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Abstract: The Yangtze River Delta Urban Agglomeration (YRDUA) is the core area for the develop-
ment of China’s digital economy. This paper constructed a five-dimensional evaluation index system
and measured the digital economy development level of the YRDUA. A modified gravity model
social network analysis was applied to analyze the structure of the digital economy network. The
results show that (1) the level of digital economy in the YRDUA has increased during 2011–2021,
with Hangzhou having the highest digital economy development level of 0.513 in 2021. (2) The
digital economy network density of the YRDUA increased from 0.155 in 2011 to 0.158 in 2016, and
then decreased to 0.151 in 2021, showing an “inverted U-shaped” trend of first increasing and then
decreasing. (3) Shanghai, Suzhou, Nanjing, Hangzhou, and Wuxi play the role of “bridge” in the
digital economy network, and the pattern of linkage development of neighboring cities driven by
the central cities of Shanghai, Nanjing, Suzhou, Hangzhou, Ningbo, and Hefei has basically formed.
These findings of the study provide data support and reference for the coordinated development of
the digital economy in the YRDUA and are of theoretical and practical significance for the synergistic
development of cities.

Keywords: Yangtze River Delta Urban Agglomeration; digital economy; indicator system; spatial network

1. Introduction

In the era of information, the continuous development and widespread application
of information technology have given rise to the digital economy. Since the concept of
“digital economy” was first proposed in 2017 in China, digitization has been introduced as
a new production factor into various stages of production [1]. According to the data in the
“White Paper on the Development of China’s Digital Economy”, the size of China’s digital
economy was only 9.5 trillion yuan in 2011, while it has risen to 45.5 trillion yuan in 2021,
accounting for a proportion of 39.8% of GDP. It is gradually becoming an important driving
force and essential pillar of our national economy [2]. The development of the digital
economy has become an important strategy for driving economic growth in countries
around the world and a key element in building a new domestic and international dual-
circulation development paradigm [3,4]. In this context, quantitative research on the level
of development of the digital economy helps to reveal new opportunities for the high-speed
development of the digital economy and provides empirical evidence to promote economic
transformation and upgrading.

As one of the key strongholds for the development of China’s digital economy, the YR-
DUA boasts mature foundations and conditions. With its robust digital infrastructure and
talent resources, it serves as the core hub of China’s digital economy network, playing a cru-
cial role in the overall national development strategy [5]. The YRDUA consists of 27 cities:
Shanghai, Nanjing, Wuxi, Changzhou, Suzhou, Nantong, Yancheng, Yangzhou, Zhenjiang
and Taizhou in Jiangsu Province, Hangzhou, Ningbo, Wenzhou, Jiaxing, Huzhou, Shaox-
ing, Jinhua, Zhoushan, and Taizhou in Zhejiang Province, and Hefei, Wuhu, Ma’anshan,

Sustainability 2023, 15, 13329. https://doi.org/10.3390/su151813329 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su151813329
https://doi.org/10.3390/su151813329
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-5536-0949
https://doi.org/10.3390/su151813329
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su151813329?type=check_update&version=1


Sustainability 2023, 15, 13329 2 of 16

Tongling, Anqing, Chuzhou, Chizhou, and Xuancheng in Anhui Province, as shown in
Figure 1. The industrial growth of cities in the YRDUA is crucial for advancing the high-
quality development of China’s economy [6]. Therefore, it is of theoretical significance and
practical value to explore the level of digital economy development and its spatial correla-
tion by taking the YRDUA as a sample. In existing research on the digital economy, most
scholars have explored the level of digital economy development at the provincial level and
the spatial correlation of provincial digital economy development, while there is relatively
little research on the digital economy at the urban level. Although there is less literature
that focuses on the digital economy at the urban level, the digital economy indicators in
the literature are of a single respect and do not fully consider the factors that affect the
development of the digital economy. Therefore, from multiple perspectives, constructing a
digital economy indicator system for the YRDUA can help to comprehensively evaluate
the level of digital economy development in the YRDUA.
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Figure 1. Location of the YRDUA.

