − ARr Rs)
−1

= [lRr Rs ] is Leontief inverse matrix. [lRr Rs ] is the input of sector i
to meet the production needs of a unit product of sector j in region Rs.
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To establish the connection between economic and resource consumption WRr
j was

introduced into the MRIO table. WRr
j represents resource consumption. DRCC represents

the total amount of resources invested by each sector in the process of producing a unit of
product [32], and the formula is:

RRr
j = rRr

j /xRr
j (6)

where RRr
j refers to the total amount of the resources to be consumed in unit products or

services of sector j in region Rr. rRr
j refers to the number of resources consumed by sector j

in region Rr; xRr
j is the total output of sector j in region Rr.

According to DRCC, the TRCC can be calculated as follows:

TRCC = RL = R(1 − A)−1 = [qR1 qR2 · · · qRz ] (7)

TRCC refers to the total resource consumed by the whole economic system to increase
one unit of products in a sector. Namely, only by increasing so much resource supply can
this unit of products be produced. In the calculation of DRCC, only the number of resources
invested in natural form is considered, but in fact, the production needs multiple links. In
each link, it is often necessary to invest not only a large number of natural form resources
but also the products or services produced by various sectors using natural resources. The
production or processing of these products also consumes natural resources. Although the
use of this part of natural resources does not occur directly in this sector, its products or
services meet the intermediate needs of this sector. Therefore, this part of the resources
consumed are indirect resources, which, together with direct resources, constitute the total
consumption resources.

The virtual resource flow from region Rr to Rs within YEB can be calculated based on
final consumption in the MRIO table and TRCC as follows [33]:

VRTRr Rs =
n

∑
i=1

qRr
i yRr Rs

i (8)

Let qRr
i be the total consumption coefficient of water and energy, respectively, and use

Equation (8) to calculate the virtual trade flow of water and energy within YEB.

2.3. Network Structure Resilience Evaluation Indicators

The flow of water resources and energy between provinces (cities) forms a complex
network, and the resilience of this network is crucial to the quality of the sustainable and
coordinated development of YEB [34]. This study evaluates the network structure resilience
from hierarchy, transmissibility, connectivity, and aggregation, which are the main factors
that affect resilience [20,27].

The node cities in the network structure in this study are 11 provinces (cities) in YEB.
This study analyzes the resilience of urban networks from these four aspects, as shown
in Table 2. In the Table 2, “−” represents a negative correlation, and “+” represents a
positive correlation.

Table 2. Evaluation indicators of network structure resilience.

Indicator Specific Variable Spatial Meaning Function

Hierarchy Degree distribution Distribution characteristics of node
degree values −

Transmissibility Average path length Transmission efficiency of network −
Connectivity network density The connectivity of the network +

Aggregation Clustering coefficient The aggregation degree of
the network −
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(1) Network hierarchy degree and degree distribution

Network hierarchy degree is usually defined as the number of connections between a
node and others. The larger the degree, the more connections this node has with others.
The degree distribution of each node is degree distribution. The larger the slope of the
degree distribution, the more uneven the connections are in spatial distribution. When the
nodes with higher degrees fail or are attacked, the worse the adaptability and recoverability
of the whole network are and the easier it is to be paralyzed. Therefore, the slope of degree
distribution is inversely proportional to the network resilience. The calculation formula is:

Kh = C(K∗
h)

a (9)

To process the formula:

ln(Kh) = ln(C) + a ln(K∗
h) (10)

where Kh represents the degree of node h, K∗
h represents the rank of node h, C is a constant,

and α represents the slope of the degree distribution curve.

(2) Network transmissibility-average path length

Transmissibility is evaluated using the average path length of the whole network. The
smaller the length, the shorter the path from one node to another, indicating that the better
network transmissibility, the higher the transmissibility efficiency, the better the network
structure resilience, and the stronger the anti-interference ability. So, the average path
length is inversely proportional to the network resilience. The calculation formula is:

L =
1

1
2 n(n − 1) ∑

i>1
dij

(11)

where L is the average path length of the network, n is the number of nodes, and dij is the
shortest path length of nodes i to j.

