
The impact of trans-regional power transmission on urban energy system 
resilience in China

Jingna Yang a,b, Kaile Zhou a,b,c,*

a School of Management, Hefei University of Technology, Hefei, 230009, China
b Anhui Provincial Key Laboratory of Philosophy and Social Sciences for Smart Management of Energy & Environment and Green & Low Carbon Development, Hefei 
University of Technology, Hefei, 230009, China
c Key Laboratory of Process Optimization and Intelligent Decision-making, Ministry of Education, Hefei University of Technology, Hefei, 230009, China

A R T I C L E  I N F O

Handling editor: X Zhang

Keywords:
trans-regional power transmission
urban energy system resilience
ultra-high voltage

A B S T R A C T

Few studies have explored the impact of trans-regional power transmission on urban energy system resilience. In 
this study, a time-varying difference-in-differences (DID) model was used to evaluate the impacts of trans- 
regional power transmission on the urban energy system resilience. The results show that the impact of trans- 
regional transmission on the resilience of urban energy systems is heterogeneous. Specifically, for the north
ern region, which is dominated by thermal power generation and output, trans-regional power transmission 
contributes to enhance the urban energy systems resilience. However, for southwestern regions, trans-regional 
power transmission has damaged the urban energy systems resilience. This conclusion remains valid after a 
series of robustness tests. This suggests that trans-regional power transmission may bring inequalities in regional 
energy utilization. Therefore, the economic compensation to power exporting regions should be increased. In the 
context of rapid industrial development, the active development of renewable energy and the expansion of power 
input channels in the western region are recommended. In addition, all cities should be encouraged to develop 
microgrids to improve the ability of urban energy systems to absorb risks.

1. Introduction

The distribution of energy resources across various regions in China 
is highly uneven [1–3]. Specifically, over 80% of coal reserves in China 
are concentrated in the western and northern regions, and more than 
80% of its hydroelectric resources are primarily concentrated in the 
southwestern region [4,5]. Nevertheless, 75% of the energy demand is 
concentrated in the primary energy resource-poor eastern and central 
regions [6,7]. The uneven distribution and unbalanced consumption of 
energy in China necessitate the optimization of resource allocation on a 
broader scale to meet regional energy demands [8–10]. In addition, 
China is confronted with significant environmental challenges, neces
sitating a prompt transition towards a cleaner energy mix [11–15]. 
Therefore, trans-regional power transmission is considered a crucial 
mode of energy transfer, particularly in nations and regions with uneven 
distribution of energy resources [16–19].

The West-to-East Power Transmission (WEPT) project represents a 
significant stride taken by China to optimize its power mix [12,20–22]. 
Specially, the WEPT project aims to transform energy from the western 

region with rich in coal and hydroelectric resources, into power re
sources and transmit them to the energy-deficient eastern region. The 
western provinces of Yunnan and Guizhou have been supplying elec
tricity to the southeastern province of Guangdong since 1993 [23]. 
Sichuan is also constantly transmitting power to the eastern China. As of 
June 2022, the Sichuan power grid has supplied a total of 1.35 trillion 
kilowatt-hours (kWh) electricity to the east and other regions in China. 
The WEPT project not only leverages the resource advantages in the 
western region to create economic benefits, but also meets the power 
demand and mitigates air pollutant emissions caused by coal-fired 
power station in the eastern region [24]. Trans-regional power trans
mission projects have emerged as a crucial mechanism for enhancing the 
efficiency of power allocation and ensuring a reliable electricity supply 
in China [25]. However, transmitting electricity over excessively long 
distances can lead to heightened transmission losses occurring at the 
same voltage level. Ultra-high voltage (UHV) transmission systems offer 
superior power transmission efficiency, long-distance transmission, and 
lower line losses, thereby effectively facilitating large-scale power 
transmission [26–28]. Since the operation of the first UHV line in 2009, 
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UHV lines have emerged as the predominant mode of long-distance 
power transmission in China [29]. The cumulative electricity trans
mitted in 2022 is approximately 900 billion kWh, representing 
approximately 11 % of the overall annual electricity consumption in 
China.

Currently, there have been some research efforts that focused on the 
impact of trans-regional power transmission on the regional economy 
and environment [30,31]. For example, a study has demonstrated that 
the power grid has contributed to economic growth through its impact 
on power supply and investment [32]. Another study used a spatial 
analysis model and found that trans-regional power transmission plays a 
key role in achieving balanced regional development and common 
prosperity [33]. In addition, estimations of environmental impacts 
embodied in trans-regional power transmission have also attracted the 
attention of researchers [34–37]. Some existing studies have estimated 
the embodied greenhouse gas emissions associated with the construc
tion of large-scale power transmission infrastructure in China [38]. The 
impact of trans-regional transmission on sulfur dioxide emissions in the 
power importing region also been examined by researchers. The results 
revealed that trans-regional transmission led to a 7% decrease in sulfur 
dioxide emissions in the power importing region [24]. Similarly, treat
ing the operation of UHV lines as a quasi-natural experiment, some 
related works have investigated the impact of trans-regional power 
transmission on regional carbon emissions [39]. The findings indicated 
that trans-regional transmission has the potential to substantially miti
gate regional carbon emissions The above studies fully demonstrate that 
trans-regional power transmission can promote both economic devel
opment and environmental protection [40].