The digital economy network in the YRDUA has had significant impacts on the
economy and society. The digital economy can speed up the flow of information and other
factors between regions by eliminating the location barriers between cities, thus improving
regional integration [7]. In terms of exploring the evolution characteristics of networks,
the social network analysis method, SNA, can effectively quantify spatial relationships
and reveal the associated characteristics of spatial networks, making it the most commonly
used method in spatial network analysis. The gravity model is a widely used spatial
interaction model to analyze and predict the forms of spatial interactions. Combining
the gravity model with a social network analysis can quantitatively analyze the evolution
characteristics of networks through both overall network indicators and individual network
indicators, which has been the most popular research method in recent years. Applying this
method to the analysis of the spatial network correlation of digital economy can reveal the
digital economy correlation between cities in the YRDUA. Based on the existing research,
this study attempts to measure the development level of the digital economy in various
cities of the YRDUA and explores the spatial network correlation of the digital economy in
the YRDUA by constructing a spatial network model.
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2. Literature Review

The digital economy is a new form of economy characterized by digitization, driven
by information technology, and focused on improving total factor productivity. In 1996,
Tapscott first introduced the concept of the “digital economy” and defined it as a new
economy based on human intelligence networks enabled by the internet and the world
wide web [8]. The definition of the digital economy also evolves with technological trends
and era-specific characteristics [9–15]. As the digital economy has grown, measuring its
development level has drawn the attention of scholars. In terms of the digital economy
index, Xian et al. proposed a measurement index system for the digital economy [16].
This index system was used to assess and forecast the scale of core industries in China’s
digital economy. Based on the penetrability, substitutability, and synergistic characteristics
of digital technologies, Cai et al. divided the digital economy into two parts, namely
“digital industrialization” and “industrial digitalization”. Using empirical research analysis
methods, they measured the scale of value added in China’s digital economy [17]. Chen
et al. took into account the national economic industry classification and designed a
classification system to measure the scale of China’s digital economy from 2012 to 2017 [18].
Wang utilized machine-learning algorithms to assess the development level of the digital
economy in Shaanxi Province [19]. Most of the above literature uses the subjective expert
scoring method or the single objective weighting method when determining the weights of
the indicators, which makes it difficult to reflect the weights of the indicators objectively and
comprehensively. Moreover, most of the studies are based on China’s provincial data, and
the literature is a single digital economy indicator without comprehensively considering
the factors affecting the development of the digital economy.

Most of the studies on the spatial structure of the digital economy have explored the
spatial differentiation characteristics of regional digital economy development in terms of
geographic or economic neighborhood characteristics. For example, Wang et al., based on
the Tencent Research Institute’s published Digital Economy Index, analyzed the spatial dif-
ferentiation characteristics of China’s digital economy using methods such as interpolation
simulation, Zipf’s law, and geographic detector methods [20]. Chen et al. used nighttime
light (NTL) remote-sensing data to estimate the digital economy level and analyze the
spatial characteristics of Chinese cities from 2017 to 2020 [21]. Luo and Zhou conducted an
analysis of the dynamic evolution, spatial differences, and driving factors of the provincial
level digital economy in China from 2011 to 2020 using spatial Markov chains, the Gini
coefficient, and geographic detection methods [22]. Li and Liu used the entropy method to
measure the development level of the digital economy in various regions of China in 2018.
They used exploratory spatial data analysis (ESDA) and geographically weighted regression
(GWR) models to analyze the spatial distribution pattern of China’s digital economy and
its influencing factors [23]. These studies above mainly use methods such as geographic
detector methods, Markov chains, Gini coefficients, and other spatial characterization,
which mainly reflect the characteristics of spatial changes in the research object and cannot
reflect spatial network relationships. A few scholars have analyzed the spatial network
linkages of the digital economy from the perspective of spatial linkages. For example, Zhao
et al. investigated the spatial linkage structure of digital economy development among
provinces by using the digital economy value added and digital economy industry revenue.
They employed the modified gravity model and social network analysis to examine the
spatial relationship in the development of the digital economy [24]. Zhong et al. employed
the Getis–Ord G index to analyze the spatial agglomeration characteristics of digital econ-
omy development in 125 cities in 2016 and examined the hotspots and coldspots of digital
economy development in the region [25]. Applying the spatial network analysis method
to the analysis of the digital economy can explore the spatial network characteristics of
the digital economy. In addition, the analysis of spatial network characteristics of the
digital economy over multiple years can reveal the time-evolution characteristics of spatial
network correlation. Most of the existing studies on the spatial network association of
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digital economy in the YRDUA focus on the spatial characteristics of a certain year, which
has some limitations in reflecting the temporal trends of the spatial network.