(3) Network connectivity-network density

Connectivity is evaluated using network density. The higher the network density, the
more connections the nodes have, indicating that the better the connectivity of the network,
the stronger the ability of the node cities in the region to cope with shocks and recover and
the higher the network structure resilience. The calculation formula is:

D = N/n(n − 1) (12)

where D is the network density, N is the number of actual associations, and n is the number
of provinces (cities).

(4) Network aggregation-local clustering coefficient and average clustering coefficient

Aggregation is evaluated using the clustering coefficient, and the local clustering coeffi-
cient describes the degree of aggregation of network nodes. The calculation
formula is:

Ci =
2Ei

Ki(Ki − 1)
(13)

where Ci is the local clustering coefficient, Ki is the degree of node i, and Ei is the actual
number of edges generated between adjacent nodes of node i.

The local clustering coefficient only calculates the aggregation of a single node con-
nected with neighboring nodes. The average clustering coefficient is used to observe the
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aggregation degree of the whole network through the average of local clustering coefficients
of all nodes in the network. The calculation formula is:

C = 1

/
n

n

∑
1

Ci (14)

The larger the average clustering coefficient, the denser the network, the closer the
connection between nodes, and the higher the degree of dependence among network
node cities, which is conducive to enhancing the ability of coordination, cooperation, and
joint response among node cities in the face of crisis. However, the worse the robustness
of the network, the lower the anti-interference ability to the outside. When any node
is interrupted, more network connections will be interrupted, so the average clustering
coefficient is inversely proportional to the network resilience level.

3. Results
3.1. Virtual Water Resources-Energy Flow inside YEB

According to the method of virtual resources in Section 2.2, the results of virtual water
flow in YEB in 2012 and 2017 were calculated, respectively (Table 3).

Table 3. Calculation results of virtual water flow inside YEB (Unit: billion m3).

Province
(City)

Output Input

2012 2017 2012 2017

Shanghai 8.95 16.45 38.24 7.77
Jiangsu 47.87 22.64 28.13 32.05

Zhejiang 13.23 14.87 28.82 23.65
Anhui 47.91 21.79 27.03 15.46
Jiangxi 20.02 12.24 10.58 14.77
Hubei 10.21 5.83 2.36 11.84
Hunan 28.25 15.56 21.39 7.54

Chongqing 9.02 11.68 15.33 7.70
Sichuan 8.43 9.90 8.36 9.10
Guizhou 6.13 6.83 11.77 10.86
Yunnan 10.21 12.17 18.23 9.24

Total 210.23 149.98 210.23 149.98

In 2012, Shanghai, Zhejiang, Chongqing, Guizhou, and Yunnan experienced virtual
net water inflow. Among them, Shanghai had the largest net inflow of 29.29 billion m3,
primarily sourced from Jiangsu and Anhui. Zhejiang had the second-largest net inflow of
around 15.59 billion m3. The trade of virtual water was found to be most frequent in the
lower reaches of the YEB. Anhui, Jiangsu, and the middle reaches of the YEB had a net
outflow of virtual water, with Anhui and Jiangsu being the top two provinces in terms of
net virtual water outflow. In 2017, Jiangsu, Zhejiang, Jiangxi, Hubei, and Guizhou showed
a net inflow of virtual water, with little difference among provinces (cities). Jiangsu had
the largest net inflow of virtual water (9.41 billion m3), while Jiangxi had the least inflow
(2.53 billion m3). Shanghai, Anhui, Hunan, Chongqing, Sichuan, and Yunnan displayed
virtual water outflow, especially Shanghai and Hunan, which had an outflow of 8.69 and
8.02 billion m3.