Urban areas are the mainstay of energy consumption, with urban 
energy utilization accounting for about 80% of overall primary energy 
consumption in China [41]. Ensuring urban energy security is funda
mental to sustainable development [42–44]. However, in recent years, 
extreme disasters have been occurring with increasing frequency along 
with climate warming, causing a greater impact on the energy systems of 
cities [45–48]. In July 2022, the persistent extreme high temperature 
and drought led to a severe shortage of electricity supply in Sichuan, 
where hydropower supply is dominant [49,50]. The power supply and 
demand situation changed from a shortage of power during the peak 
period to facing a persistent deficit in power supply throughout the day 
[51]. The government has had to implement measures to shut down the 
production of some key enterprises and make electricity available to the 
public [52]. Gradually, the fragility of the urban energy systems in the 
western China has received widespread attention. Many studies have 
used resilience to denote the ability of energy systems to absorb disasters 
[53–55]. Energy system resilience is defined as the capacity of an energy 
system to withstand damage and rapidly restore normal operations by 
absorbing, adapting to, and recovering from disturbances [56,57]. The 
level of resilience of urban energy systems is closely linked to urban 
energy supply, energy transportation, energy storage, energy con
sumption and urban infrastructure [58]. The high resilience of urban 
energy systems indicates their greater ability to withstand and recover 
from risks [59]. Although it has been demonstrated that trans-regional 
power transmission can convert the resource advantages of power 
exporting regions into economic benefits, it is also effective in ensuring 
energy supply in importing regions by enhancing the accessibility of 
energy. However, the impact of trans-regional transmission on the urban 
energy systems resilience in power-exporting regions has received 
relatively little attention, particularly in the southwestern region which 
is primarily characterized by hydroelectric power export [60].

In this study, we initially develop an indicator framework for eval
uating the urban energy systems resilience. The indicator system con
siders the urban energy supply, transmission, storage, consumption, and 
urban infrastructure, providing a comprehensive reflection of the urban 
energy system resilience. Then, we divided the power output areas into 
two groups based on power transmission type. We treat the operation of 
UHV lines as a quasi-experimental and examine the impact of trans- 

regional power transmission on urban energy systems resilience in 
power output regions. The results show that trans-regional transmission 
has different impacts on urban energy system resilience in different re
gions. Several robustness checks are performed to evaluate the reli
ability of the findings. The contributions of this study can be 
summarized as follows. First, previous studies considered the impacts of 
trans-regional power transmission on the economy and environment, 
and this study explored the impacts of trans-regional power transmission 
on the urban energy systems resilience for the first time, which provides 
a new perspective to improve the urban energy systems resilience. 
Second, this study divides the power exporting regions into two groups 
based on the type of power transmission. One group is dominated by 
thermal power transmission and the other group is dominated by hy
droelectric transmission, which contributes to grasping the heteroge
neity of trans-regional transmission on the urban energy systems 
resilience.

2. Methods

2.1. CRITIC-TOPSIS

This study first uses criteria importance through intercriteria corre
lation (CRITIC) to calculate the values of weight for each indicator. It 
determines objective weights according to the contrasting and con
flicting characteristics of the indicators [61]. Contrast intensity denotes 
the disparity of values among individuals under the same indicator, and 
is usually expressed by standard deviation. A larger standard deviation 
indicates greater fluctuation, that is, the greater the disparity among 
individual values, the higher the corresponding weight. Indicator con
flict is typically assessed through the correlation coefficient. If a strong 
positive correlation is observed between two indicators it means that 
they are less conflicting and will be weighted lower [62].

First, the sample data is defined by Eq. (1). Using Eq. (2) and Eq. (3)
to standardize the positive and negative indicators. 

X=

⎡

⎣
x11 x12⋯x1n
⋮⋮⋱⋮
xm1 xm2⋯xmn

⎤

⎦ (1) 

xij =
x − min(x)

max(x) − min(x)
(2) 

xij =
max(x) − x

max(x) − min(x)
(3) 

The contrast intensity between indicators is calculated using Eq. (4). 

Sj =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑m

i=1

(
xij − xj

)2
/

(m − 1)

√
√
√
√ (4) 

where xj = 1
m
∑m

i=1xij.
Use Eq. (5) and Eq. (6) to calculate indicator conflicts and 

informativeness. 

Rj =
∑n

i=1

(
1 − rij

)
(5) 

Gj = Sj × Rj (6) 

where rij denotes the correlation coefficient between indicator i and j. Rj 
denotes the conflict ability of indicator j with other indicators. Gj is the 
information volume represented by indicator j.

Finally, the weight of indicator j is calculated using Eq. (7). 

wj =Gj

/
∑n

i=1
Gj (7) 

where wj represents the weight of the jth indicator.

