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Abstract: Previous studies on the water-energy nexus mainly focused on the calculation and comparison of 

resource consumption at the national or regional level, lacking interprovincial sector-sector transfer analysis. 

In this study, the intensity of water and energy consumption of various sectors in China were calculated, the 

key nodes and paths of resource networks were identified, and countermeasures for resource conservation 

were proposed from the new perspective of the “dual saving” and “bidirectional saving” of water and energy. 

The results showed that the metallurgical industry (Me) in Jiangsu and the chemical industry (Ch) in Hebei and 

Jiangsu had high node strength in the water and energy network and were key sectors in China with “dual 

saving” effects of water and energy. The construction industry, Ch, Me in Jiangsu, electricity and hot water 

production and supply industry in Beijing, and Me in Hebei had high node strength in the water-related energy 

network and energy-related water network, significantly supporting the “bidirectional saving” effect of water 

and energy in China. The electrical equipment industry (El) in Jiangsu→El in Zhejiang, El in Zhejiang→El in 

Shanghai frequently appeared in key paths, which could effectively reduce the resource consumption of the 

entire network. 

Keywords: water and energy; input-output method; resource intensity; complex network; China 

 

1. Introduction 

Influenced by factors such as rapid economic development, intensified human activities and 

regional geopolitical conflicts, the risk of water and energy shortages has become increasingly severe 

in recent years, which is the main risk and challenge facing the world, and their synergistic 

relationship has been identified as an important topic of sustainable development of the United 

Nations (Wu et al. 2023). At present, the international situation is complicated, and China’s economic 

development faces many new challenges. Ensuring a stable supply of water and energy is of great 

significance to regional economic development and national stability. China proposes a new 

development pattern with the domestic cycle as the core and the domestic and international cycles 

promoting each other, giving full play to the potential of domestic demand and the advantages of the 

large-scale market. From the perspective of resources, changes in the trade pattern will promote the 

spatial redistribution of resources and lead to the escalation of resource supply and demand risks 

(Chen et al. 2023). Therefore, the formulation and promotion of the new development pattern policy 

need to continue to pay attention to the integrated management of water and energy. 

China is abundant in total water resources but low in per capita water. There is a serious 

geographical mismatch between the available freshwater resources and the water demand, which is 

mainly manifested in the contradiction between the high degree of energy development and the poor 

condition of water resource endowment in the northern provinces. China’s energy consumption 
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ranks first in the world, the energy consumption per unit of output value reaches twice the world 

average level, and the annual emission of carbon dioxide into the atmosphere exceeds 6 billion tons, 

also ranking first in the world. Per capita carbon emissions are higher than 40% of the world average. 

China thus faces enormous international pressure in energy conservation and emission reduction. To 

control resource consumption and protect the ecological environment, China has established a strict 

water resources management system and national energy standardization management measures, 

but relevant policies usually focus on industrial sectors or enterprise entities, such as limiting the 

development of high-water and high-energy consuming industries and encouraging the 

development of new energy industries. However, there is a lack of understanding of the industrial 

linkages that influence water and energy consumption. The national economic system is complex, 

and there are complex interweaving relationships among various sectors, leading to the complexity 

of the potential water and energy consumption of various sectors (Qian et al. 2022; Ding et al. 2023). 

In resource management, if policy makers only focus on a single province or a single sector but ignore 

the internal relationship, it may weaken the effectiveness of regional policies and inhibit resource 

conservation and resource utilization efficiency improvement. Therefore, it is necessary to explore 

the characteristics and internal relationships of water-energy transfer across provinces and sectors in 

China and propose targeted resource management measures accordingly. 

The organizational structure of this paper is as follows: The first part is the introduction. The 

second part is a literature review. The third part introduces the methods and data. The fourth part 

presents the research results and discusses them. The fifth part is the conclusion and policy 

implications. 

2. Literature Review 

Exploring the water-energy sectoral linkage and circulation regularity is of great practical 

significance to achieve sustainable resource utilization and interregional resource cooperative 

management. When analyzing the contradiction between resource supply and demand in a region, 

it is necessary to consider the contradiction between the production end and the consumption end. 

The production end mainly considers the direct exploitation or production of resources, while the 

consumption end involves the direct and indirect consumption of resources. The input-output 

method provides a good basis for accounting for indirect resource consumption, and its core idea is 

to use a matrix to reflect the balance and circulation relationship between different sectors in the 

economic system, which can achieve a complete simulation of the circulation of resources in the 

economic system (Cadarso et al. 2022; Wang et al. 2024). Input-output research can be summarized 

into three types: the single-regional input-output (SRIO), multiregional input-output (MRIO) and 

multiscale input-output (MSIO). Among them, the SRIO method is simple to calculate and has low 

data demand, but the disadvantage is that it ignores the external inflow of resources or assumes that 

the intensity of resources outside the area is the same as that within the local area (Xu et al. 2024), and 

its calculation results have certain errors. Based on the SRIO method, the MRIO method accounts for 

the flow of resources in different regions. Since the input-output table in multiple regions can cover 

the entire production process of products, the flow of resources in different regions and sectors can 

be tracked, and the calculation results are more accurate (Islam et al. 2021; Jiang et al. 2023; Liang et 

al. 2024), but this method cannot accurately calculate the resource intensity of foreign imports. Based 

on the SRIO and MRIO methods, the MSIO method distinguishes resource intensity from economies 

at different levels (Zhang et al. 2022) and more accurately characterizes resource utilization efficiency. 

For example, for subcountries, this method can distinguish resource intensity from foreign countries 

and other regions of the country. In addition, the calculation results can be used not only to calculate 

the resources reflected in the final consumption but also to quantify the resources reflected in the 

intermediate input, thus expanding the scope of application of input-output analysis and providing 

a more reliable theoretical method for resource accounting at different scales. At present, the method 

has been applied to water resources (Liu et al. 2019; Tian et al. 2020), energy (Wu and Chen 2017; Guo 

et al. 2021), carbon emissions (Hu et al. 2020; Lu et al. 2023) and other fields. For example, Shao et al. 

(2017) proposed the MSIO method, calculated the water intensity at three scales for 42 industrial 
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sectors in Beijing, and identified and analyzed the virtual water flow between Beijing and other 

provinces and countries. Meng et al. (2022) used the MSIO method to track and quantify the direct 

and indirect flows of energy, water and land factors among China’s four megacities. Chen et al. (2016) 

used the MSIO method to describe the transnational urban carbon footprint network between China’s 

five megacities and Australia’s five largest capital cities. The accounting results of related research 

comprehensively reflect the direct and indirect consumption of resources, which can provide a 

reasonable basis for the macro management of resources. 