The YEB plays a crucial role as a driver of economic growth in China. The upper,
middle, and lower urban provinces (cities) within the YEB possess distinct geographical
and resource advantages, contributing to their diverse roles in the region’s development.
The upper urban provinces (cities) act as a conduit connecting the southwest region with
the inland hinterland, known for its abundant water and agricultural products resources.
As such, they have the potential to serve as distribution centers for energy, raw materials,
and grain while also serving as important hubs connecting the eastern, central, and western
regions. However, in 2012, almost all the upper urban provinces (cities) exhibited a net
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inflow of virtual water, except for Sichuan province, which demonstrated a net outflow of
0.07 billion m3 of virtual water. In contrast, the middle urban provinces (cities) connect
South China and the central and western regions and have rich human resources and
infrastructure conditions, making them ideal sites for manufacturing and service industries.
In 2012, all cities in the middle reaches of the YEB experienced a net outflow of virtual water.
However, by 2017, Jiangxi and Hubei provinces had transformed from a net outflow to a net
inflow of virtual water. The lower provinces (cities) connect the Yangtze River Delta and the
Pearl River Delta, which are rich in cultural resources and innovative environments. These
areas have become focal points for international trade and service economies. They have the
potential to become gathering places for financial, trade, and cultural industries, playing
an essential role in connecting domestic and international operations. In 2017, the rapid
growth of international trade caused virtual water in Shanghai to shift from a net inflow
to a net outflow, while the net inflow in Jiangsu and Zhejiang also decreased significantly.
The increasing trend of international trade development is inevitable. Although the lower
provinces (cities) are relatively short of water resources, they remain the focus of financial
trade. To enhance the economic development of the YEB, decision-makers should leverage
the advantages of water resources in the middle and upper urban provinces (cities) and
the economic innovation environment in the lower urban provinces (cities), ultimately
maximizing the potential of the YEB.

The results of virtual energy flow in YEB (2012 and 2017) are shown in Table 4.

Table 4. Calculation results of virtual energy circulation inside YEB (Unit: billion kg).

Province
(City)

Output Input

2012 2017 2012 2017

Shanghai 85.52 176.19 91.72 45.16
Jiangsu 277.90 220.44 114.10 134.68

Zhejiang 101.54 88.43 46.93 189.36
Anhui 139.89 148.98 111.09 73.43
Jiangxi 28.34 58.68 44.15 60.88
Hubei 27.94 36.65 9.25 69.94
Hunan 90.84 73.89 189.68 38.64

Chongqing 97.99 99.68 91.19 62.98
Sichuan 39.31 56.31 34.63 88.83
Guizhou 36.45 23.37 77.69 97.30
Yunnan 29.35 19.06 144.63 140.47

Total 955.07 1001.68 955.07 1001.68

In 2012, the virtual energy trading in the YEB region showed a net inflow of virtual
energy to areas such as Yunnan, Hunan, Guizhou, Jiangxi, and Shanghai. Among these
areas, Yunnan had the largest net inflow of virtual energy, totaling 115.28 billion kg,
followed by Hunan with 98.84 billion kg. Conversely, the remaining regions displayed a
net outflow of virtual energy, with the lower reaches exhibiting the largest net outflow at
247.21 billion kg, accounting for 89.15% of the total net outflow in the YEB. Within the YEB
region, Jiangsu had the largest net outflow of virtual energy, reaching 163.80 billion kg,
followed by Zhejiang and Anhui, with virtual energy outflows of 54.61 and 28.80 billion
kg, respectively. The middle and upper-reach cities within the YEB, such as Jiangxi, Hubei,
Hunan, Sichuan, and Guizhou, displayed limited virtual energy flow and minimal energy
trade with other regions. In 2017, Zhejiang, Jiangxi, Hubei, Sichuan, Guizhou, and Yunnan
were the net inflow areas. The net outflow of virtual energy is the largest in Shanghai,
131.03 billion kg, and Yunnan ranked second with 121.41 billion kg.

In 2012 or 2017, the provinces (cities) that recorded the largest virtual energy exports
were Jiangsu and Shanghai. Both regions are located in the lower reaches of the YEB, where
resources are comparatively scarce. Conversely, Yunnan, an upper city with a resource-
endowed profile, consistently exhibits the largest net inflow of virtual energy. The middle
and upper-reach cities endowed with natural resources have evidently failed to leverage
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their advantages and optimize their resources. This has led them to rely on external
resources, which is deemed counterproductive to rational and orderly development within
the YEB. Therefore, it is crucial to rationalize the exploitation of resource advantages in the
middle and upper-reach cities, promote efficient resource circulation within the YEB, and
foster further economic growth.