J. Yang and K. Zhou                                                                                                                                                                                                                           Energy 322 (2025) 135555 

2 



Following the determination of weights for each indicator, we used 
TOPSIS to calculate the energy system resilience score of each city. 
TOPSIS, a multi-criteria decision-making method introduced by Hwang 
and Yoon, utilizes multi-attribute metrics to determine the optimal so
lution or individual [63]. In this study, we employ this method to assess 
the city-level scores of energy system resilience for ranking purposes. 
The essence of this method is to rank each evaluation object according to 
its distance to the ideal positive and negative solutions [64]. The 
weighted normalized decision matrix is first determined by Eq. (8) and 
Eq. (9). 

bij = xij

/
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑m

i=1
x2

ij

√

(8) 

Z=
(
zij
)

m×n =wij × bij (9) 

We used Eq. (10) and Eq. (11) to obtain ideal positive and negative 
solutions. 

C+ =
{
max

(
zij
)
|i∈ (1,m); j∈ (1, n)

}
(10) 

C− =
{
min

(
zij
)
|i∈ (1,m); j∈ (1, n)

}
(11) 

Use Eq. (12) and Eq. (13) to obtain the distances of each evaluated 
individual to the positive and negative ideal solution, respectively. 

d+
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=1

(
xij − c+j

)2
√
√
√
√ (12) 

d−
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=1

(
xij − c−j

)2
√
√
√
√ (13) 

where the distance values of ith solution from the positive and negative 
ideal solutions are represented d+ and d − , respectively. c+j and c−j 
represent the indicator values corresponding to C+ and C − , respec
tively.

Eq. (14) represents the distance of each assessment metric from the 
positive and negative ideal solutions. 

ci =
d−

i
d+

i + d−
i
, i = 1, 2,3,⋯,m (14) 

The parameter ci ranges from 0 to 1, with a greater value indicating 
higher resilience of the urban energy system and vice versa.

2.2. DID model

The DID model effectively mitigates the issue of endogeneity, 
resulting in highly stable outcomes [65]. In this study, the operation of 
an ultra-high voltage transmission project is used as a 
quasi-experimental design. The time-varying DID model is employed to 
assess the impact of trans-regional transmission on the resilience of 
urban energy systems. 

yit = α0 + βdidit + λZit + ηi + μt + εit (15) 

This is a DID model considering the fixed effects of city and fixed 
effects of time. yit denotes the urban energy system resilience of the city i 
in year t. did denotes the dummy variable. If the first UHV line is 
commissioned in city i in year t, it is considered as 1. Otherwise, it is 
equals to 0. Here, we divided the power output areas into two groups 
based on power transmission type. The WEPT project in China comprises 
three power transmission channels, specifically the northern, central, 
and southern channels. Among them, the northern channel transmission 
electricity from Shaanxi and Inner Mongolia to the North China power 
grid; the central channel transmission electricity from Sichuan and 
Chongqing to the Central China and East China power grids; and the 

southern channel transmission electricity from Yunnan, Guizhou and 
Guangxi to South China power grids. More importantly, the power grid 
in China is operated by provincial companies as the governing bodies, 
that is provincial power grids are organized and dispatched as an 
executor. Based on previous approaches, this study selects all cities of 
province of landing sites as treatment group. The first group is the 
northern channel, primarily responsible for transmitting thermal power, 
and the treatment group encompasses all cities within the five provinces 
of Inner Mongolia, Shanxi, Shaanxi, Gansu and Ningxia. The second 
group considers the central and southern channels, which are mainly for 
hydropower transmission. The treatment group includes all cities in 
Sichuan and Yunnan. At the same time, we select control group mainly 
based on geographical adjacency and similar socio-economic situation. 
The control group for the first treatment group encompasses all cities in 
Guizhou, Guangxi, Qinghai, and Jiangxi, and the control group for the 
second treatment group includes all cities in Jilin, Heilongjiang, and 
Hebei, which do not have UHV lines being opened from 2006 to 2020.

2.3. Variable description and data source

Dependent variable. Urban energy system resilience is the dependent 
variable in this study. It reflects the ability of cities to respond to di
sasters. Therefore, we firstly construed the energy system resilience 
assessment index system from the dimensions of energy supply, energy 
transmission, energy consumption, energy storage and urban infra
structure, as presented in Table 1. The indicator system can compre
hensively reflect the situation of the urban energy system. We then used 
CRITIC to obtain the weights of each indicator, and finally calculated the 
energy system resilience scores of 287 Chinese cities from 2006 to 2020 
using TOPSIS.

Independent variable. In this study, the independent variable is the 
dummy variable did, which is equal to one if the first UHV transmission 
line is commissioned in city i in year t. Otherwise, it is equals to 0. For 
the northern channel, the Southeast Jindong-Nanyang-Jingmen 1000 kV 
AC, as the first UHV transmission line, was officially put into operation 
in 2009. Subsequently Inner Mongolia, Ningxia, Gansu, and Shaanxi also 
operated their first UHV lines in July 2016, September 2016, June 2017, 
and August 2017 respectively. For the central channel, Sichuan, as a 
major province for hydropower transmission, built three UHV lines 
between from 2010 to 2014. For the southern channel, Yunnan operated 
its first UHV line in June 2010, Yunnan-Guangdong ±800 kV DC line, 
continuously exporting hydropower from Yunnan to the Guangdong 
region. Table 2 shows the UHV lines in China from 2009 to 2020.

Control variables. The growth of urban populations is frequently 
associated with a rise in energy utilization due to the correlation 

Table 1 
Indicator system of urban energy system resilience.