The above-mentioned deficiencies motivate this research. Apart from previous studies,
this study contributes to the existing literature in the following ways: (1) we constructed
an evaluation index system for the digital economy development level of the YRDUA
in five dimensions: digital infrastructure, digital industry development, digital human
resources, digital innovation ability, and digitalization degree. Compared with existing
studies, the design of this system not only helps to enrich the relevant theoretical basis
but also can take into account multiple aspects of the development of the digital economy
in a more comprehensive way during the assessment process, thus ensuring that the
evaluation results are more comprehensive and objective. (2) We used the entropy weight
method and coefficient of variation method to assign weights to the indicators, which
eliminates the one-sidedness and bias that may be brought by the traditional subjective
assignment method and more objectively calculates the weights of the indicators to measure
the digital economy development index of the YRDUA. This index can more accurately
reflect the overall development of the digital economy in the YRDUA, reveal the strengths
and shortcomings of each city, and provide a more valuable reference basis for policy
formulation and resource allocation in the field of digital economy in the YRDUA. (3) By
using the modified gravity model and social network analysis method, an empirical analysis
was conducted on the structure of the digital economy network in the YRDUA. Spatial
network correlation and time spatial evolution characteristics of the digital economy in the
YRDUA were investigated. These investigations not only enrich the theory of the digital
economy–spatial correlation relationship but also provide important data support and
guidance for the development of the digital economy in the YRDUA, and promote the
implementation of the strategy of coordinated regional development.

3. Methodology
3.1. Digital Economy Indicator System and Measurement Method

The existing research mainly comes from the provincial level in China. For example, by
using data from 30 Chinese provinces for the period of 2015–2018, Liu et al. measured the
digital economy of China’s digital economy at a provincial level [26]. Liu et al. developed
a provincial level evaluation index system for the development of the digital economy in
four dimensions: digital infrastructure, digital industry, usage and application level, and
digital innovation capability [27].

Based on the existing literature, a comprehensive digital economy development in-
dex system is built in this paper taking into account the availability of relevant data at
the city level. It includes the five dimensions of digital infrastructure, digital industry
development, digital human resources, digital innovation capability, and digitization as
well as a subdivision of 13 indicators, as shown in Table 1. The indicators in the digital
infrastructure dimension include broadband internet infrastructure and mobile internet
infrastructure. The development of digital industry comprises two subindicators: the pro-
portion of telecommunications industry output to GDP and the proportion of postal service
output to GDP. Digital human resources include manpower in the information industry and
the foundation of human resources. Digital innovation capability comprises the support of
digital innovation elements and the level of digital innovation output. Digital inclusive
finance reflects the degree of urban digitization.
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Table 1. Digital Economy Development Index System for YRDUA.

Dimension Indicators Unit Type Data Sources

Digital
infrastructure

The number of internet users 10,000
households Positive China City Statistical

Yearbook

The number of mobile phone users 10,000
persons Positive China City Statistical

Yearbook

Digital industry
development

Telecom business revenue/GDP % Positive China City Statistical
Yearbook

Post business revenue/GDP % Positive

Digital human
resource

The proportion of employees in the information
transmission computer services and software

industry to the total employees at the end of the year
% Positive China City Statistical

Yearbook

The proportion of employees in the transportation,
warehousing, and postal industries to the total

number of employees at the end of the year
% Positive China City Statistical

Yearbook

Digital
innovation
capability

The proportion of scientific and technological
expenditures in the general budget of local finance % Positive China City Statistical

Yearbook

The proportion of education expenditure in the
general budget of local finance % Positive China City Statistical

Yearbook

The number of invention patent applications related
to the digital economy Pieces Positive

Chinese Research Data
Services (CNRDS)The number of utility model patents related to the

digital economy Pieces Positive

The number of invention patent authorizations
related to the digital economy Pieces Positive

The number of utility model authorizations related to
the digital economy Pieces Positive

Degree of
digitization Financial inclusion Index % Positive

Institute of Digital
Finance, Peking

University

To overcome subjectivity and objectively determine the relative weights of the indexes,
this paper uses the entropy weight method and coefficient of variation method to assign
weights to each index in order to measure the digital development level economy in the
YRDUA [28]. The specific steps are as follows:

1. Data standardization

The dimensionless processing of indicators can improve the comparability between
different indicators and enhance the rationality of evaluation. Therefore, this study stan-
dardizes the data through the extreme value method, as shown in Equation (1)

Positive indicators : x′ij =
xij −min

{
xij

}
max

{
xij

}
−min

{
xij

} (1)

Negative indicators : x′ij =
max

{
xij

}
− xij

max
{

xij
}
−min

{
xij

} (2)

where x′ij is the index of the jth indicator for the ith city, i = 1, 2, · · · , 27, j = 1, 2, · · · , 13;

2. Calculate information entropy.
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First, we use standardized data to calculate the proportion of index j in the total value
of all regional indexes, as shown in Equation (3). Then, the information entropy of index j
in the ith area can be calculated by using Equation (4).