The flow of water and energy between regions and sectors has formed a complex interwoven 

resource network. By exploring the attributes of the resource network, we can better understand the 

circulation characteristics of resources in the economic system. A complex network is a powerful tool 

for system structure analysis. The dominant idea is to abstractly regard specific research objects as 

nodes and the correlation between research objects as connected edges to better understand network 

properties by exploring the characteristics of nodes and connected edges (Ma et al. 2023). The concept 

of a complex network originated from a paper published in Nature by Watts and Strogatz (1998), 

which proposed the small-world network model, describing the development from a completely 

regular network to a completely random network. The study found that a few random paths can 

significantly change the topological properties of the whole network. Subsequently, complex 

networks have become an important emerging research direction in economics, sociology, statistics, 

management and other sciences (Da Timea 2018; Cervi et al. 2019; Memon and Tahir 2021; Simonel 

et al. 2022). At present, complex network research is mainly focused on the global (Kitamura and 

Managi 2017; Ullah et al. 2021; Feng et al. 2024) and country (Hong et al. 2019; Chen et al. 2022; Lei et 

al. 2023) scales, and the nodes include two categories: country (region) and sector. The research 

perspective includes two categories: geographical spatial perspective and sectoral spatial perspective. 

Energy trade is the most common research object. For example, Zhang et al. (2021) analyzed the 

global energy trade pattern based on the complex network method and discussed the impact of 

political and economic risks on the trade pattern. Based on the complex network approach, Chen et 

al. (2023) investigated the impact of renewable energy consumption on the global lithium trade 

pattern from the perspective of the industrial chain. Chen et al. (2018) constructed a complex network 

model of global energy trade and found its small-world characteristics and significant community 

clustering features. Zhang et al. (2017) explored the topology of China’s energy cycle through 

complex network methods and provided countermeasures and suggestions for energy 

macromanagement. Shi et al. (2017) used the input-output table from 1995 to 2009 to build a global 

energy circulation network and found that the sum of the circulation corresponding to 0.02% of the 

network accounted for more than 80% of the total circulation. The industries in EU countries cluster 

into the largest community and continue to attract other sectors to join. Research on complex 

networks in the field of energy has mainly focused on the development and evolution of fossil energy 

trade and the analysis of global energy trade communities (Ren et al. 2022). Research in the field of 

water resources focuses on the analysis of water resource network characteristics and evolution laws 

and the network architecture of the virtual water trade and energy trade (Li et al. 2021). Hong et al. 

(2018) constructed embodied water and energy embodied water networks of various sectors in 

Beijing, analyzed their evolution rules by using complex network indicators, and found that the 

water-saving effect of key sectors in the water resources network can quickly spread to other sectors. 

On the whole, complex network methods can support global and local analyses of resource systems 

and reveal many new features in resource trade networks from the perspective of topology (Simonel 

et al. 2022). Currently, in the field of resources, they mainly focus on exploring the network 

topological attributes of a single resource element. Water and energy are each other’s raw materials, 

and the mutual consumption pressure of the two resources can gradually spread and diffuse in the 

resource network by trade. Studies of the topological properties of the network of mutual 

consumption relationships between water and energy are still rare. 

Therefore, we attempt to overcome the limitations of the above research and provide some 

policy recommendations for the conservation and efficient use of water and energy. The main 

innovations and contributions of this study are as follows: (1) In previous studies, the MSIO method 
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was used to calculate the water-energy resource intensity at the sector level, which was usually 

concentrated in a single region or province. However, no research has carried out multiscale water-

energy resource intensity calculations for various provinces in China, and there is a lack of horizontal 

comparative analyses of resource intensity at the provincial level. In this study, the three-scale water-

energy intensity accounting was extended to each province, and the national water-energy resource 

intensity database was constructed, with the purpose of realizing the accurate accounting of water-

energy supply and demand and the in-depth analysis of the contradiction between supply and 

demand. (2) Previous studies on the link between water and energy lacked interprovincial sector-

sector transfer analysis, and most of them focused on comparative analysis at the national or regional 

level. This study builds an interprovincial, intersectoral resource network model in China, providing 

a new perspective for cross-provincial and cross-sector resource management and macrocontrol. (3) 

Most existing studies focus on water-energy resources themselves and analyze the topological 

attributes of resource networks but neglect the energy-saving effect brought by water saving and the 

water-saving effect brought by energy saving. Based on the construction of water and energy 

networks, this study further constructed energy-related water and water-related energy networks to 

explore the interprovincial sector-sector resource transfer characteristics caused by the mutual 

consumption of the two types of resources. The new ideas of “dual saving” of water and energy and 

“bidirectional saving” of energy-related water and water-related energy are put forward. Among 

them, “dual saving” refers to simultaneously saving water and energy, and “bidirectional saving” 

refers to realizing energy saving while saving water and realizing water saving while saving energy. 

Based on the resource network, this paper proposes countermeasures and suggestions for resource 

saving from the perspectives of “dual saving” and “bidirectional saving”. 

3. Methodology and Data 

In this section, we first describe how to use the MSIO method to calculate the multiscale resource 

intensity of various provinces and sectors in China. Based on the calculated resource intensity values, 

the construction of water and energy resource networks and the quantitative method of topological 

attributes were further introduced. Finally, the data source was explained. 

3.1. Multiscale Input‒Output Method 

The regional economic system is an open system, and there may be trade flows between local 

sectors, between sectors across different areas in the country, and between sectors in different 

countries. Embodied resource intensity varies in different areas, and MSIO accounts for the embodied 

resource intensity based on input‒output tables for economies on different scales. Figure 1 shows the 

circulation characteristics of resources across different economic scales. According to the material 

balance theorem, the circulation relationship of sector i  can be expressed as follows: 

 
l, l, d, d, m, m, l, l, l, ld. lm,

1 1 1 1

( )
n n n n

i j ji j ji j ji i ij i i i

j j j j

R z z z z y ex ex   
= = = =

+ + + = + + +     (1) 

where iR  is the direct resource consumption of sector i ; l, j
, d,j

, and m,j
 represent the 

embodied resource intensity in sector 
j

 in the local economy, national economy, and world 

economy, respectively; l,i
 is the multiscale embodied resource intensity of sector 

j
, which 

distinguishes the resource intensity of local consumption and imported products from other 

provinces and other countries; l, jiz
, d,jiz

, and m, jiz
 represent the intermediate input from sector 

j
 

in the local economy, national economy, and world economy to local sector i , respectively; l,ijz
 

represents the intermediate input from sector i  to sector 
j

 in the local area; l,iy
 represents the 

final demand of sector i ; and ld,iex
 and lm,iex

 represent the economic outflow from sector i  to 
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other provinces and countries, respectively. By processing and changing formula (1), the multiscale 

resource intensity can be obtained: 

 1 1

l d d m m l l( + )( ) ( )− −= + −ε R ε Z ε Z X I A  (2) 

          , =（ ）i j m nRR       l l, =（ ）j m nε      d d, =（ ）j m nε  

m m, =（ ）j m nε      d d,= （ ）ji n nzZ  m m, =（ ）ji n nzZ  

l l, =（ ）ij n nxX       
1

l l l( )−=A Z X     l l, =（ ）ji n nzZ  

where lX
 is the total output matrix and 

1

l( )−−I A  is the Leontief inverse matrix. The 

resource circulation of different sectors can be obtained by multiplying the multiscale 

embodied resource intensity calculated by formula (2) by the economic circulation of 

the corresponding sectors. On this basis, the resource circulation of different regions can be 

obtained by summarizing the amount of resource circulation of various sectors in the region. 