Dimensions Indicators Positive or 
negative

Energy supply Gas supply per capita Positive
​ LPG supply per capita Positive
​ Energy supply diversity index Positive
​ Gas coverage rate Positive
Energy transmission Gas transmission losses rate Negative
​ LPG transmission losses rate Negative
​ Gas transmission pipeline density Positive
Energy consumption Electricity consumption per capita Positive
​ Energy intensity Negative
Energy storage Gas storage capacity Positive
​ LPG storage capacity Positive
Urban infrastructure 

systems
Energy sector practitioners Positive

​ Per capita road surface area Positive
​ Per capita public recreational 

green space
Positive

​ Information infrastructure 
construction

Positive

J. Yang and K. Zhou                                                                                                                                                                                                                           Energy 322 (2025) 135555 

3 



between human activity and energy usage. The larger the urban popu
lation, the more complex the challenge to the urban energy supply 
system becomes. The level of urban economic development also has an 
impact on urban energy systems. On the one hand, an increase in the 
regional economy is often accompanied by more industrial activities, 
commercial services, and these activities will increase energy utiliza
tion. Besides, cities with a higher degree of economic development 
typically possess a greater capacity to invest in cleaner and renewable 
energy resources, thereby facilitating the optimization of the energy mix 
and enhancing energy efficiency. The development of the secondary 
industry, which is dominated by heavy industry, usually consumes more 
energy. Furthermore, although transportation, energy, and communi
cations infrastructure may not have a direct impact on the urban energy 
systems resilience, well-developed infrastructure plays a vital role in 
enabling the swift recovery of the energy system during emergency 
situations. Therefore, this study introduces urban population (pop), 
regional gross domestic product (gdp), industrial structure (ind), and 
urban infrastructure investment (inv) as control variables.

The raw data used in this study are derived from China City Statis
tical Yearbook, China Urban Construction Statistical Yearbook, and 
China Energy Statistical Yearbook. The information pertaining to UHV 
lines primarily originates from the official websites of State Grid Cor
poration of China and China Southern Power Grid.

3. Results

3.1. Trans-regional power transmission project in China

Rapid economic growth is often accompanied by greater consump
tion of energy. In China, uneven distribution of resources and unbal
anced economic development have resulted in the fact that regions are 
not able to achieve a balance in the generation and consumption of 
electricity. Fig. 1 illustrates the disparity between electricity generation 
and consumption across various provinces in China.

As can be seen in Fig. 1, with the exception of Beijing and Chongqing, 
all provinces in China generated more electricity than they consumed in 
2000. Since then, electricity consumption has grown along with the 
rapid economic growth in China’s eastern region. Electricity generation 
in the eastern region is no longer able to meet local electricity con
sumption. However, in the western region, characterized by its abun
dant energy resources but slow in economic development, the 
generation of electricity in the region is much higher than the con
sumption of electricity. In 2020, Inner Mongolia, Sichuan, and Yunnan 
are generating far more electricity than they consumption, with the gap 
exceeding 1.2 billion kWh. The electricity consumption of eastern re
gions including Zhejiang, Jiangsu, Shanghai Guangdong and Shandong, 
on the other hand, far exceeds their power generation capacity.

Fig. 2 illustrates the electricity generation and electricity consump
tion of each province in 2020. Jiangsu, Guangdong, and Shandong are 
the three provinces with the highest electricity consumption. Inner 
Mongolia, Sichuan, Yunnan and Xinjiang, conversely, consume far less 
electricity than they generate. This further suggests that trans-regional 
transmission is necessary to well balance energy generation and con
sumption in different regions of China.

The UHV power transmission system is defined as the network for 
transmitting alternating current (AC) at 1000 kV and direct current (DC) 
± 800 kV. Compared to previous high-voltage transmission methods, 
UHV is distinguished by its superior transmission efficiency, extended 
transmission distance, lower transmission losses, and adaptable power 
allocation. In 2009, China commissioned its first UHV power trans
mission line, the 1000 kV Jindong-Nanyang-Jingmen UHV AC line. 
Fig. 3 shows the electricity transmission capacity of UHV lines in China 
in 2020.

In 2020, the 22 UHV lines transmit a total of 531.8 billion kWh of 
electricity, including 244.1 billion kWh of electricity generated by 
renewable energy sources. As can be seen from Fig. 3, Inner Mongolia, 
Sichuan, Xinjiang and Yunnan are the largest power transmission 
provinces in terms of UHV line electricity transmission, accounting for 
69 % of the total electricity transmission. Of these 22 UHV lines, 74 % of 
the electricity is transmitted to Shandong, Zhejiang, Jiangsu, Guang
dong and Shanghai. In addition, some provinces are both power- 
exporting and power-importing provinces, such as Anhui and Zhejiang.

3.2. DID model estimation results

The estimation results that were obtained for the different treatment 
groups are shown in Table 3. Among them, Columns (1) and (2) show 
the results of Group 1. Columns (3) and (4) show the results of Group 2. 
Columns (1) and (3) represent the results without control variables. 
Columns (2) and (4) are results with control variables.

As shown in Table 3, the did coefficients of columns (1) and (2) are 
significantly positive. The results show that trans-regional transmission 
can significantly enhance the resilience of urban energy systems of the 
cities in the northern region that are dominated by thermal power 

Table 2 
UHV lines information in China from 2009 to 2020.