3.2. Network Structure Resilience Indicators

The YEB, consisting of eleven provinces, functions as a network where each province
acts as a network node. This study aims to analyze the inter-provincial flows of water
resources and energy within the YEB region. Correlation values exceeding the average
connection strength are assigned the value 1 to indicate a significant correlation. Conversely,
correlation values below the average are denoted as 0, indicating either semi-correlation
or insignificant correlation. This process enhances the ability of the network connection
matrix to accentuate the spatial structure of urban agglomeration. Subsequently, social
network analysis was employed to extract the topology structure of the network (Fig-
ure 2). In the network topology diagram, each node represents a province, and the size
of the node reflects the quantity and strength of connections between that province and
other provinces, thereby indicating its position in the network. The larger the node, the
greater the number of connections it has with other provinces, indicating a higher status in
the network.
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Figure 2. Topology network of virtual water (a,b) and virtual energy (c,d) in YEB.

Six indicators, namely network density, average path length, core-edge structure fitting
degree, degree distribution curve slope, average clustering coefficient, and local clustering
coefficient, were utilized to evaluate the network structure resilience of water-energy
aggregation in YEB. See Tables 5 and 6.

A higher network density value indicates better network connectivity, with both types
of networks having densities below 0.5. However, there was a slight increase in density
values during the later stage. The average path length for inter-city flow in these networks
was less than two nodes, with the virtual energy network demonstrating a lower average
path length compared to the virtual water network. This suggests that the transmission
efficiency of virtual energy is higher than that of virtual water. However, there was no
significant difference in the numerical values between the two networks during the early
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and late stages, and the transmission efficiency remained unchanged. The slope |a| of the
degree distribution curve is an important indicator of the urban agglomeration network
level and the prominence of core cities. The slope |a| of the degree distribution curve of
virtual water network is higher than that of virtual energy network, which shows that the
development of virtual energy city network is relatively balanced and the core edge effect
is not prominent, while the core edge effect of virtual water city network is significant, but
it has been improved obviously in the later stage. The average clustering coefficient is an
indicator of network structure resilience, with a lower value suggesting better network
structure resilience. During the later stage, the average clustering coefficient of the virtual
water network slightly increased from 0.573 to 0.578, indicating a decrease in network
resilience. Conversely, the average clustering coefficient of the virtual energy connection
network decreased significantly, indicating an improvement in network resilience during
the later stage.

Table 5. Resilience index of urban network structure.

Type Year
Network
Density

(D)

Average
Path

Length (L)

Core-Edge
Structure

Fitting
Degree

Degree
Distribution
Curve Slope

(a)

Average
Clustering
Coefficient

(C)

Virtual
water

2012 0.300 1.618 0.59 −0.60185 0.573
2017 0.3909 1.620 0.711 −0.53252 0.578

Virtual
energy

2012 0.3273 1.422 0.756 — 0.622
2017 0.3455 1.400 0.472 −0.38603 0.358

Table 6. Local clustering coefficient of provinces (cities).

Province (City)
Virtual Water Virtual Energy

2012 2017 2012 2017

Shanghai 0.567 0.5 0.7 0.393
Jiangsu 0.339 0.278 0.333 0.393

Zhejiang 0.75 0.393 0.8 0.292
Anhui 0.321 0.567 0.452 0.433
Jiangxi 0.7 0.65 1 0.25
Hubei 0.5 0.45 — 0.3
Hunan 0.357 0.75 0.5 0.333

Chongqing 0.405 0.5 0.4 0.381
Sichuan — 0.6 0.5 0.433
Guizhou 1 1 0.833 0.4
Yunnan 0.75 0.667 0.7 0.333

In the context of the virtual water and energy connection network, it is noted that the
clustering coefficients of the lower provinces (cities) in the YEB, such as Shanghai, Jiangsu,
and Zhejiang, have experienced a noticeable decline in the later period. Conversely, the
clustering coefficient of Anhui, Hunan, and Chongqing has shown an upward trend.
Furthermore, the upper city of Guizhou exhibited a remarkably high cluster coefficient of
1 in both 2012 and 2017, indicating a susceptibility to external interference. It is noteworthy
that despite being located in the upstream region of the YEB, which possesses abundant
water resources, Guizhou has not fully utilized its resource advantages. In regard to the
virtual energy connection network, only Jiangsu has recorded a marginal increase in cluster
coefficient, which peaked at 0.393 in the later stages. In contrast, other provinces (cities)
in the YEB displayed a decrease in their respective cluster coefficients. Overall, these
findings suggest that the virtual energy contact network has improved measurably in the
later period, while the virtual water connection network exhibits a more nuanced pattern
of change.
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4. Discussion
4.1. Virtual Resource Flow Characteristics
4.1.1. Virtual Water Flow Characteristics