 

Figure 1. Circulation characteristics of embodied resources. 

3.2. Resource Network Construction and Related Indicators of Complex Networks 

3.2.1. Resource Network Construction 

In this study, water, energy, energy-related water and water-related energy that flow between 

different nodes through product trade are taken as the edge, and the amount of resource circulation 

is taken as the weight. The direction of resource circulation is the same as that of economic circulation. 

Energy-related water refers to the amount of water resources consumed in the production and 

processing of six types of primary energy, namely, raw coal, crude oil, natural gas, hydropower, 

nuclear power and wind power (Ding et al. 2018), and water-related energy refers to the amount of 

energy consumed by water resources in the social cycle (Wang et al. 2018). Notably, for different 

regions and sectors, there are significant differences in the water-saving effect brought by energy-

saving and the energy-saving effect brought by water-saving, and this effect may further change with 

the resource trade circulation. The purpose of this study is to explore the regions and sectors with 

strong bidirectional saving effects of water and energy to propose targeted resource management 

policies. The construction of a resource network requires two types of data. One is resource intensity 

data, which come from the multiscale resource intensity database constructed by the researchers. The 

second is the economic circulation between nodes, which comes from the multiregional input‒output 

table of China, including 30 industrial sectors in 30 provinces except Tibet. The resource flows 

between any two nodes in the resource network can be obtained by multiplying the resource intensity 

of the output nodes by the economic circulation between nodes. 
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3.2.2. Related Indicators of Complex Networks 

(1) Small-world characteristics 

Small-world characteristics mean that in the network, most nodes are not neighbors, nodes are 

closely related to the nodes around them, and there are usually only a few nodes between any two 

nodes (Mariane and Odemir 2023). These attributes can be reflected by the small-world index C  

(Barabási A L 1999); the calculation formula is as follows: 

                     [ / ] [ / ]actual actual random randomC C L L C=                              (3) 

where 
actualC  is the average clustering coefficient of the actual network, which represents the 

probability that two sectors effectively associated with the same sector are also effectively associated 

with each other; 
actualL  is the average shortest path of the actual network and represents the average 

shortest path between any two sectors. More details on the methods for calculating these two 

indicators can be found in the research of Chen (2018). 
randomC  and 

randomL  are the average clustering 

coefficient and the average shortest path in the same size random network, respectively, and they are 

calculated by d n  and ( ) ( )ln n ln d , where n  is the number of nodes, and d  is the average 

degree of all nodes. 

(2) Node strength 

Node strength is an indicator for measuring the importance of nodes and represents the sum of 

weights of all edges connected to the node. Generally, sectors with high node strength are key nodes 

with influence and importance in the network. The calculation formula is as follows: 

                                  
i

i ij

j N

s 


=                                    (4) 

where ij
 represents the weight of the edge between node i  and node 

j
. In a directed network, 

node strength can be further divided into in-strength and out-strength, which represent the inflow 

and outflow of the node, respectively. In the resource network, in-strength and out-strength represent 

the amount of resources flowing in and out of a node, respectively. Generally, the greater the node 

strength of a sector is, the greater the amount of resource trade between the sector and other sectors, 

and the more important its position in resource regulation. 

(3) Eigenvector centrality 

In the network, an important node is associated not only with many other nodes but also with 

other important nodes. This property can be characterized by eigenvector centrality (Xu et al. 2021), 

which is evaluated according to the importance of nodes connected with the node itself. The 

calculation formula is as follows (Pradhan et al. 2020): 

Suppose vx
 is the eigenvector centrality of node v  and ,( )v tA a=

 is the adjacency matrix. If 

there is an edge between node v  and node t , then , =1v ta
; otherwise, , =0v ta

: 

,

( )

1 1
v t v t t

t N v t G

x x a x
  

= =                          

(5) 

where ( )N v  is the collection of nodes connected to node v , and   is a constant. G  is the 

collection of all nodes in the network and can be expressed in the form of a matrix: 

Ax x=                                   (6) 

Then, the eigenvector centrality x  can be determined by solving the system of equations. 

(4) Key path 

In the network, an edge with a large weight is called a key edge, and the path connected by the 

key edge is called the key path. The weight of each edge in the key path occupies a large proportion 

in the whole network; therefore, the key path plays a pivotal role in the network. In the resource 

network, the key path integrates the key edges of resource consumption and represents the important 

path of resource consumption. The method of identifying the key path in a complex network is as 

follows (Sun et al. 2016): First, assume that all nodes in the network are initial nodes in the key 
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path. Second, search for the edge with the highest weight among all connected edges of each initial 

node, and the target node of this edge is regarded as the second node of this key path. Third, repeat 

the second step until the searched node returns to the penultimate node in the path, and the search 

process is completed. The critical path in the resource network is an important trade path for 

resource circulation, which is of great significance to overall resource regulation. 

3.2.3. Data Sources 

The data involved in this study mainly include the following four types, all for the year 2017. 

The first type is the input‒output data. World-scale input‒output data are derived from the Eora 

database (Lenzen et al. 2013), which contains 188 countries and 26 sectors in each country. National 

and provincial input‒output tables are derived from the National Bureau of Statistics (NBS 2017) 

and the Regional Bureau of Statistics, and these all contain 42 sectors. When considering foreign 

imports, it is necessary to connect 42 sectors at the national scale with 26 sectors at the world scale 

(Shao et al. 2017). In addition, a multiregional input-output table in 2017 (Rodrigo and Amaro 2021) 

is needed. 

The second type is water withdrawal data and includes agricultural, industrial, domestic, and 

ecological water withdrawal. Among them, water withdrawal data of 188 countries on the world 

scale are available from World Bank statistics (WB 2018). National and provincial water withdrawal 

data are derived from the Water Resources Bulletin in the corresponding region. When water enters 

the economic system, agricultural, domestic, and ecological water withdrawal belong to agriculture, 

production and distribution of tap water, and administration of water, environment, and public 

facilities, respectively. For industrial water withdrawal, there are no detailed data by sector. 

Therefore, based on data from the China Economic Census Yearbook and the China Statistical 

Yearbook 2018 (NBS 2018), we assume that water use efficiency increases at an average rate of 8.42% 

(Fan et al. 2019). 