No. Time UHV lines Type

1 January 2009 Shanxi-Nanyang (Henan)-Jingmen (Hubei) 1000 kV 
AC

2 June 2010 Yunnan-Guangzhou (Guangzhou) ±800 kV 
DC

3 July 2010 Xiangjiaba (Sichuan)-Shanghai ±800 kV 
DC

4 December 
2012

Jinping (Sichuan)-Jiangsu ±800 kV 
DC

5 September 
2013

Anhui-Zhejiang-Shanghai 1000 kV 
AC

6 September 
2013

Puer (Yunnan)-Jiangmen (Guangdong) ±800 kV 
DC

7 January 2014 Southern Hami (Xinjiang)-Zhengzhou ±800 kV 
DC

8 July 2014 Xiluodu (Sichuan)-West Zhejiang ±800 kV 
DC

9 December 
2014

Northern Zhejiang-Fuzhou (Fujian) 1000 kV 
AC

10 May 2015 Nuozhadu (Yunnan)-Guangdong ±800 kV 
DC

11 July 2016 Ximeng (Inner Mongolia)-Shandong 1000 kV 
AC

12 September 
2016

Eastern Ningxia-Zhejiang ±800 kV 
DC

13 November 
2016

Southern Anhui-Nanjing (Jiangsu)-Shanghai 1000 kV 
AC

14 November 
2016

Western Inner Mongolia-Southern Tianjin 1000 kV 
AC

15 June 2017 Jiuquan (Gansu)-Hunan ±800 kV 
DC

16 June 2017 Northern Shanxi-Nanjing (Jiangsu) ±800 kV 
DC

17 August 2017 Yuheng (Shaanxi)-Weifang (Shandong) 1000 kV 
AC

18 August 2017 Ximeng (Inner Mongolia)-Shengli (Inner 
Mongolia)

1000 kV 
AC

19 October 2017 Ximeng (Inner Mongolia)-Taizhou (Jiangsu) ±800 kV 
DC

20 December 
2017

Zhalute (Inner Mongolia)-Qingzhou 
(Shandong)

±800 kV 
DC

21 May 2018 Dianxi North (Yunan)-Guangdong ±800 kV 
DC

22 January 2019 Shanghai Temple (Inner Mongolia)-Linyi 
(Shandong)

±800 kV 
DC

23 June 2019 Western Beijing-Shijiazhuang (Hebei) 1000 kV 
AC

24 September 
2019

Suzhou (Jiangsu)-Nantong (Jiangsu) GIL 
Integrated Pipe Corridor

1000 kV 
AC

25 September 
2019

Changji (Xinjiang)-Guquan (Anhui) 1000 kV 
AC

26 January 2020 Shandong-Hebei 1000 kV 
AC
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output. However, in columns (3) and (4), the coefficients of did are 
significantly negative, suggesting that trans-regional transmission has 
damaged the urban energy system resilience in southwest China, which 
is primarily characterized by hydropower generation. On the one hand, 
the advantageous policies in the Western Development Strategy have 
already attracted many industrial production transfers to the south
western region, consequently leading to a significant surge in energy 
consumption in the southwestern region. On the other hand, along with 
global warming, the occurrence of extreme weather such as hurricanes 

and droughts are becoming more and more frequent. Hydropower is 
highly vulnerable to extreme weather, particularly during prolonged 
droughts, which can lead to a significant reduction in hydropower 
generation. In addition, in line with the national strategy of WEPT 
project, large-scale hydropower stations such as Xiangjiaba, Xiluodu, 
Jinping, and Baihetan in Sichuan are coordinated by national arrange
ments for development and consumption. The power generation is 
uniformly allocated across the China, with fixed distribution ratios both 
within and outside the province. It is not the case that Sichuan prioritizes 
consumption and only dispatches excess power [66]. Thus, 
trans-regional transmission can be more likely to damage the energy 
system resilience of the cities in the southwestern region, especially 
during extreme weather. In the northern region, power output is 
dominated by thermal power, making it less susceptible to the impacts of 
climate change. The economic benefits derived from electricity sales in 
this region play a crucial role in enhancing urban energy systems resil
ience by reinforcing their energy system infrastructure. Additionally, the 
increasing population in both the southwest and north regions will have 
a negative impact on the resilience of the urban energy system.

3.3. Parallel trend test

The parallel trend assumption is a fundamental prerequisite for the 
application of the DID model. In other words, the trend of urban energy 
system resilience in both the treatment and control groups remained 
consistent before the first UHV line was operated. Referring to previous 
studies, we use Eq. (16) and Eq. (17) for parallel trend testing [67]. If the 
coefficients for the periods prior to the policy implementation lack sta
tistical significance, it suggests that there is no significant discrepancy 
between the treatment and non-treatment groups regarding the trends of 
urban energy systems resilience. It indicates that the sample passes the 
parallel trend test. Fig. 4 shows the results of the parallel trend test for 
the first and second group cities.