YEB has good water resources endowment in all provinces(cities), which can basically
meet their own water demand and at the same time deliver water to other regions. By
utilizing the Sankey diagram, it is possible to visually represent the inflow/outflow of
water resources. In the Sankey diagram, the connecting lines between provinces symbolize
the pathways of water flow, with the width of the lines being proportional to the magnitude
of the flow. The wider line indicates a greater volume of water flow. Virtual water flow
patterns inside YEB in 2012 and 2017 are shown in Figure 3.
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Compared with 2012, the pattern of virtual water flow in 2017 changed greatly. Among
them, Zhejiang and Guizhou maintained net inflow, while Anhui and Sichuan maintained
net outflow. In provinces (cities) where the virtual water net inflow and outflow status
remained unchanged, the inflow and outflow showed a decreasing trend. For instance,
Zhejiang’s net inflow decreased from 15.59 billion m3 in 2012 to 8.78 billion m3 in 2017.
The other provinces (cities) changed from the original net outflow to net inflow or vice
versa. Among the provinces (cities), Jiangsu has the biggest change, from a net outflow of
19.74 billion m3 in 2012 to a net inflow of 9.41 billion m3 in 2017. The smallest change was
in Sichuan, with a net outflow of 0.07 billion m3 in 2012 and a net outflow of 0.81 billion m3

in 2017. Overall, the flow of virtual water resources within YEB has slowed down, with the
trade flow of virtual water between provinces (cities) decreasing by 28.66%.

The main virtual water outflow area was transferred from the middle reaches to the
upper reaches, indicating that the provinces (cities) with better water resources endowment
in the upper reaches gradually gave play to their resource advantages, strengthened trade
with the middle and lower reaches, and eased the water pressure in the middle and lower
reaches. Among them, Shanghai, which has a poor water resources endowment, has
developed its international trade and relies heavily on virtual water imports, resulting
in a net outflow of virtual water in China. Even if the virtual water outflow area moves
upper, the net outflow of the upper cities is still not significant. It is necessary to rationally
allocate water resources, increase the utilization rate of water resources in the middle and
upper provinces (cities), and flow lower to areas outside the YEB. Decision-makers need to
improve the international trade status of the middle and upper regions as well as alleviate
water pressure in the lower reaches. In addition, it is necessary to strengthen cooperation
with relevant provinces and cities in the Yangtze River basin, collaboratively address cross-
border water resource issues, and promote coordinated and sustainable development of
water resources in the YEB.
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4.1.2. Virtual Energy Flow Characteristics

The virtual energy of YEB showed a net outflow in 2012 and 2017, and the Sankey
diagrams of virtual energy are shown in Figure 4.
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Figure 4. Virtual energy flow pattern of YEB in 2012 and 2017.

Compared with 2012, the flow pattern of virtual energy changed significantly in 2017.
Changes have taken place in five provinces (cities), including Shanghai, Zhejiang, Hubei,
Hunan, and Sichuan, where Shanghai and Hunan have changed from inflow to outflow
and the other three from outflow to inflow.

The main reason for the great alteration of the virtual energy flow pattern in Zhejiang
and Hubei can be attributed to the fact that their energy consumption growth rates surpass
their energy production rates, leading to a deficit between the two. In 2017, there was
still a mismatch between the virtual energy flow pattern and energy endowment in YEB.
Although Yunnan and Guizhou possess favorable energy conditions with high primary
energy output, virtual energy displayed an overall net inflow trend compared to 2012;
meanwhile, in the lower reaches of YEB with comparatively lower primary energy out-
puts, virtual energy manifested as net outflows on a large scale. In terms of volumetric
change, among all the aforementioned regions, Zhejiang exhibited the most substantial
transition from net outflow to the inflow of virtual energy, registering a variation of up to
155.54 billion kg. Yunnan’s net inflow increased from 115.28 billion kg in 2012 to
121.41 billion kg in 2017, accounting for a mere 5.32% increase. Overall, virtual energy
flows within YEB were more frequent but had a smaller range, increasing by 4.88%.