Pij =
x′ij

n
∑

i=1
x′ij

(3)

ej = −
1

ln n

n

∑
i=1

Pij· ln
(

Pij
)

(4)

3. Calculate the coefficient of variation.

The coefficient of variation for indicator j is calculated using the Equation (5):

dj = 1− ej (5)

4. Calculate the weight of each indicator.

The coefficients of variation should be normalized to calculate the weights of each
indicator, as shown in Equation (6).

wj =

dj

∑
j=1

dj (6)

5. Calculate the digital economy development level.

The comprehensive score of the digital economy development level of the 27 cities in
the YRDUA is calculated with the following equation:

Digitali =
m

∑
j=1

wj·x′ij (7)

3.2. The Modified Gravity Model

The gravity model, based on the formula of gravitation in physics, has been widely
employed to measure the special relevancy [29,30]. Therefore, this paper introduces a
modified gravity model to explore the spatial association of the digital economy in the
YRDUA. In addition, considering that regional GDP can reflect the differences in the
economic structure of cities to a certain extent, the ratio of geographical distance to the
difference in city GDP is used as the economic geographical distance, and the traditional
gravity model is modified to construct a gravity matrix to describe the strength of digital
economic linkages between cities. The modified gravity model is shown in Equation (8).

Gij = k
Mi Mj(

Dij

|gi−gj|

)2 , k =
Mi

Mi + Mj
(8)

where Gij is the gravitational strength of the digital economy between city i and city j. k is
the modified gravitational constant. Mi, Mj are the digital economy development levels
of region i and region j, respectively. Gij is the distance between cities i and j. r is the
friction coefficient of distance, usually set to 2. gi, gj represent the GDP of city i and city
j, respectively. In order to eliminate weak correlations and simplify the overall network
distribution, this paper uses the mean value of the digital economy gravitational force
from 2011 to 2021 as the threshold value and then binarizes the gravitational matrix before
proceeding to the next step of social network analysis.
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3.3. Social Network Analysis

Social network analysis (SNA) is an important method in social sciences for studying
the relationships between actors [31,32]. It utilizes graph theory and algebraic modeling
techniques to describe relationship patterns and investigate their impact on individuals
or the overall structure. This method is particularly suitable for studying interactive
relationships and group structures within a population. In the context of studying city-
cluster networks, social network analysis provides valuable tools. By applying network
analysis methods and utilizing appropriate software, it becomes possible to improve the
city-cluster network structure in a more intuitive and controllable manner. Furthermore,
the effects of these improvements can be quantitatively evaluated and measured with
greater clarity.

(1) Network density reflects the level of connectivity among nodes in a network. The
density value not only represents the overall influence of the network on individual
members within the network but also reflects the mutual influence among individuals
within the network [24]. A higher network density indicates a greater likelihood of
network influence on members and a closer relationship between network members;

(2) Network characteristics of nodes. According to social network analysis, the network
structure characteristics of nodes can be characterized using metrics such as degree
centrality, betweenness centrality, and closeness centrality. Degree centrality measures
the centrality of nodes within a spatially correlated network based on the number of
connections. A higher degree of centrality indicates that a node has more connections
with other nodes in the spatial economic network, indicating a greater degree of
centrality for that node within the network. Betweenness centrality reflects the level of
interaction and the intermediary role of a node with respect to other nodes. A higher
betweenness centrality suggests stronger interaction between the city and other cities,
along with a greater ability to control resources. Closeness centrality measures the
degree to which a node is not controlled by other nodes in the network. A higher
closeness centrality value indicates more direct connections between the node and
other nodes [25];

(3) Cohesive group. Cohesive group analysis aims to reveal the phenomenon of small
group clustering within the digital economic network. Nodes within a cohesive group
exhibit relatively strong spatial relationships and direct closeness.