For the first group, the northern region, we conducted a parallel 
trend test using Eq. (16). 

yit =α0 + βt

∑4

t=− 5
DIDit + λZit + ηi + μt + εit (16) 

For the second group, the southwestern region, we conducted a 
parallel trend test using Eq. (17). 

yit =α0 + βt

∑8

t=− 4
DIDit + λZit + ηi + μt + εit (17) 

As shown in Fig. 4a, after controlling for time and individual fixed 
effects, the did coefficients all include zero within the 95 % confidence 
interval. In the northern region, there is no statistically significant dif
ference between the treatment and control groups of urban energy 
system resilience, thereby satisfying the assumption of parallel trend. 
Similarly, in the southwest region (Fig. 4b), the did coefficients contain 
0 at the 95 % confidence interval before the first UHV line was operated, 
also satisfying the parallel trend assumption. In addition, it can be seen 
that for the southwestern region, the operation of the first UHV line has a 
delayed effect on the resilience of the urban energy system. It may be 
due to the fact that in the first few years of UHV line operation, the urban 
energy supply in southwest region was greater than the energy demand. 
As industrial development progresses in the region, energy consumption 
has been increasing, resulting in insufficient energy supply in the region.

3.4. Propensity score matching

The combination of propensity score matching (PSM) and DID 
method can associate each treatment group sample with a correspond
ing control group sample, thus excluding the interference of sample 
selection bias [68]. It explains individual heterogeneity by identifying 
comparable individuals who are very similar to those in the treatment 

Fig. 1. The disparity between electricity generation and consumption of 
different provinces in China in 2000, 2010 and 2020. A value greater than zero 
indicates that more electricity is generated than consumed, while a value less 
than zero indicates that the local electricity supply is insufficient.
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group, enhancing the robustness of chance inference. In addition, by 
matching treatment and control groups, PSM-DID can ensure that 
covariates are balanced among groups before policy implementation, 
and reduces confounders from disrupting treatment effects [69]. 
Therefore, this study adopts the PSM-DID of nearest neighbor, radius 
matching and kernel matching to further evaluate the impact of 
trans-regional power transmission on urban energy system resilience. 
The results of the PSM-DID is presented in Table 4.

For cities in northern region, the did coefficients are significantly 
positive in all three regressions. And did coefficient values of the three 
columns are generally consistent with the baseline regression coefficient 
values. For cities in southwestern region, the did coefficients are 
significantly negative in all three regressions. That is, for the northern 
region, trans-regional power transmission facilitates urban energy sys
tem resilience, while the opposite for the southwest.

3.5. Robustness test

The Placebo test was used to mitigate the deviation of the results 
attributable to unobserved confounding factors. We perform a Placebo 

Fig. 2. Generation capacity and electricity consumption of different province or municipalities in 2020.

Fig. 3. Electricity transmission capacity of UHV lines in China in 2020. The red bar indicates the total output power capacity of UHV lines in a given region in 2020. 
The green bar indicates the total power input capacity of UHV lines in a given region in 2020. The blue line indicates a specific UHV line, the thicker the line, the 
more power is transmitted.

Table 3 
Baseline results.

Variables Dependent variables: urban energy system resilience

(1) (2) (3) (4)

did 0.1480*** 0.1330*** − 0.1367*** − 0.1381***
​ (0.0343) (0.0370) (0.0360) (0.0362)
lnpop ​ − 0.2670*** ​ − 0.1686***
​ ​ (0.0645) ​ (0.0449)
lngdp ​ 0.0343 ​ 0.1600**
​ ​ (0.0435) ​ (0.0536)
lninv ​ 0.0075 ​ 0.0381***
​ ​ (0.0105) ​ (0.0115)
lnind ​ 0.1100** ​ − 0.0415
​ ​ (0.0560) ​ (0.0746)
Constant 4.3414*** 4.8237*** 4.4190*** 3.9627***
​ (0.0106) (0.3192) (0.0142) (0.3764)
Observations 960 955 927 920
City effects Yes Yes Yes Yes
Year effects Yes Yes Yes Yes
Adj. R-squared 0.7177 0.7254 0.7115 0.7206
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test by randomly allocating samples to generate a virtual dummy vari
able. Specifically, we randomly assign the year of UHV lines operation to 
each city and subsequently perform DID estimation, repeating this 
process 500 times. Fig. 5 presents the probability density distributional 
characteristics of the estimated coefficients in the Placebo test of first 
group and second group, respectively.

In Fig. 5, the estimates follow a normal distribution with an average 
of 0, and most of the estimated values have p values greater than 0.1, 
which suggests that the virtual time of the randomly assigned UHV lines 
exerts no significant effect on urban energy system resilience, which 
further demonstrates the stability of the baseline results.

Besides, during the operational phase of the UHV lines, numerous 
other energy policies aiming to reduce carbon emissions and restruc
turing the energy mix were implemented. These policies may influence 
urban energy system resilience, including smart city policies and low- 

carbon city pilot. The primary goal of the low-carbon pilot city policy 
is to promote the transformation and enhancement of the industrial 
structure, optimize the energy mix, and enhance energy use efficiency 
[70]. China implemented the initial cohort of low-carbon pilot projects, 
the second batch and the third batch of low-carbon pilots in July 2010, 
November 2012 and January 2017, respectively [71]. Smart city rep
resents an innovative paradigm of urban development in the digital era, 
which can enhance intelligent and systematic operation of the city and 
improve urban energy efficiency [72]. China started exploring this new 
model of urban development in 2012 and established 90 pilot smart 
cities. In the subsequent years, in 2013 and 2015, a second and third 
round of pilot cities were announced [73]. Table 5 shows the results 
after excluding two policies. The results show that the did coefficient for 
the northern region remains significantly positive even after excluding 
two policies. For the southwestern region, the did coefficient continues 

Fig. 4. Parallel trend test of group 1 (northern region) and group 2 (southwestern region), respectively.