The third type is energy exploitation data. The world-scale primary energy extraction data are 

from the BP World Energy Statistics Yearbook (BP 2018). At the national and provincial scales, the 

extraction amounts of raw coal, crude oil, natural gas, hydropower, nuclear power, and wind power 

are derived from the national and provincial Energy Statistics Yearbook. When energy enters the 

economic system, raw coal belongs to the mining and washing of coal, crude oil and natural gas 

belong to the extraction of petroleum and natural gas, hydropower and wind power belong to the 

production and distribution of electric power and heat power, and nuclear power belongs to the 

mining and processing of metal ores. 

The fourth type is the mutual consumption of water and energy. For all types of energy, the 

water footprints of raw coal, crude oil, and natural gas are mainly reflected in the exploitation stage; 

the water footprint of hydropower is mainly reflected in the evaporation of water resources; and the 

water footprints of nuclear power and wind power are mainly reflected in the upstream production 

stage. In terms of the energy consumption of water, in the life cycle of water resources for different 

types of water, surface water transport, water withdrawal, groundwater abstraction, water supply, 

water consumption, water drainage, sewage reuse, and seawater desalination all consume energy 

(Wang et al. 2018). 

4. Results 

4.1. Embodied Resource Intensity in Each Province and Sector 

Figure 2 shows the spatial and sectoral distribution characteristics of embodied water intensity 

in China. Except for a few provinces, such as Xinjiang (the resource intensity of all sectors weighted 

by output value is 325.79 m3/10,000 yuan), Ningxia (132.31 m3/10,000 yuan), and Heilongjiang (143.37 

m3/10,000 yuan), the embodied water intensity of southern provinces was generally higher than that 

of northern provinces. The average embodied water intensity of China is 79.47 m3/10,000 yuan, 

weighted by the output value of each sector. In 2017, the amount of water resources in southern 

provinces accounted for 78.06% of the national total amount. These abundant water resources 
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provided sufficient material guarantees for local production, and water management regulations 

were looser than those in northern water-scarce areas. In contrast, the embodied water intensity of 

northern provinces was generally low; among them, the Beijing (43.13 m3/10,000 yuan)-Tianjin (42.38 

m3/10,000 yuan)-Hebei (60.56 m3/10,000 yuan) economic circle had high water efficiency. These water-

deficient areas had improved water utilization efficiency by continuously improving production 

technology, and their embodied water intensity was significantly lower than that of other provinces. 

There were great differences in the embodied water intensity among sectors.  

 

Figure 2. Embodied water intensity in 30 provinces and each sector. 

Figure 3 shows the spatial and sectoral distribution characteristics of embodied energy intensity. 

Contrary to the case for water resources, the embodied energy intensity of southern provinces was 

generally lower than that of northern provinces. The amount of fossil energy extraction in the 

northern provinces, especially Inner Mongolia, Shaanxi, and Shanxi, accounted for more than 80% of 

the national total, which ensured the development of energy-intensive industries. Therefore, these 

regions had higher embodied energy intensity values, which were 91.85 GJ/10,000 yuan, 59.52 

GJ/10,000 yuan, and 74.55 GJ/10,000 yuan, respectively. In addition, Ningxia (65.35 GJ/10,000 yuan), 

Xinjiang (54.42 GJ/10,000 yuan), Qinghai (51.21 GJ/10,000 yuan), and Guizhou (46.12 GJ/10,000 yuan) 

had high intensity value. These factors led to high embodied energy intensity. Sectors with high 

embodied energy intensity and embodied water intensity showed a “dislocation” distribution. The 

mining and washing of coal, extraction of petroleum and natural gas, processing of petroleum, 

coking, processing of nuclear fuel, production and distribution of electric power and heat power, and 

production and distribution of gas had high embodied energy intensities. Among them, the energy 

intensity of the first two sectors was reflected in the direct exploitation of traditional fossil energy, 

such as raw coal, crude oil, and natural gas. The last three sectors belonged to the downstream 

processing sectors of energy, and their energy consumption pressure was mainly reflected in indirect 

use. 
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Figure 3. Embodied energy intensity in 30 provinces and each sector. 

Based on the contents of Figures 2 and 3, there is a positive correlation between regional resource 

intensity and resource endowment conditions, mainly for the following two reasons. First, regions 

with good natural resource endowments had a high degree of resource development, and the 

proportion of resource intensity reflected in the local direct part was larger. Second, resource-rich 

regions had low restrictions on resource-intensive industries, relatively loose resource management 

standards, and complete industrial chains closely related to resource production and processing, 

which guaranteed products and services for resource-poor regions. From the perspective of the 

spatial distribution of resources, China’s water and energy showed the distribution characteristics of 

“rich in the south and poor in the north” and “rich in the north and poor in the south”, respectively. 

The resource endowment conditions of most regions did not match the degree of economic 

development. These resource distribution and utilization characteristics determined the existence of 

large-scale resource circulation in China. This circulation included physical resource trade (interbasin 

water transfer, interprovincial energy trade) and virtual resource trade (interprovincial trade of water 

and energy-intensive products). Therefore, in the macrocontrol and efficient utilization management 

of resources, full consideration should be given to regional resource endowment conditions and 

utilization efficiency, as well as the trade relationship between regions, to avoid “putting the cart 

before the horse”. 

4.2. Complex Network Feature Recognition 

4.2.1. Resource Network Construction 

Water and energy flow among regions and sectors through products and services and form 

intricate resource networks. Resource circulation between nodes can be obtained by multiplying 

embodied resource intensity by the corresponding economic flow, and economic flow is obtained 

from the multiregional input-output table. 

Notably, in the construction of interprovincial sector-sector resource networks in China, 42 

sectors of each province were merged into 30 sectors based on the weight of the output value because 

many tertiary sectors have relatively low water and energy consumption. To facilitate the 

presentation of the results, nine industry sectors, including leasing and business services, scientific 

research and technology services, education, health and social work, were merged into Other services 

(Os). Moreover, according to industry attributes, the general equipment manufacturing industry and 
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special equipment manufacturing industry were merged; other manufacturing industries, 

comprehensive utilization of waste materials, metal products, machinery and equipment 

maintenance services were merged; and the gas production and supply industry and water 

production and supply industry were merged. The correspondence relationship is described in Table 

1 below. The cumulative probability distributions of edges in water, energy, energy-related water, 

and water-related energy networks are shown in Figure 4. When the cumulative probability was less 

than 95%, the cumulative probability grew rapidly as the number of edges increased. Subsequently, 

the growth rate slowed, which meant that most of the resource circulation was concentrated on a few 

edges. The purpose of this article is to explore the resource circulation characteristics rather than the 

economic links between all sectors. Therefore, a weight of 95% for the edge was taken as the threshold 

of circulation, and edges whose weight was less than this value were deleted. In addition, to better 

reflect the circulation characteristics of resources between nodes, the weight of the edge that flows 

back to the node itself was set to zero. The constructed resource networks are shown in Figure 5. For 

brevity, water, energy, energy-related water, and water-related energy networks are abbreviated as 

WN, EN, EWN, and WEN, respectively. 

Table 1. Correspondence between 30 sectors in the multiregional input-output table and 42 sectors in 

the single-region input-output table. 