Generally, the outflow of virtual energy is concentrated in the lower areas, while the
inflow of virtual energy is concentrated in the middle and upper reaches with better energy
endowments. There is a serious mismatch between the inflow and outflow of energy, which
is not conducive to the further development of the YEB. Therefore, decision-makers should
focus on increasing energy production in the middle and upper reaches, implementing a
prioritized strategy for clean energy and building intelligent energy systems in the down-
stream areas, and gradually extending them to the middle and upper reaches cities that
have been produced accordingly. Strengthen the balance between internal energy supply
and demand, further promote international cooperation in energy, carry out exchanges
and cooperation with the international community in the energy field, learn from the
advanced experience and technology of developed countries, and improve the level of
energy development and utilization.

4.2. Network Structure Resilience Analysis
4.2.1. Network Hierarchy

The slope |a| value of the degree distribution curve of the virtual water network is
large, and the |a| value of the virtual water connection network in 2012 and 2017 is greater
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than 0.5, with obvious hierarchy and large degree difference, and the position of the core
city is more obvious, while the virtual energy connection network is relatively flat, with
the |a| value of 0.386 in 2017, indicating that the degree difference between node cities is
relatively small. The urban centers possessing a degree of 8 or above can be classified as
core group cities. Figure 5 shows that the virtual water network in 2012 featured Jiangsu,
Anhui, and Hunan as the core provinces, whereas in 2017, the virtual water network was
characterized by the provinces of Jiangsu and Zhejiang. Similarly, the sole core province of
Jiangsu was identified in the virtual energy network in 2012.
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Conversely, Shanghai, Jiangsu, and Zhejiang were recognized as the core provinces in
the virtual energy network in 2017. These findings suggest that Jiangsu is at the forefront
of the virtual water and virtual energy connection networks. Generally, the degree of cities
in the lower reaches (Shanghai, Jiangsu, Zhejiang, Anhui) in the virtual water connection
networks is higher than those in the middle reaches (Jiangxi, Hubei, Hunan) and the upper
reaches (Chongqing, Sichuan, Guizhou, Yunnan). This trend indicates the dominance of
the virtual water contact network of cities in the lower reaches.

In addition, the cities situated in the lower reaches possess a dominant position in the
virtual energy connection network. However, the degree of the cities in the upper reaches
has notably increased in the current virtual energy connection network, approaching the
status of the core city. This outcome implies that the energy resources in the upper reaches
of the YEB have been utilized more efficiently.

The fitting degree of the core-edge structure is shown in Figure 6. From a quantitative
standpoint, the present study has determined that the fitting degree of the core-edge
structure within virtual water networks was 0.590 in 2012. However, it increased to
0.711 in 2017, indicating an improved efficacy and enhanced sealing property of virtual
water networks over time. Additionally, the fitting degree of the core-edge structure of
virtual energy networks was found to be significantly reduced in comparison to its value
in 2012. This can be attributed to the increased complexity of the network and improved
ability to resist interference.
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The lower reaches of YEB are characterized by a more advanced industrial and service
sector, including finance, logistics, commerce, and trade. This augments employment
opportunities and enhances the appeal of these regions, thereby stimulating further devel-
opment of lower provinces (cities). These cities enjoy proximity to the Yangtze River Delta
and other waterways, facilitating port trade and maritime transportation and conferring
an advantageous geographical position. The growth of international trade amplifies the
likelihood of downstream cities’ involvement in it. However, due to the greater demand
for water resources and energy, the underutilization of these resources in the upper and
middle reaches of the YEB has resulted in an obvious network-level disparity within the
urban agglomeration of the YEB. Specifically, the later fitting degree of core-edge structure
is particularly intensified within the water resources network.

4.2.2. Network Transmissibility

The average path length L of the two kinds of connection networks is between
1.4 and 1.7, and the transmission of inter-city flow is no more than two nodes. How-
ever, the virtual water connection network exhibits a higher average path length compared
to the virtual energy connection network, indicating that the latter possesses greater trans-
mission efficiency and regional accessibility. Specifically, the average path length of the
virtual water connection network remains relatively stable at 1.618 and 1.620 in 2012 and
2017, respectively, while that of the virtual energy connection network stands at 1.422 and
1.400 for the same periods. Notably, there is little variation between their early and late
periods, and no discernible change in transmission efficiency is observed.