Table 4 
The results of propensity score matching.

Variables Dependent variables: urban energy system resilience

Northern region Southwestern region

Nearest neighbor Radius matching Kernel matching Nearest neighbor Radius matching Kernel matching

did 0.1219** 0.1139** 0.1115** − 0.0858* − 0.1256*** − 0.1256***
​ (0.0469) (0.0368) (0.0370) (0.0497) (0.0355) (0.0355)
Constant 4.3684*** 4.8450*** 4.8844*** 3.5429*** 3.9883*** 3.9883***
​ (0.4201) (0.3134) (0.3163) (0.5001) (0.3858) (0.3858)
Control variables Yes Yes Yes Yes Yes Yes
City effect Yes Yes Yes Yes Yes Yes
Year effect Yes Yes Yes Yes Yes Yes
Observations 447 909 905 613 909 909
Adj. R-squared 0.7373 0.7302 0.7304 0.7422 0.7261 0.7261

Fig. 5. Placebo test of northern region and southwestern region, separately.
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to be negative, further demonstrating the reliability of the results.
In addition, this study further evaluates the reliability of the results 

by changing the dependent variables. When evaluating the resilience of 
the urban energy system, we further calculated the weights of each in
dicator for each year, which were then utilized to calculate the score of 
each city for each year with varying weights. The results are presented in 
Table 6. As illustrated in Table 6, for northern cities, the regression 
parameters of did is statistically significant and positive. For south
western cities, the regression coefficients of did is opposite, which 
further proves the reliability of the results.

4. Discussion and conclusions

UHV lines play a crucial role in trans-regional power transmission. 
UHV represents not only an innovative transmission technology but also 
serves as a novel platform for resource allocation that can effectively 
promote low-carbon development. The construction of UHV in China is 
the most rapid and heavily invested among all countries. According to 
the 2020 Social Responsibility Report of State Grid, the company has 
constructed and commissioned 26 UHV projects, with a total length of 
41,000 km of lines in operation and under construction, transmitting 
more than 1.6 trillion kWh of electricity in total. Currently, the total 
investment of 33 operated and 38 under-construction UHV lines in 
China is nearly 1.6 trillion yuan [74], which reflects the importance of 
trans-regional power transmission in energy systems in China. However, 
the impact of trans-regional power transmission on the urban energy 
systems resilience of power output regions requires further investiga
tion. Here, an indicator system including urban energy supply, trans
mission, storage, consumption, and urban infrastructure is developed for 
evaluating urban energy systems resilience. We regard the operation of 
UHV lines in China as a quasi-natural experiment and assess the impact 
of trans-regional power transmission on the urban energy systems 
resilience in power output regions. This study found that trans-regional 

power transmission has a heterogeneous impact on urban energy sys
tems resilience in the power output region. For the northern region, 
which is dominated by thermal power exports, trans-regional trans
mission is beneficial for improving the urban energy systems resilience. 
The trans-regional power transmission can convert the resource ad
vantages of the northern region into economic advantages. By 
enhancing the energy infrastructure of the northern region, it contrib
utes to the comprehensive and integrated development of the region. In 
addition, the northern region has a higher proportion of thermal power 
generation, which is less affected by extreme weather. Therefore, urban 
energy system is more flexible to respond to the effects of extreme 
weather. However, for the southwestern region, the distribution of hy
dropower under WEPT project in China has specific criteria, and is not 
prioritized for transmit to the local region. Thus, urban energy systems 
in the southwest are more vulnerable when extreme weather such as 
drought occur.

This conclusion remains robust following a series of robustness tests. 
This suggest that trans-regional power transmission may bring in
equalities in regional energy utilization. In the context of energy tran
sition, UHV will facilitate the large-scale advancement and deployment 
of clean energy in the western and northern regions, providing an 
important way to promote coordinated regional development. However, 
trans-regional power transmission may damage the resilience of the 
energy system in some of the power output regions, as demonstrated in 
this study. Therefore, it is essential to address and resolve certain issues 
related to the establishment and functioning of UHV infrastructure. For 
example, some UHV projects fail to conduct a precise assessment of the 
transmission capacity of power generation sources at the transmission 
origin before construction, leading to low utilization of UHV lines. 
Furthermore, the inadequate development of power grid infrastructure 
in the power input regions has led to a mismatch between transmitted 
power and consumption, resulting in underutilized and wasted UHV 
lines. Finally, trans-regional transmission may create regional energy 
consumption inequities.