30 

sectors 

code 

Sector name and 

abbreviation 

42 

sectors 

code 

30 

sectors 

code 

Sector name and 

abbreviation 

42 

sectors 

code 

S1 
Agriculture (Ag) S1 S16 General and specialist 

machinery (Ge) 

S16~S17 

S2 
Coal mining (Cm) S2 S17 Transport equipment 

(Tr) 

S18 

S3 Petroleum and gas (Pe) S3 S18 Electrical equipment (El) S19 

S4 
Metal mining (Mm) S4 S19 Electronic equipment 

(Ec) 

S20 

S5 
Nonmetal mining (No) S5 S20 Instrument and meter 

(In) 

S21 

S6 
Food processing and 

tobaccos (Fo) 

S6 S21 Other manufacturing 

(Ot) 

S22~S24 

S7 

Textile (Te) S7 S22 Electricity and hot water 

production and supply 

(Eh) 

S25 

S8 

Clothing, leather, fur, etc. 

(Cl) 

S8 S23 Gas and water 

production and supply 

(Ga) 

S26~S27 

S9 
Wood processing and 

furnishing (Wo) 

S9 S24 Construction (Co) S28 

S10 
Paper making, printing, 

stationery, etc. (Pa) 

S10 S25 Transport and storage 

(Ts) 

S29 

S11 
Petroleum refining, 

coking, etc. (Pr) 

S11 S26 Wholesale and retailing 

(Wh) 

S30 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 July 2024                   doi:10.20944/preprints202407.0137.v1

https://doi.org/10.20944/preprints202407.0137.v1


 11 

 

30 

sectors 

code 

Sector name and 

abbreviation 

42 

sectors 

code 

30 

sectors 

code 

Sector name and 

abbreviation 

42 

sectors 

code 

S12 
Chemical industry (Ch) S12 S27 Hotel and restaurant 

(Ho) 

S31 

S13 
Nonmetal products (Np)  S13 S28 Leasing and commercial 

services (Le) 

S32 

S14 Metallurgy (Me) S14 S29 Scientific research (Sc) S33 

S15 Metal products (Mp) S15 S30 Other services (Os) S34~S42 

 

Figure 4. Cumulative probability distribution of weights of edges. 
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Figure 5. Embodied resource networks with 900 sectors as nodes. (a) WN (b) EN (c) EWN (d) WEN. 

4.2.2. Small-World Characteristics 

Generally, a network with a relatively high average clustering coefficient and a relatively low 

average shortest path has the small-world attribute. In WN, EN, EWN, and WEN, the calculation 

results of network indicators are shown in Table 2. The clustering coefficient of the four networks 

was between 0.34 and 0.36, which was significantly higher than the clustering coefficients of random 

networks of the same size (0.05 to 0.07), indicating that these networks had strong clustering and that 

network nodes were closely connected. The average shortest path was between 2.29 and 2.51, 
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indicating that the resource circulation between sectors of any province in the resource network needs 

to pass through only 2-3 sectors, on average, reflecting the frequency and convenience of resource 

trade in the network. Among the four networks, the small-world indexes were 3.63, 5.84, 4.59, and 

3.42, indicating that the small-world attribute was significant, changes in embodied resources in one 

sector could be quickly transmitted to other sectors, the embodied resources in a few sectors were 

relatively close, and the network had high connectivity and operating efficiency. Key nodes in the 

network were likely to have a significant impact on the structure and stability of the whole resource 

network. The small-world attribute was more significant for the energy network than for water 

resources; that is, the flow efficiency of embodied energy among provinces and sectors in China was 

higher, and the resource regulation effect of key sectors in the energy network was more efficient 

than that of the water network. The small-world characteristics of the resource network were 

consistent with the actual situation of resource flow because there are differences in the attributes of 

water and energy trade, except for a small amount of interbasin water transfer, large-scale long-

distance or inter-regional physical water trade was very rare, while physical energy trade may occur 

between different regions, so energy trade was more active and nodes in the network were more 

closely connected. In terms of mutual consumption of the two resources, taking the EWN as an 

example, the edge in the network was water consumption of energy; therefore, the resource 

regulation of key sectors in the network would affect the overall energy and water consumption of 

the network. Similarly, if a node was a key node in both the EWN and WEN, the resource-saving 

effect of energy-related water and water-related energy would be significantly better than that of 

other nodes; that is, the bidirectional saving effect of the two resources was stronger. The small-world 

characteristics provide a breakthrough for efficient mutual savings of water and energy, and 

exploring the key nodes and paths of the network will be an important entry point to solve the 

resource dilemma. 

It is worth noting that in the authors’ previous study, the small-world indexes of the water and 

energy networks constructed with 30 provinces as nodes in China were 1.15 and 1.15, and the small-

world indexes of the water and energy networks constructed with 42 sectors as nodes were 2.11 and 

3.07 (Hong et al., 2023), which are significantly lower than the small-world indexes of the water and 

energy networks in the present study. It shows that among the three options of 1. resource regulation 

for key provinces, 2. resource regulation for key sectors, and 3. resource regulation for key sectors in 

key provinces, the third option is the optimal choice for the macro-control of resources and the 

enhancement of resource utilization efficiency. By refining the regions and sectors in the resource 

network, the best resource regulation effect can be obtained. 

Table 2. Indexes of resource networks. 

 WN EN EWN WEN 

average clustering coefficient 0.34 0.36 0.34 0.35 

average shortest path 2.36 2.51 2.40 2.29 

clustering coefficient (random network of the same size) 0.07 0.05 0.05 0.07 

average shortest path length (random network of the same size) 1.68 1.85 1.76 1.63 

small world index 3.63 5.84 4.59 3.42 

4.2.3. Key Node Identification Based on Node Strength 

Node strength is a crucial indicator measuring the importance of nodes, and the change in key 

nodes significantly affects the function of the entire network (Sun et al. 2016). The top ten sectors with 

high node strengths in the WN, EN, EWN, and WEN are listed in Figure 6. It was found that Jiangsu-

Metallurgy (Me) had relatively high in-strength in both the WN and EN, and the in-strength was 

significantly higher than the out-strength, indicating that the sector was at the end of the industrial 

chain and played a consumer role. The Jiangsu-Chemical industry (Ch) and Hebei-Me had a high out-

strength in both the EWN and WEN, and their out-strength was significantly higher than their in-
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strength, indicating that both sectors were in the middle of the industrial chain and played a 

processing role. The difference between the in-strength and out-strength of nodes reflected the 

difference in resource utilization among provinces and sectors. Generally, the economically 

developed and densely populated areas (Beijing, Shanghai, Jiangsu, Zhejiang, Shandong) had 

relatively high in-strength, the economy and population had a strong siphon effect on resource-

intensive products, and a large amount of resources was consumed in the form of “final 

consumption” and no longer entered into other production processes. Compared with the economic 

development level, the out-strength was more affected by the regional resource endowment 

conditions and resource utilization efficiency. In the EN, the primary energy production and 

processing sector in provinces with rich mineral resources (Shanxi, Inner Mongolia, Shanxi) had high 

out-strength. In the WN, regions with high resource intensity and active interprovincial trade of 

resource-intensive products (Heilongjiang, Anhui, Xinjiang) had higher out-strength. The greater the 

node strength of the sector was, the stronger its regulation function in the whole resource network 

was, and the more important the node was in the resource network. On the whole, Jiangsu-Me, 

Jiangsu-Ch, and Hebei-Me played important roles in water and energy networks and had the “top 

priority” of the whole resource network regulation. Reasonable resource regulation of these sectors 

had a significant effect on the “dual saving” of the two resources. 