4. Empirical Analysis
4.1. The Development Level of Digital Economy in the YRDUA

The research object of this paper is the 27 cities in the YRDUA. Based on the evaluation
index system of digital economy development level, we use the entropy value method
to measure the digital economy development level of 27 cities in the YRDUA from 2011
to 2021, and the results are shown in Table 2. From the comprehensive digital economy
scores of the cities in each YRDUA listed in Table 2, the development of the digital economy
in the YRDUA was at a relatively low level in 2011 and there was little difference in
the development level between the cities. Shanghai, Hangzhou, Wenzhou, and Jinhua
were among them, scoring higher than other cities and in the top four. Between 2011
and 2016, the overall digital economy development level of cities in the YRDUA has
steadily improved, from a low level in 2011 to a medium-low level. Meanwhile, the
gap in development levels across cities has continuously grown. Five cities, Shanghai,
Hangzhou, Wenzhou, Nanjing, Hefei, and Wuhu, are among the top five cities in the
YRDUA with digital economy development levels over 0.3. From 2016 to 2021, the digital
economy development level in the YRDUA further improved, with several cities reaching
a medium-high development level. Among them, Hangzhou showed outstanding progress
in digital economy development and surpassed Shanghai in 2021 to become the city with
the highest level of digital economy in the YRDUA, injecting strong momentum into the
digital economy development of the region. However, there were still some cities at a
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relatively low level of development, leading to further disparities in development levels
among cities.

Table 2. Digital Economy Development Level of YRDUA.

Cities 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Shanghai 0.249 0.280 0.389 0.335 0.342 0.368 0.398 0.416 0.501 0.526 0.490
Nanjing 0.173 0.216 0.279 0.287 0.335 0.354 0.373 0.403 0.427 0.438 0.425

Wuxi 0.151 0.174 0.205 0.199 0.218 0.239 0.250 0.265 0.277 0.282 0.270
Changzhou 0.138 0.181 0.193 0.189 0.210 0.224 0.241 0.253 0.252 0.258 0.261

Suzhou 0.161 0.205 0.246 0.246 0.266 0.299 0.335 0.363 0.405 0.451 0.396
Nantong 0.171 0.189 0.202 0.194 0.206 0.209 0.210 0.211 0.225 0.227 0.226
Yancheng 0.135 0.162 0.174 0.167 0.178 0.205 0.213 0.214 0.227 0.211 0.199
Yangzhou 0.139 0.166 0.170 0.168 0.177 0.194 0.211 0.206 0.217 0.206 0.208
Zhenjiang 0.131 0.175 0.171 0.176 0.196 0.209 0.227 0.249 0.234 0.224 0.212
Taizhou 0.116 0.156 0.128 0.144 0.157 0.178 0.185 0.178 0.176 0.170 0.194

Hangzhou 0.203 0.244 0.279 0.304 0.333 0.348 0.391 0.429 0.459 0.499 0.513
Ningbo 0.148 0.186 0.199 0.207 0.216 0.239 0.252 0.261 0.280 0.293 0.296

Wenzhou 0.221 0.255 0.278 0.285 0.302 0.301 0.304 0.301 0.288 0.377 0.289
Jianxing 0.197 0.234 0.239 0.238 0.233 0.238 0.252 0.252 0.234 0.261 0.252
Huzhou 0.162 0.190 0.256 0.225 0.196 0.210 0.225 0.225 0.232 0.227 0.229
Shaoxing 0.165 0.198 0.203 0.211 0.224 0.225 0.242 0.253 0.262 0.249 0.258

Jinhua 0.226 0.248 0.245 0.243 0.240 0.220 0.248 0.260 0.263 0.252 0.235
Zhoushan 0.135 0.177 0.178 0.188 0.179 0.193 0.224 0.229 0.237 0.228 0.244
Taizhou 0.179 0.223 0.218 0.211 0.221 0.211 0.225 0.225 0.232 0.240 0.250

Hefei 0.171 0.182 0.199 0.209 0.231 0.305 0.311 0.340 0.353 0.377 0.375
Wuhu 0.167 0.188 0.223 0.230 0.247 0.287 0.309 0.316 0.283 0.302 0.316

Maanshan 0.111 0.116 0.153 0.135 0.154 0.182 0.198 0.215 0.198 0.201 0.201
Tonglin 0.057 0.119 0.144 0.169 0.177 0.185 0.183 0.201 0.209 0.201 0.212
Anqing 0.163 0.173 0.185 0.185 0.201 0.202 0.215 0.217 0.210 0.207 0.213