Therefore, some key measures should be implemented to improve 
urban energy system resilience. First, differentiated development stra
tegies are implemented for cities in different power exporting regions 
based on the resource endowment of the region. For example, in the 
southwestern region where hydropower is predominant, single power 
generation leads to greater challenges for the energy supply system 
during the extreme events. To fully leverage hydropower resources, 
these regions should actively advance the development of diversified 
and complementary multi-energy power supply system that integrate 
hydropower, wind, and solar energy, thereby enhancing the diversity 
and stability of the power supply. At the same time, it is crucial to 
accelerate the expansion of transmission infrastructure to facilitate 
trans-provincial power transmission, promoting resource complemen
tarity and shared benefits. For example, during the wet season, surplus 
hydropower can be transmitted to other provinces through interregional 
power networks, while in the dry season, electricity can be imported 
from external sources via the same channels. This bidirectional coordi
nation not only optimizes energy resource allocation but also enhances 
the resilience and sustainability of the power system. For cities in the 
northern region mainly focused on exporting thermal power, renewable 
energy should be vigorously developed to achieve energy transition in 
China towards clean energy as soon as possible. Further strengthen 
trans-regional grid connectivity and enhance the overall stability of the 
regional grid to maximize the positive impacts of trans-regional power 
transmission and promote the long-term sustainable advancement of 
trans-regional power transmission.

Secondly, the government should actively promote the development 
of local renewable energy sources, by implementing policy incentive 
including subsidies and tax benefits and providing technical support to 
encourage enterprises and residents to participate in distributed energy 
projects. This approach will reduce dependence on trans-regional power 
transmission while enhancing the diversity and resilience of the energy 

Table 5 
Regression results after excluding relevant policy.

Variables Dependent variables: urban energy system resilience

Northern region Southwestern region

Low-carbon 
city pilot 
policy

Smart city 
policy

Low-carbon 
city pilot 
policy

Smart city 
policy

did 0.1533*** 0.1124** − 0.1025** − 0.1532***
​ (0.0457) (0.0459) (0.0385) (0.0391)
Constant 4.7001*** 4.2621*** 4.2442*** 4.1528***
​ (0.4115) (0.4204) (0.4406) (0.4249)
Control 

variables
Yes Yes Yes Yes

City effects Yes Yes Yes Yes
Year effects Yes Yes Yes Yes
Observations 786 748 727 746
Adj. R- 

squared
0.7500 0.7633 0.6988 0.7263

Table 6 
Regression results after changing the dependent variable.

Variables Dependent variables: urban energy system resilience

Northern region Southwestern region

did 0.1899*** 0.1634*** − 0.1295** − 0.1368***
​ (0.0400) (0.0428) (0.0403) (0.0405)
Constant 4.3499*** 5.2021*** 4.4292*** 3.8899***
​ (0.0120) (0.3457) (0.0163) (0.5129)
Control variables No Yes No Yes
City effects Yes Yes Yes Yes
Year effects Yes Yes Yes Yes
Observations 960 955 927 920
Adj. R-squared 0.7013 0.7134 0.6840 0.6949
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supply. In addition, power system planning and design must fully 
consider the impacts of extreme weather. Comprehensive emergency 
response plans should be established, and the disaster resilience of 
critical infrastructure should be reinforced, such as strengthening 
transmission lines and enhancing the protection standards of sub
stations, to ensure the stability and reliability of the power system under 
severe weather conditions. Furthermore, energy storage deployment 
should be strategically aligned with local resource availability and en
ergy demands. Advanced energy storage technologies, such as battery 
storage, pumped hydro storage, and hydrogen energy storage, should be 
optimally integrated to support peak shaving, emergency backup, and 
the large-scale adoption of renewable energy. Expanding the application 
of diverse energy storage solutions will further enhance the flexibility, 
stability, and reliability of the power system.

Finally, compared to the eastern region of China, the western region 
exhibits a lower level of development. Therefore, it is imperative to 
increase economic support for cities in the western region, promote 
cooperation among cities in the east and west through investment and 
industrial transfer. In this way, balanced regional development is pro
moted to mitigate the effects of regional inequality caused by trans- 
regional power transmission. Furthermore, the western region should 
also develop specialized industries based on its inherent advantages to 
enhance its economic and social development. Trans-regional power 
transmission and exchange has become an important way to ensure 
power supply and optimize resource allocation in China. It is of great 
significance in guaranteeing energy security and promoting sustainable 
development. Therefore, it is necessary to further optimize the market 
trading system of trans-regional power transmission, and to pay atten
tion to the energy security of the power exporting region while ensuring 
the adequate supply of energy in the eastern region. In addition, in
vestment in trans-regional energy infrastructure should be further 
increased to improve trans-regional transmission capacity.

This study is subject to certain limitation, which point out possible 
directions and challenges for future research. First, the urban energy 
system resilience evaluation indicator system can be expanded with the 
energy mix transformation and urbanization processes. Second, in this 
study we did not consider all UHV transmission lines. Instead, the cities 
were categorized into two distinct categories based on power trans
mission type and filtered the control groups according to their 
geographic location and economic situation of cities. In future studies, 
the impacts of certain UHV lines on urban energy systems resilience can 
be explored through scenario analysis and other methodologies. Finally, 
the power grid in China is operated by provincial companies as the 
governing bodies, that is provincial power grids are organized and dis
patched as an executor. Therefore, we are using all cities of a certain 
province as the treatment group. For other countries, it is necessary to 
choose the treatment group and non-treatment group with the actual 
situation of the region.
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