The enhancement of transmission efficiency in water/energy networks can be achieved
by minimizing the average path length. One approach is to decrease the average dis-
tance between nodes by increasing network nodes, thus improving network connectivity.
Additionally, improving collaboration among nodes within the existing water/energy
transmission network can facilitate information and resource sharing, further enhancing
overall network performance. Further optimization of network topology can be achieved
by utilizing a single control system, which may involve adopting a more compact network
structure to minimize average path length among urban nodes.
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4.2.3. Network Connectivity

The network densities of the virtual water and virtual energy in 2012 and 2017 were
examined in this study and found to be 0.3000 and 0.3909, respectively, for virtual water
and 0.3273 and 0.3455, respectively, for virtual energy. Although there has been a modest
improvement in the connectivity of these networks, their network densities remain low, all
of which are below 0.5. As a result, the overall network connection is inadequate, leaving
the network in a weak connection state.

The distribution of network connectivity in the YEB is uneven, with water resources
being relatively abundant in the upper reaches, particularly in comparison to Sichuan and
Guizhou provinces. The lower reaches of the YEB have relatively scarce water resources,
necessitating higher connectivity between cities, which plays a leading role in enhancing
network connectivity. However, this also highlights the need for improving the utilization
of urban resources in the YEB.

To ameliorate such challenges, it is recommended to enhance connectivity among
urban nodes, augment the number of nodes in middle and upper cities, and strengthen
interconnections between them, thereby increasing network density and transmission effi-
ciency and mitigating the disparate distribution of water resources in the YEB. Additionally,
leveraging intelligent control technologies to dynamically regulate the entire network can
further improve its connectivity.

4.2.4. Network Aggregation

The average clustering coefficient reflects the aggregation degree of the whole network.
A higher average clustering coefficient fosters an environment conducive to trust-building
among members of small groups reduces opportunistic behaviors, but may restrict the
introduction of external information. Conversely, lower average clustering coefficients
may enhance the adaptability and resilience of regions during times of attack or stress but
may also decrease the overall robustness and resilience of the network. When comparing
the average clustering coefficients of virtual water connection networks between 2012 and
2017, there exists only a marginal difference, with respective values of 0.573 and 0.578.
Meanwhile, the clustering coefficients of virtual energy connection networks during these
same time periods exhibit significant differences, with respective values of 0.622 in 2012
and 0.358 in 2017. This suggests that the structural resilience of virtual energy connection
networks has vastly improved over time.

One means of improving the resilient structure of energy and water networks would
involve reducing their levels of aggregation, including both the overall and local urban
aggregation. Decentralized layouts and distributed architecture may aid in achieving such
reductions, dispersing water and energy production and storage throughout numerous
locations, particularly those resources found in upper cities within the YEB region. Further-
more, strengthening physical safety measures, reducing the pollution and loss of water and
energy during transportation, and maximizing resource utilization can further enhance the
resilience of these networks.

4.2.5. Comprehensive Analysis

According to the network topology diagram (Figure 2), the core node groups of the
virtual water connection network consist primarily of Shanghai, Jiangsu, and Zhejiang
in the lower reaches of the Yangtze River Economic Belt (YEB). These core node groups
form a central structure with the lower reaches of the YEB serving as the primary nodes,
resulting in an overall form characterized by a “core of the lower reaches of the city + the
scattered points in the upper reaches of the city”. The year 2012 revealed that the core
edge effect was evident, which became more severe in 2017. Cities located in the lower
reaches of the YEB play a crucial role within the core node city group since they can connect
with the virtual energy network. Meanwhile, cities located in the upper reaches also play
an essential part, creating a form of “core at both ends + loose in the middle”. Water
resources and energy are interdependent, with water serving as a source of energy that can
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be harnessed and transformed for utilization. Facilities such as hydroelectric power plants,
tidal power stations, and wave power stations enable the conversion of water’s kinetic
energy into electrical energy, providing society with clean and renewable energy sources.
Energy production often requires substantial volumes of water resources. Coal-fired and
nuclear power plants rely on water for cooling systems, while the extraction and processing
of oil and natural gas also demand significant water usage. In the context of the YEB,
where water energy networks are structured, the core provinces and cities associated with
water energy are predominantly located in downstream regions. Examining the network
resilience of these regions and seeking balance among water resources and energy can
facilitate the coordinated development of the economy, society, and environment.