Chuzhou 0.135 0.149 0.161 0.185 0.187 0.220 0.215 0.292 0.198 0.201 0.205
Chizhou 0.103 0.124 0.150 0.140 0.146 0.155 0.164 0.182 0.182 0.172 0.178

Xuancheng 0.146 0.128 0.167 0.167 0.172 0.185 0.189 0.198 0.192 0.173 0.174

4.2. Spatial Association of Digital Economy

Based on the development level of the digital economy in the YRDUA, this study
selects three time points, 2011, 2016, and 2021, to analyze the spatial network association
and evolutionary trend of the digital economy in the YRDUA through a gravity model and
a social network analysis, and the spatial network figures of the YRDUA in 2011, 2016 and
2021 can be obtained by using the UCINE 6.8 software, as shown in Figures 2–4.
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(1) Analysis of the overall characteristics of the network structure

The results show that the digital economy network density of the YRDUA increased
from 0.155 in 2011 to 0.158 in 2016 and then decreased to 0.151 in 2021, showing an
“inverted U-shaped” trend of first increasing and then decreasing. Possible explanations
for this include the fact that the YRDUA cities’ spatial connections for the development
of their digital economies have gotten closer since 2010 when China’s digital economy
and the mobile internet industry both experienced rapid growth. However, as the digital
economy expands quickly, new problems will also arise, including how to overcome
technical obstacles, enhance data quality, and make significant strides in digital technology
innovation. These problems could have a negative impact on the YRDUA’s entire digital
economy network. Overall, the YRDUA’s digital economy network density is typically low
at the three points in time investigated, and there is still more room for the development of
digital economy cooperation among the cities in the city cluster.

The critical value of linkage intensity set by the economic network structure figure
of the YRDUAs reflected in Figures 2–4 is zero. This indicates that as long as economic
linkages exist between cities, regardless of the intensity, their existence is reflected in
the network figure. In the digital economy network structure figure of the YRDUA, the
intensity of connecting lines between nodes represents the strength of digital economy
ties. By analyzing Figures 2–4, it can be found that the strength of the digital economy
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connections between Shanghai and other cities is always stronger, which indicates that
Shanghai is the pioneer of digital economy development in the YRDUA. And the digital
economy network linkages are mainly concentrated in the core cities of Suzhou, Hangzhou,
and Nanjing, and then gradually develop to other cities in the YRDUA.

In addition, the economic linkages of the YRDUA are polarized. There are strong
economic links between some cities and their neighboring cities, reflecting the radiating
role of the central cities, such as Shanghai, Suzhou, Hangzhou, and Nanjing with the
surrounding cities. However, there are still some prefecture-level cities with weaker
economic ties with each other. Most of these cities are located at the edge of the YRDUA
and, due to their lack of geographical advantages and weak economic development base,
they lag behind the core cities of the city cluster in terms of development speed and quality.
Therefore, the mutual influence and synergistic development between the YRDUAs still
need to be strengthened.

(2) Node association analysis

We have measured the centrality indicators of the digital economy network and
explored the role of each city in the digital economy spatial association network of the
YRDUA. Table 3 presents the results of the degree centrality of the digital economy linkage
network for the three years 2011, 2016, and 2021. From the results in Table 3, it can be
found that Shanghai and Suzhou consistently ranked the top two in the region in terms of
degree centrality, occupying a central position in the digital economy network, and having
strong radiation capacity. The degrees of centrality of Hangzhou, Ningbo, Wuxi, Nanjing,
and Changzhou were at a high level during the study period, indicating that the digital
economy of these cities also has a stronger role in driving the development of the digital
economy in the YRDUA.

Table 3. Results of the degree centrality of the digital economy network in the YRDUA.

Cities
2011 2016 2021

Outdeg Indeg Outdeg Indeg Outdeg Indeg

Shanghai 24 26 25 26 24 26
Nanjing 7 7 7 10 6 9

Wuxi 6 6 4 4 4 4
Changzhou 3 3 3 3 3 3

Suzhou 14 15 14 16 10 16
Nantong 2 3 2 2 2 2
Yancheng 1 1 1 1 1 1
Yangzhou 3 3 3 3 3 2
Zhenjiang 4 3 3 3 3 3
Taizhou 2 2 3 2 3 1