In the mutual consumption of water and energy, energy-related water and water-related energy 

circulate between different regions and sectors by products or services and form complex resource 

networks. There were significant differences in the effect of water and energy mutual saving in 

different regions and sectors, and the mutual saving effect may change through the industrial chain, 

further aggravating the complexity of the bidirectional resource regulation of water and energy. 

Exploring the node attributes of the EWN and WEN can provide a new perspective for the 

bidirectional regulation of water and energy. In Figure 6, Jiangsu-Me and Jiangsu-Co both had high 

in-strength in the WEN and EWN, and Beijing-Electricity and hot water production and supply (Eh), 

Hebei-Metallurgy (Me), and Jiangsu-Ch had high out-strength in the two networks. The amount of 

resources flowing in (out) of these nodes was large, indicating that heavy industry was the main 

absorber of water and energy, and the direct and indirect consumption of both resources were large, 

which contained water consumption of fossil energy and energy consumption of water supply, 

discharge, and reuse. As an economically developed province along the eastern coast of China, 

Jiangsu had the second largest GDP in China, and its Me had close economic and technological ties 

with general and specialist machinery (Ge), construction (Co), and electrical equipment (El) in 

Zhejiang, Anhui, and even Guangdong. Its active economy and developed trade in the region 

brought frequent resource circulation. For the above four sectors, the energy saving effect brought by 

water saving and the water saving effect brought by energy saving can be quickly spread to other 

sectors in the network, which are key objects in water and energy collaborative management. 
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Figure 6. Top 10 sectors in terms of in-strength and out-strength in four networks. (a) WN (b) EN (c) 

EWN (d) WEN 

4.2.4. Key Node Identification Based on Eigenvector Centrality 

Node strength is an effective indicator for measuring the importance of nodes in a network. 

However, some nodes with small node strength are also important because they are connected to 

important nodes in the network, and this can be measured by eigenvector centrality. Table 3 lists the 

top ten sectors in the four networks in terms of eigenvector centrality. By comparison, Shaanxi-

Construction (Co), Yunnan-Co, Beijing-Co, Liaoning-Co, and Jiangsu-General and specialist 

machinery (Ge) all had relatively high eigenvector centrality in each network. Compared with other 

sectors, nodes connected to the construction industry were all important sectors in resource networks, 

including the upstream node nonmetal products (Np), metallurgy (Me), and chemical industry (Ch) 

and downstream node transport and storage (Ts); they were all nodes with high node strength. Co 

absorbed a large amount of embodied resources, including water and energy, and a large amount of 

water-intensive and energy-intensive products and services, promoted the formation of fixed capital, 

and provided basic guarantees for hotels and restaurants (Ho). In addition, Shaanxi, Yunnan, Beijing, 

Liaoning, and Jiangsu were the key provinces of northwest, southwest, north, northeast, and east 

China, respectively, which connected regional and even national resource trade. Improving the 

resource consumption efficiency of the above five sectors will significantly affect the total embodied 
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water and energy of the network, and the water-saving (energy-saving) effect brought by energy-

saving (water-saving) can more easily spread throughout the network. 

Notably, the nodes with high eigenvector centrality in the above four resource networks did not 

appear in the top ten nodes of node strength. Node strength determines the importance of the node 

by the inflow and outflow of resources, while eigenvector centrality determines the importance of 

the node by the importance of adjacent nodes. There is an essential difference between the two 

indexes. It reflects that nodes with higher node strength in the network were not closely connected 

and often needed to be connected through “other” nodes, which were nodes with higher eigenvector 

centrality. Nodes with high node strength often need to be connected to many nodes with smaller 

node strength to achieve higher resource input (output) volume. This is consistent with the actual 

resource flow and economic law. For example, resource-rich areas can achieve resource self-

sufficiency, so the direct flow of resources between them is small. Similarly, for sectors with large 

node strength, there was little correlation between sectors of the same category in different regions, 

but cross-regional resource replenishment of upstream sectors and resource supply of downstream 

sectors occurred frequently. 

Table 3. Top 10 sectors in terms of eigenvector centrality. 

WN EN EWN WEN 

Sector Value Sector Value Sector Value Sector Value 

26-Co 1.00 25-Co 1.00 26-Co 1.00 26-Co 1.00 

25-Co 0.96 26-Co 0.97 25-Co 1.00 25-Co 0.96 

1-Co 0.84 10-Ge 0.91 10-Ge 0.90 6-Co 0.85 

12-Co 0.82 10-Co 0.89 6-Co 0.88 1-Co 0.82 

6-Co 0.82 16-Ge 0.87 1-Co 0.86 16-Np 0.81 

10-Co 0.82 11-Ge 0.86 16-Ge 0.85 10-Ge 0.80 

10-Ge 0.81 6-Co 0.86 6-Ge 0.84 6-Ge 0.80 

22-Co 0.80 11-Co 0.85 16-Np 0.84 12-Co 0.80 

11-Co 0.80 6-Ge 0.85 12-Co 0.83 11-Co 0.78 

16-Np 0.79 1-Co 0.84 10-Co 0.83 30-Co 0.78  

4.2.5. Key Path 

In the four resource networks, the top ten weighted edges are listed in Table 4. By comparison, 

it was found that in the WN and EN, there was no same key edge in the top ten. In the EN, coal 

mining (Cm) in Inner Mongolia and Shanxi were taken as source nodes, and economically developed 

provinces with poor energy endowments, such as Beijing, Jiangsu, Zhejiang, Shandong, and 

Guangdong, were taken as the target nodes. The electricity and hot water production and supply 

industry (Eh) was the main target node. Among them, in Shanxi-Cm→Jiangsu-Eh, Inner Mongolia-

Cm→Jiangsu-Eh, and Inner Mongolia-Cm→Zhejiang-Eh, the embodied energies of these three edges 

were 1.44×106 TJ, 1.36×106 TJ, and 1.34×106 TJ, respectively, which were the three most important 

edges in the network. Therefore, the key edges that ranked at the top in interprovincial energy 

circulation were all caused by the industrial division of raw materials. In the WN, the top ranking 

key edges all occurred between agriculture (Ag), food processing and tobacco (Fo), and the 

chemical industry (Ch). There were many nodes with agriculture in Heilongjiang and Xinjiang as 

source nodes and many nodes with agriculture and its downstream sectors in Shandong, Jiangsu, 

Zhejiang, and other economically developed provinces as target nodes. Among them, the weights 

of Heilongjiang-Ag→Shandong-Fo, Shandong-Fo→Jiangsu-Ch, and Xinjiang-Ag→Shandong-Ag 

were ranked in the top three, with values of 1.516 billion m3, 790 million m3, and 677 million m3, 

respectively. Water-intensive products, such as agricultural products and their processed products, 

were widely circulated among different provinces. The rankings of the key edges in the EWN and 
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WEN were different from those in the EN and WN because the unit water consumption (energy 

consumption) of different types of energy (water) was different. 