In 2012, the core edge effect was obvious, and it was obviously improved in the later
period; the network structure became more complex, and the resilience of the network
structure was significantly improved. In terms of the virtual water connection network,
Guizhou exhibits a degree value of 2 throughout both the early and late stages, having
contact with only two cities. In the event of severed connections, Guizhou would become
isolated from the entire network. Moreover, cities in the upper reaches of the YEB with
abundant water resources exhibited low degrees, failing to fully exploit their resources to
establish connections with other cities, necessitating further development and adjustment
in later stages. Furthermore, the virtual energy contact network reflects how the city degree
in the middle reaches of the YEB is relatively low, while Hunan exhibits a decreasing trend
in the later period. As such, developing cities with abundant resources in the upper region
and lower cities with more developed economies remain essential. Increasing attention
should be given to enhancing the position and role of the middle reaches of the YEB in both
networks, thereby improving the structural resilience of the entire connection network.

According to evaluative results, the structural resilience of the virtual energy connec-
tion network is significantly better than that of the virtual water connection network. While
the network hierarchy and connectivity of the latter improve obviously, its transmissibility
and aggregation do not show any improvement in the later period. In contrast, the virtual
energy network demonstrates marked improvements in all areas during the same period,
with a more complex and diversified network structure resulting in greater adaptability
and resilience to external attacks.

However, it is important to acknowledge that the analysis of changes in network
structural robustness is limited due to the data covering only 2012 and 2017. The avail-
ability of data is restricted, and the presence of time gaps may impede accurate analysis.
Additionally, other potential factors and influences were not taken into account, and few
research methods were used to compare and analyze results.

5. Conclusions

Based on China’s MRIO tables in 2012 and 2017, this study calculated virtual water
and energy flow among regions of YEB and then discussed water resources-energy interre-
gional flow networks from the perspective of structure resilience. The main results are as
follows: Within YEB, the virtual water flowing between provinces (cities) decreased by
28.66%, while the circulation of virtual energy is more frequent, with an increase of 4.88%.
Although the increase is small, it still reflects the energy complementarity among various
regions within YEB. The trade flow of provinces (cities) is concentrated mostly in neighbor-
ing provinces (cities), among which the virtual resource flow in the lower reaches is the
most frequent. The overall water resources and energy endowment in the YEB is favorable,
which can basically meet the regional resource use needs while exporting resources to
other regions outside YEB. Water resources and energy endowments of the middle and
upper reaches of the YEB are better than those of the lower reaches, but the level of virtual
resource flow is low. Therefore, the middle and upper reaches should make full use of their
own resource endowments, strengthen trade with the lower reaches, achieve reasonable
distribution of resources, promote the development of the lower reaches while driving their
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own economic development, and narrow the gap between the economic development of
the upper, middle and lower reaches.

The resilience of virtual energy networks surpasses that of virtual water; however,
both networks require further enhancement. In contrast to the middle and upper reaches
of YEB, provinces (cities) situated in the lower reaches exhibit relatively poor water and
energy endowments, yet they assume a dominant position in the overall network, and
the core-edge effect is particularly pronounced. It is imperative to leverage the resource
advantages of upper regions, bolster trade exchanges with other regions while satisfying
their own needs, eliminate the core-edge effect, and improve risk management capabilities,
thereby enhancing the resilience of the entire network. Based on the analysis of virtual
water and energy flow, as well as the resilience of the water resources and energy networks
in the YEB region, decision-makers can enhance network connectivity and augment energy
transmission pathways to ensure a stable water-energy supply. Moreover, efforts to enhance
the adaptability of the water-energy network to external disturbances can be pursued.
Additionally, measures such as rational allocation of water-energy core provinces and cities
and improvements in the transmission and distribution systems are necessary to achieve
efficient utilization and balanced development of water-energy resources.

This study constructs the network structure of YEB from the perspective of virtual
resource flow and discusses its resilience and space-time distribution, which can provide
support for water resources and energy management. However, since the currently avail-
able China’s interregional input–output table is only updated to 2017, the timeliness of the
research results needs to be updated in real-time according to the release of subsequent
data, which is a work that needs to be carried out continuously in the future.
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