Hangzhou 6 6 5 8 4 10
Ningbo 2 2 2 2 2 2

Wenzhou 1 1 1 1 1 1
Jiaxing 4 4 3 3 3 3

Huzhou 4 4 4 4 4 4
Shaoxing 3 3 3 3 3 3

Jinhua 2 3 2 1 2 1
Zhoushan 3 3 4 3 4 3
Taizhou 1 1 1 1 1 1

Hefei 1 1 1 1 1 2
Wuhu 3 3 4 3 4 3

Maanshan 3 2 3 3 4 2
Tonglin 1 0 3 1 5 1
Anqing 1 1 1 1 1 0

Chuzhou 3 2 3 2 3 2
Chizhou 1 0 2 0 1 0

Xuancheng 4 4 4 4 4 1
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In addition, overall, there is a clear trend of polarization in both in-degrees centrality
and out-degrees centrality of the YRDUA over time. The in-degrees centrality and out-
degrees centrality of the core cities in the YRDUA have been increasing, while the in-degrees
centrality and out-degrees centrality of some cities with weaker economic development
bases have been gradually decreasing. This indicates that the strength of economic radiation
from the core cities increased during the study period, while cities with a weaker economic
development base have weaker economic ties with other cities and are less affected by the
economic influence of other surrounding cities.

Further, we measured the closeness centrality and betweenness centrality to analyze
the relationships between cities in the digital economy network, and the results are shown
in Table 4. The results show that Shanghai has the highest proximity centrality value,
with closeness centrality even reaching 100 in the year under examination, indicating that
Shanghai has established direct digital economy links with other cities in the Yangtze River
Delta and is an absolute central actor. The closeness centrality of Suzhou, Wuxi, Nanjing,
Hangzhou, Changzhou, and Ningbo is high at all three time points, indicating that these
cities are not easily controlled by other cities and are relatively well connected with other
cities in the digital economy. Except for a very few cities with a closeness centrality of
less than 50 in individual years, most of the cities in the YRDUA have small differences in
closeness centrality values and all of them are above 50, indicating that most of the cities in
the YRDUA are well connected to each other in the digital economy.

Table 4. Results of Closeness Centrality and Betweenness Centrality of the Digital Economy Network
in the YRDUA.

Cities

2011 2016 2021

Closeness
Centrality

Betweenness
Centrality

Closeness
Centrality

Betweenness
Centrality

Closeness
Centrality

Betweenness
Centrality

Shanghai 100.000 437.876 100.000 451.045 100.000 458.583
Nanjing 57.778 11.667 61.905 18.083 60.465 15.167

Wuxi 56.522 4.167 54.167 0.667 54.167 0.667
Changzhou 53.061 0.000 53.061 0.000 53.061 0.000

Suzhou 70.270 73.000 72.222 79.583 72.222 54.833
Nantong 53.061 0.000 52.000 0.000 52.000 0.000
Yancheng 50.980 0.000 50.980 0.000 50.980 0.000
Yangzhou 53.061 0.343 53.061 0.286 52.000 0.167
Zhenjiang 53.061 0.843 53.061 0.286 53.061 0.500
Taizhou 52.000 0.000 52.000 0.143 50.980 0.000

Hangzhou 56.522 7.167 59.091 8.583 61.905 8.500
Ningbo 52.000 0.000 52.000 0.000 52.000 0.000

Wenzhou 50.980 0.000 50.980 0.000 50.980 0.000
Jianxing 54.167 1.033 53.061 0.343 53.061 0.417
Huzhou 54.167 1.033 54.167 1.343 54.167 1.417
Shaoxing 53.061 0.367 53.061 0.343 53.061 0.417

Jinhua 53.061 0.167 50.980 0.000 50.980 0.000
Zhoushan 53.061 1.000 53.061 1.643 53.061 1.667
Taizhou 50.980 0.000 50.980 0.000 50.980 0.000

Hefei 50.980 0.000 50.980 0.000 52.000 0.000
Wuhu 53.061 0.343 53.061 0.762 53.061 1.000

Maanshan 52.000 0.143 53.061 0.286 52.000 0.500
Tonglin 3.704 0.000 50.980 0.000 50.980 0.000
Anqing 50.980 0.000 50.980 0.000 3.704 0.000

Chuzhou 52.000 0.143 52.000 0.143 52.000 0.167
Chizhou 3.704 0.000 3.704 0.000 3.704 0.000

Xuancheng 54.167 1.710 54.167 1.462 50.980 0.000

Comparing the betweenness centrality in the Yangtze River Delta digital economy in
2011, 2016, and 2021, we find that Shanghai is always at the top of the list, and the number
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of betweenness centrality has increased significantly. In addition, cities such as Suzhou,
Nanjing, Hangzhou, and Wuxi also have strong control power in the Yangtze River Delta
digital economy network, playing the same role of “bridge” in the digital economy network
and connecting other cities to form the digital economy cooperation network. It is worth
noting that some cities have a constant betweenness centrality of 0. We further combine
their degree centrality and find that these cities are not isolated in the digitally connected
network but remain connected to other cities through spillover and absorption effects.