Table 4. Top 10 key edges in terms of weight in four networks. 

WN (108m3) EN (TJ) EWN (108m3) WEN (TJ) 

source→target weight source→target weight source→target weight source→target weight 

8-Ag→15-Fo 15.16 4-Cm→10-Eh 1.44E+06 4-Cm→10-Eh 2.80 3-Me→10-Me 7.56E+03 

15-Fo→10-Ch 7.90 5-Cm→10-Eh 1.36E+06 5-Cm→10-Eh 2.63 12-Eh→14-Eh 7.12E+03 

30-Ag→15-Ag 6.77 5-Cm→11-Eh 1.34E+06 5-Cm→11-Eh 2.60 15-Ga→10-Ga 7.07E+03 

8-Ag→6-Fo 6.57 4-Cm→11-Eh 1.27E+06 4-Cm→11-Eh 2.47 10-Ch→11-Ch 6.03E+03 

10-Ch→11-Ch 5.94 5-Cm→1-Cm 1.13E+06 5-Cm→1-Cm 2.19 12-Me→10-El 5.88E+03 

12-Fo→10-Ch 5.90 5-Cm→19-Eh 1.06E+06 5-Cm→19-Eh 2.06 16-Me→10-Me 4.77E+03 

8-Ag→5-Fo 5.85 4-Cm→19-Eh 8.95E+05 4-Cm→19-Eh 1.75 3-Me→11-Me 4.27E+03 

30-Ag→16-Ag 5.53 4-Cm→3-Pr 8.29E+05 12-Cm→10-Eh 1.69 10-Ch→12-Ch 4.24E+03 

30-Ag→15-Ch 5.05 4-Cm→15-Eh 7.64E+05 4-Cm→3-Pr 1.62 24-Eh→22-Eh 4.19E+03 

30-Ag→3-Ag 5.03 4-Cm→1-Cm 7.16E+05 24-Cm→19-Eh 1.62 12-Np→10-Co 3.89E+03 

Key paths were connected by key edges. According to the identified key edges, 631, 585, 624, 

and 661 key paths were identified in the WN, EN, EWN, and WEN, respectively. Figure 7(a) shows 

the top three key paths in the WN and EN, and Figure 7(b) shows the top three key paths in the EWN 

and WEN. The main key path ran through China’s main economic development sectors, and the key 

paths in the WN repeatedly passed through Shandong-Jiangsu-Zhejiang Provinces. The 

manufacturing industry in these three provinces was developed and needed a large amount of basic 

resources. In addition, the transportation and service industry in the Yangtze River Delta region had 

significant advantages in the whole country, which promoted industrial development and 

accelerated the industrial water flow between regions. Key paths in the embodied energy network 

repeatedly passed through Henan-Shanxi-Jiangsu Provinces; among them, Henan was closely related 

to Shanxi, Shaanxi, and other major energy-producing provinces, as well as Shandong, Jiangsu, 

Zhejiang, and other major economic provinces with developed manufacturing and service industries. 

As the second largest energy-producing province in China, Shanxi continuously and stably supplied 

energy to many provinces. As a large terminal energy consumption province, Jiangsu absorbed a 

large amount of direct and indirect energy consumption. The triangular region formed by the three 

provinces of Henan-Shanxi-Jiangsu connected North China, Central China, and East China, which 

was an important way to communicate the energy trade between South China and North China; 

therefore, it frequently appeared in a critical path. The EWN and WEN presented similar 

characteristics to the EN and WN. Some key edges in the resource network frequently appear in the 

key path. For example, the occurrence frequencies of Jiangsu-El→Zhejiang-El in the WN, EN, EWN 

and WEN were 136, 232, 131, and 131, respectively, and the occurrence frequencies of Zhejiang-El→

Shanghai-El were 137, 228, 132, and 132, respectively. In addition, Anhui-Ge→Jiangsu-El, Jiangsu-

Ge→Anhui-Ge, and Zhejiang-Ge→Jiangsu-Ge had high occurrence frequencies. The higher the 

frequency of the key edge in the key path is, the more easily the resource saving effect generated by 

its resource regulation can spread throughout the whole network. Improving the resource utilization 

efficiency of the source node will significantly change the circulation of the entire key path and even 

the entire network, which is an important entry point for China’s water-energy regulation. 
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Figure 7. Top 3 key edges in terms of weight (a) WN and EN (b) EWN and WEN. 

5. Discussion 

The three-scale resource intensity calculated by the MSIO method provides a more accurate data 

basis for the construction of resource networks, and a complex network provides an effective means 

for resource management. The construction of the WN, EN, EWN and WEN provides a new 

perspective for the coordinated management of water and energy. The study found that the WN, EN, 

EWN and WEN in China had significant small-world characteristics, which indicated that changes 

within the key sectors in the network would have significant impacts on the whole network. The 

impacts include the rapid spread of the resource-saving effect caused by the resource-saving policies 

of key nodes, as well as a resource supply crisis within other nodes caused by resource shortages in 

key nodes. Due to the close trade flow between regions and sectors in China, it is necessary to identify 

the key nodes and edges in the resource network and provide countermeasures and suggestions for 

the overall regulation of resources from a macro perspective. 

5.1. Policy Implications 

Exploring the node strength in the resource network is helpful to better understand the internal 

relationship between resources and sectors. For example, when considering the overall resource 
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regulation in China and reducing the total resource consumption, nodes with higher node strength 

should be the focus because compared to nodes with lower node strength, nodes with higher node 

strength are more easily affected by resource control and more sensitive, and their changes have a 

stronger impact on other nodes. However, on the other hand, the overall resource utilization 

efficiency of the resource network can still be improved through the nodes with greater node 

strength. This is because high amounts of resources flow through these nodes, they are closely related 

to other nodes, the resource saving effect can easily spread to other sectors, and the resource saving 

potential is greater. For example, Jiangsu-Metallurgy, Jiangsu-Chemical industry, and Hebei-

Metallurgy were nodes with high node strengths in the WN and EN, and their resource regulation 

could have a significant effect on both water and energy savings; that is, they had a “dual-saving” 

effect. The Jiangsu-Metallurgy, Jiangsu-Construction, Beijing-Electricity and hot water production 

and supply, Hebei-Metallurgy, and Jiangsu-Chemical industries were all nodes with great node 

strength in the EWN and WEN, and the edges of the networks were constructed by the amount of 

energy-related water and water-related energy. Energy-saving regulation of these key nodes will 

produce a significant water-saving effect, and water-saving regulation of these key nodes will 

produce a significant energy-saving effect; that is, the bidirectional saving effect of the two resources 

is significant. Nodes with high eigenvector centrality were connected with nodes in critical positions 

and belonged to key nodes in the network. Construction in Shaanxi, Yunnan, Beijing, and Liaoning 

had high eigenvector centrality. Nodes with high eigenvector centrality should pay more attention 

to improving resource consumption efficiency than to regulating total resource use and should avoid 

drastic changes in adjacent nodes with large strength caused by excessive resource restrictions. 

