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ABSTRACT 
Against the backdrop of tightening water constraints 

and deepening interregional energy trade, energy 
production, processing, and consumption are 
continuously reshaping the spatial allocation of 
embodied water resources via commodity flows. 
Previous studies have mainly focused on aggregate 
virtual water accounting or provincial-scale transfers, yet 
limited attention has been paid to city-scale dominant 
corridors and core controlling nodes in energy-sector 
virtual water networks. Using the Yellow River Basin as a 
case study, this paper integrates a multi-regional input-
output model, complex network analysis, and an attack 
model to construct a network-based analysis framework 
for the energy-sector virtual water transfer system 
across 61 prefecture-level cities in 2017. The network 
displays a pronounced hub-and-corridor structure, with 
outflows dominated by Lanzhou, inflows dominated by 
Lanzhou is the largest virtual water outflow city, with an 
export volume of 27.18 million m3, accounting for 
46.01% of the total outflows, while Luoyang is the largest 
virtual water inflow city, receiving 21.27 million m3 and 
accounting for 36.00% of the total inflows. The Lanzhou-
Luoyang corridor carries about 12.23 million m3 of virtual 
water, accounting for about 45% of Lanzhou's total 
outflow and 57.5% of Luoyang's total inflow, indicating 
that the strongest supply-demand linkage in the network 
is concentrated in a single core corridor. Centrality 
metrics further identify Luoyang as the leading 
topological hub, ranking first in degree centrality, 
betweenness centrality, closeness centrality, 
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eigenvector centrality, and PageRank, while Qingdao, 
Weihai, Yantai, Chengdu, and Zhengzhou form important 
secondary nodes in different metrics. These findings 
indicate that the energy-sector virtual water network in 
the Yellow River Basin is characterized by hub 
concentration and dominant-corridor dependence. The 
framework can help identify key exporting cities, key 
importing cities, and dominant corridors, thereby 
supporting basin-level coordination of energy security 
and water ecological security. 
Keywords: Virtual Water; Energy-Water Nexus; Network 
Resilience; Network Attack; Input–Output Analysis.  

1. INTRODUCTION 
Under increasingly severe global water constraints 

and sustained growth in energy demand, energy 
production, transport, and consumption are keep 
reshaping the spatial allocation of water resources 
through industrial chains and interregional trade [1-2]. 
Virtual water theory suggests that water resources are 
transferred across regions in the form of embodied 
inputs in goods and services, thereby coupling resource 
scarcity, industrial division, and trade structure [3-4]. For 
future water governance, it is therefore necessary to 
consider not only local physical water withdrawals, but 
also indirect water transfers embedded in interregional 
commodity flows. 

Research attention has moved beyond aggregate 
virtual water accounting to include energy-water nexus 
pathways, critical sectors, and transboundary water 
stress transfers. The multi-regional input-output 
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approach can effectively characterize interregional 
virtual water trade and embodied resource flows driven 
by final demand [5-6]. At the city scale, Liao et al. 
compared the water footprint and water scarcity 
footprint of energy demand in six major Chinese cities 
and showed that metropolitan energy consumption 
depends heavily on embodied water resources beyond 
administrative boundaries [7]. Frederic et al. further 
showed that changes in end-use consumption structure 
can significantly alter urban water footprint burdens [8]. 
At the urban agglomeration and national scales, Wang 
and Chen revealed the hierarchical transmission 
characteristics of energy-water nexus pathways in the 
Beijing-Tianjin-Hebei urban agglomeration [9], while 
Wang et al. identified critical sectors and supply chain 
paths in China's virtual water and energy-related water 
trade [10]. Liu et al. showed at the basin and catchment 
scale that energy demand can significantly reshape 
transboundary scarce water pressure [11]. These studies 
indicate that energy-related virtual water transfer is not 
simply a redistribution of flow volume, but rather a 
networked system involving key nodes, dominant 
pathways, and spatial dependency relationships. 

Beyond flow accounting, resilience studies show that 
static flow indicators alone are insufficient to explain 
network instability under shocks. Zhou and Wang 
conducted a dynamic resilience analysis of China's 
agricultural virtual water transfer network at the city-
sector scale and showed that malicious attacks are 
substantially more disruptive than random failures [12]. 
Studies on complex network vulnerability further suggest 
that different attack strategies lead to markedly different 
performance degradation paths, while structural 
resilience analysis helps identify bottlenecks and 
coordinated risks in flow networks under shocks [13-15]. 
Water, energy, and economic systems are also 
characterized by strong coupling and trade-offs [16]. 
Therefore, combining virtual water accounting, network 
topology identification, and disturbance-response 
analysis is a necessary approach for understanding the 
vulnerability of energy-water nexus systems. 

The Yellow River Basin is an important case for 
examining these issues. It is not only an important 
ecological security barrier in China, but also a strategic 
region with highly concentrated energy development 
and energy conversion activities, and it has long been 
constrained by water scarcity, industrial imbalance, and 
tightening ecological constraints [17]. Previous studies 
have identified virtual water flows and water footprint 
patterns in the Yellow River Basin, and have also shown 

that physical and virtual water transfers play important 
roles in alleviating regional water stress [18-19]. 

However, most existing studies still focus on 
aggregate measurement or provincial-scale analysis, 
paying insufficient attention to dominant corridors and 
core controlling nodes in city-scale virtual water 
networks for the energy sector. In this study, we take the 
energy sectors of 61 prefecture-level cities in the Yellow 
River Basin as the research object and construct a city-
level virtual water transfer network. We aim to address 
three questions: first, which cities dominate outflows, 
inflows, and the strongest inter-city linkage; second, 
which cities occupy core controlling positions in the 
network topology; and third, how an attack model can be 
incorporated into the framework for assessing potential 
structural vulnerability. The findings provide quantitative 
support for coordinated governance of energy security 
and water ecological security at the basin scale. 

2. MATERIAL AND METHODS 

2.1  Data Sources and Virtual Water Accounting 

The study covers the energy sectors of 61 prefecture-
level cities in the Yellow River Basin, spanning eight 
provinces or autonomous regions: Gansu, Sichuan, 
Ningxia, Inner Mongolia, Shanxi, Shaanxi, Henan, and 
Shandong. The benchmark year is 2017. Economic data 
were mainly obtained from the 2017 China interregional 
input-output table, city statistical yearbooks, and local 
statistical bulletins. Water data were mainly collected 
from the China Water Resources Bulletin, Yellow River 
Basin Water Resources Bulletins, and local water 
conservancy materials. These official statistical sources 
were used to construct a consistent city-level database; 
reused water was excluded and only freshwater 
withdrawals were retained. 

To keep the methodological presentation concise, 
the virtual water accounting process is summarized using 
three core equations. First, the output balance of the 
energy sector is expressed as: 

𝑥 = 𝐴𝑥 + 𝑦 
where x is the total output vector, A is the direct 

requirement matrix, and y is the final demand vector. 
Second, the complete water intensity is defined as: 

𝑔 = 𝑏(𝐼 − 𝐴)−1 
where b is the direct water intensity vector and I 

is the identity matrix. Finally, the city-to-city virtual water 
transfer matrix for the energy sector is written as: 

𝑇 = 𝑔𝐹 
where F  is the final-demand trade matrix among 

cities, and ĝ  is the diagonalized complete water 
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intensity matrix. This matrix includes both direct water 
use in the energy sector and upstream indirect water use 
along the supply chain, thus providing a more complete 
representation of embodied water transfers in intercity 
energy trade. 

2.2 Network Construction and Resilience Assessment 

After obtaining the city-to-city virtual water transfer 
matrix, this study abstracts it as a weighted directed 
network: 

𝐺 = (𝑁, 𝐿, 𝑃) 
where N is the set of city nodes, L is the set of 

intercity links, and P  is the set of normalized edge 
weights. Edge weights are defined as: 

𝑝𝑖𝑗 =
𝑡𝑖𝑗

∑ 𝑡𝑖𝑗𝑗
 

where 𝑡𝑖𝑗  represents the virtual water transfer 

volume from city 𝑖 to city 𝑗. To identify key cities, five 
centrality metrics are calculated: degree centrality, 
betweenness centrality, closeness centrality, 
eigenvector centrality, and PageRank. 

To evaluate the network's capacity to maintain 
functionality under disturbance, two scenarios are 
considered: random attack and targeted attack. Random 
attacks simulate accidental failures or natural 
disruptions, while targeted attacks sequentially remove 
cities from high to low structural importance, simulating 
the failure of critical hubs. Network performance is 
evaluated using two indicators: 

𝐴𝑉𝑊𝑇 =
∑ 𝑊𝑠𝑡𝑠,𝑡∈𝑉

|𝑉|(|𝑉| − 1)
 

𝐴𝑉𝑊𝑇𝐸 =
1

(|𝑉| − 1)(|𝑉| − 2)
∑

1

𝑑𝑠𝑡
𝑠≠𝑡

 

where 𝐴𝑉𝑊𝑇  denotes the average virtual water 
transfer volume per node pair, 𝐴𝑉𝑊𝑇𝐸  denotes the 
average transfer efficiency of the network, and 𝑑𝑖𝑗  is 

the shortest path length between city 𝑖 and city 𝑗. After 
each node removal, network efficiency is recalculated to 
identify the speed of degradation and the threshold of 
vulnerability. 