The key paths connected by several key edges provide an entry point for resource regulation 

from the perspective of trade. Specific resource regulation can be considered from the following three 

aspects. First, regulators should focus on improving the resource utilization efficiency of the source 

nodes of key edges with high frequency in the key paths (Jiangsu-Electrical equipment, Zhejiang-

Electrical equipment, Anhui-General and specialist machinery, Jiangsu-General and specialist 

machinery, Zhejiang-General and specialist machinery) and reducing resource intensity to effectively 

reduce the resource circulation of the whole key path. Second, the edges that frequently appear in the 

key path of the EWN and WEN are of great significance to the bidirectional regulation effect of water 

and energy. It is necessary to focus on improving the water utilization efficiency in energy-intensive 

industries; raising industry water utilization standards; appropriately limiting the development of 

downstream energy processing industries, such as coal-to-liquid and coal-to-gas; transferring part of 

the water pressure in energy processing to areas with relatively abundant water resources; reducing 

local water consumption; easing the tension between water resources and energy; and finally 

alleviating the contradiction between water and energy throughout the whole resource network. 

Third, when the target node chooses upstream partners, sectors with higher resource utilization 

efficiency should be given priority. For example, Jiangsu-Electrical equipment→Zhejiang-Electrical 

equipment was the edge with the highest frequency. When an industry of Jiangsu-Electrical 

equipment chooses upstream partners, it can strengthen cooperation with the electrical machinery 

and equipment industries in Guangdong and Fujian as well as in Jiangsu. The reason is that the first 

two provinces originally had close cooperation with the electrical industry in Zhejiang, and their 

electrical industry had lower embodied water intensity and embodied energy intensity than that of 

Jiangsu. Therefore, Guangdong and Fujian consume less water and energy when providing products 

of the same value. As another example, Zhejiang-Electrical equipment → Shanghai-Electrical 

equipment may consider strengthening cooperation between electrical equipment in Shanghai and 

electrical equipment in Shandong and Henan. In Anhui-General and specialist machinery→Jiangsu-

Electrical equipment, it may be considered to strengthen the cooperation between the electrical 

industry in Jiangsu and the general and special equipment manufacturing industry in Shandong or 

Shanghai. The above examples all represent the interprovincial resource circulation caused by the 

industrial division of parts and components; therefore, when the transportation cost, transportation 

convenience and other conditions are suitable, product substitution from adjacent or nearby 

provinces can be considered. 
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5.2. Deficiencies and Prospects 

Based on the embodied resource intensity obtained by MSIO, this study constructed resource 

networks, explored the resource circulation characteristics and optimized consumption methods 

through complex network indicators. The deficiencies and prospects of this study are summarized as 

follows. First, the national and provincial input-output tables are promulgated every five years, and 

the interregional input-output table is compiled after a series of balances and adjustments on the basis 

of the provincial input-output table. At present, the interregional input-output table of 2017 is the 

most recent version available, so there is a certain time lag in the research, and future research can be 

updated based on the latest input-output table. Second, when using multiscale resource intensity to 

construct resource networks, the industry division standard of China’s input-output table is different 

from that of the world’s input-output table. It is necessary to match 26 sectors at the world scale with 

42 sectors in China according to the industry weight, and certain errors may occur in the process of 

sectoral consolidation, which is also a disadvantage of the multiscale input-output method. More 

accurate accounting requires a more detailed and unified world-scale input-output table. Third, the 

energy system is complex. To prevent double counting of energy-related water, this study considers 

only the energy-related water in the process from primary energy extraction to direct use. Water 

consumption of secondary energy, such as thermal power generation, is not considered; therefore, to 

a certain extent, the actual water consumption in the whole process of the energy industry is 

underestimated. In future research, the water consumption of secondary energy could be included 

in the comprehensive water-energy evaluation based on input-output analysis. 

6. Conclusions 

To explore the interprovincial and intersectoral water and energy circulation characteristics in 

China and determine the key sectors for “dual saving” of water and energy and “bidirectional 

saving” of energy-related water and water-related energy, this study calculated the resource intensity 

of water- and energy-related factors in 30 provinces of China based on the MSIO method and 

constructed a resource intensity database. On this basis, the complex network method was used to 

construct an interprovincial sector-sector network of water, energy, energy-related water, and water-

related energy, and the key nodes and edges in the network were sought to provide countermeasures 

and suggestions for the saving and efficient utilization of water and energy. The results show that 

the embodied water intensity presented a spatial distribution of high in the southern area and low in 

the northern area, while it was high in the northern area and low in the southern area for embodied 

energy intensity, and sectors with high embodied water intensity and embodied energy intensity 

showed a “dislocation” distribution in China. The resource networks constructed by water, energy, 

energy-related water, and water-related energy were all complex networks. For sectors, Jiangsu-Me, 

Hebei-Me, and Jiangsu-Ch had high node strength in the WN and EN, and they were key sectors in 

the dual-saving effect on water and energy. Jiangsu-Me, Jiangsu-Co, Jiangsu-Ch, Beijing-Eh, and 

Hebei-Me had high node strength in the WEN and EWN, and the energy-saving effect brought by 

water saving and the water-saving effect brought by energy saving could quickly spread to other 

sectors, presenting the most significant bidirectional saving effect in the whole country. Shaanxi-Co, 

Yunnan-Co, Beijing-Co, Liaoning-Co, and Jiangsu-Ge all had high eigenvector centrality in the four 

resource networks, and the resource saving effect brought by the improvement in their resource 

utilization efficiency could easily spread throughout the network. For edges that frequently appear 

in key paths, such as Jiangsu-El→Zhejiang-El, Zhejiang-El→Shanghai-El, Anhui-Ge→Jiangsu-El, 

Jiangsu-Ge→Anhui-Ge, and Zhejiang-Ge→Jiangsu-Ge, improving the resource utilization efficiency 

of the source node, strengthening cooperation with upstream sectors with low resource intensity, and 

expanding the foreign imports of target nodes can effectively reduce the resource consumption of the 

entire network to achieve water-energy conservation on a national scale. 
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