3. RESULTS 
Figure 1 presents the outflow-side pattern of virtual 

water flows in the energy sector of the Yellow River 
Basin. Lanzhou has an outflow of 27.18 million 𝑚3 , 
accounting for 46.01% of the total outflow. Zigong, 
Jining, Dongying, and Chengdu rank next in sequence, 
and the top five outflow cities together account for 
71.37%. This indicates that the supply of virtual water in 
the basin's energy sector is concentrated in a small 
number of upstream and resource-based cities, among 

which Lanzhou performs the most prominent outward-
oriented supply function and serves as the primary 
source hub of interregional virtual water transfers.  

 
Figure 2 resents the inflow-side pattern of virtual 

water flows in the energy sector of the Yellow River 
Basin. Luoyang has an inflow of 21.27 million 𝑚3 , 
accounting for 36% of the total inflow. Chengdu, 
Xuchang, Zhengzhou, and Taiyuan form the second tier, 
and the top five inflow cities together account for 
66.37%. This indicates that demand-intensive midstream 
and downstream cities continuously absorb large 
amounts of external virtual water to support local energy 
consumption and industrial activity. Luoyang is therefore 
the primary virtual water absorption hub on the demand 
side. 

 
Figure 3 summarizes the multidimensional centrality 

rankings of key cities in the virtual water network of the 
energy sector in the Yellow River Basin. As shown in the 
subfigures, Luoyang ranks first in degree centrality, 
betweenness centrality, closeness centrality, 
eigenvector centrality, and PageRank, indicating that it 
combines broad direct connections, strong bridging 
capacity, short network distance, high-quality links, and 
strong global influence. Qingdao, Weihai, Yantai, and 
Shanghai appear repeatedly among the upper-ranked 
cities in degree, closeness, and eigenvector centrality, 

 
Fig. 1 Characteristics of virtual water outflow transfer volume 

the energy sector across the Yellow River Basin 

 
Fig. 2 Characteristics of virtual water inflow transfer volume 

the energy sector across the Yellow River Basin 
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while Chengdu and Zhengzhou rank highly in PageRank. 
The core layer is therefore centered on Luoyang and 
supported by a group of secondary cities with different 
topological advantages, whereas most other cities 
remain peripheral with weaker direct connections and 
lower control over major transfer paths. This pattern 
suggests that Luoyang is not only the primary virtual 
water absorption hub on the inflow side, but also the 
most important controlling node in the network 
topology. 

 

4. CONCLUSION 
Focusing on the energy sectors of 61 prefecture-level 

administrative units in the Yellow River Basin, this study 
constructed a city-level virtual water transfer network 
based on multi-regional input-output analysis, complex 
network identification, and an attack model, and 
extracted its structural features from key flow-node 
identification and centrality-based structural 
assessment. Energy-sector virtual water flows in the 
Yellow River Basin are concentrated in a small number of 
cities and corridors. Lanzhou ranks first in outflows with 
27.18 million 𝑚3 , accounting for 46.01% of the total 
outflows; Luoyang ranks first in inflows with 21.27 
million 𝑚3, accounting for 36% of the total inflows; and 
the top five outflow and inflow cities account for 71.37% 
and 66.37%, respectively. This means that the virtual 
water allocation of the basin's energy sector is not evenly 
distributed, but is instead built upon the continued 
export and absorption activities of a small number of key 
cities. 

From the perspective of network structure, Lanzhou 
and Luoyang constitute the core hubs on the outflow and 
inflow sides, respectively, but their systemic functions 
are not identical. Lanzhou is more strongly characterized 
as the largest supply-side source, while Luoyang 
combines demand absorption, downstream control, and 
structural embeddedness. In particular, the Lanzhou-
Luoyang corridor carries about 12.23 million 𝑚3  of 

virtual water, accounting for about 45% of Lanzhou's 
total outflow and 57.5% of Luoyang's total inflow, 
indicating that the strongest supply-demand linkage in 
the network is concentrated in a single core corridor. The 
multidimensional centrality results show that Luoyang 
ranks first across degree centrality, betweenness 
centrality, closeness centrality, eigenvector centrality, 
and PageRank, while Qingdao, Weihai, Yantai, Chengdu, 
and Zhengzhou form important secondary nodes in 
different dimensions. This suggests that the virtual water 
network of the energy sector in the Yellow River Basin 
has formed a core-periphery structure in which Luoyang 
occupies the most important topological position, while 
a small number of secondary nodes support cross-
regional linkages and high-quality pathways. 

Based on these findings, coordinated governance of 
energy and water resources in the Yellow River Basin 
should move beyond aggregate control and place greater 
emphasis on network structure identification. Basin-level 
planning should incorporate information on core nodes, 
dominant corridors, and concentrated transfer 
dependencies into energy-water coordination, so that 
regions with stronger structural dependence can be 
identified more precisely. Strengthening cross-regional 
information sharing, corridor monitoring, and 
coordinated emergency response around major transfer 
linkages would help improve the robustness of energy-
water interactions while safeguarding energy security 
and water ecological security. 
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