(3) Cohesive group of the spatial network structure of the digital economy

The cohesive subgroup analysis is based on the strength of economic ties between
cities, and this paper uses this analysis method to explore the phenomenon of small groups
of cities clustering within the YRDUA. In this study, the iterative correlation convergence
method (concor) algorithm in Unicet was used to obtain the cohesive subgroup of the
YRDUA in 2011, 2016, and 2021, and the results are shown in Table 5.

Table 5. Cohesive subgroup analysis results of the Digital Economy Network in the YRDUA.

Year Subgroups Cities Subgroups Cities

2011

1 Shanghai, Nanjing,
Suzhou, Hangzhou 3 Wuxi, Changzhou, Nantong, Taizhou, Zhoushan, Shaoxing,

Jiaxing, Jinhua, Huzhou

2

Ningbo, Hefei,
Wenzhou, Anqing,
Yancheng, Taizhou,
Tonglin, Chizhou

4 Zhenjiang, Yangzhou, Chuzhou, Yangzhou, Wuhu,
Maanshan, Xuancheng

2016
1 Shanghai, Nanjing,

Suzhou 3
Wuxi, Changzhou, Nantong, Yangzhou, Taizhou, Zhenjiang,
Shaoxing, Jiaxing, Zhoushan, Huzhou, Chuzhou, Maanshan,

Tonglin, Wuhu, Wuhu, Xuanchen

2 Hangzhou, Ningbo 4 Hefei, Anqing, Chizhou, Wenzhou, Jinhua, Taizhou, Yanchen

2021
1 Shanghai, Nanjing,

Suzhou 3
Wuxi, Changzhou, Nantong, Zhenjiang, Yangzhou, Taizhou,
Zhoushan, Shaoxing, Jiaxing, Huzhou, Chuzhou, Maanshan,

Tonglin, Wuhu, Xuancheng

2 Hangzhou, Ningbo,
Hefei 4 Wenzhou, Jinhua, Taizhou, Chizhou, Anqing, Yancheng

In 2011, the members of subcluster 2 mainly included Ningbo, Hefei, and their sur-
rounding cities. With economic development and technological progress, Ningbo and Hefei
are among the new first-tier cities, gradually forming a new subcluster with Hangzhou.
Subcluster 3 is mainly composed of cities around the core cities of Shanghai, Nanjing,
Suzhou, Hangzhou, and Hefei, and these peripheral cities are influenced by the strong eco-
nomic radiation of these core cities and have close economic ties. Subcluster 4 is composed
mainly of cities located on the edge of the YRDUA. Economic communication between
these cities is limited by many factors such as regional location and economic strength,
and they are less influenced by the economic radiation of the core cities. Further analysis
shows that cohesive subgroups 1 and 2 have varying degrees of economic radiation to
the other two cohesive subgroups, a feature that the other two cohesive subgroups do
not have. It can be seen that cohesive subgroups 1 and 2 are economically linked to other
cities within the YRDUA, generating strong economic linkages, implying that the digital
economy network of the YRDUA has developed based on the cohesive subgroups 1 and 2.

4.3. Discussion

According to the index system and empirical model constructed in this paper, this
paper provides a comprehensive measurement of the digital development level of the
YRDUA from 2011 to 2021 and analyzes the spatial distribution pattern and spatial cor-
relation characteristics of the digital economy development in the YRDUA. It is found
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that the network density of the digital economy in the YRDUA is generally low, which
is less than 0.2 during the study period, consistent with the conclusion of Xu et al. [15].
This indicates that the spatial correlation network connection of the digital economy in
the YRDUA is not close enough, and there is still much room for improvement and en-
hancement. The possible reasons for this are manifold, including the combined effects of
imbalanced development among cities, industrial differences, cooperation mechanisms,
technological barriers, and market competition. Imbalanced urban development may result
in some areas accumulating a lot of resources in the digital economy while other areas
lag. This imbalance affects the balanced distribution of digital economy activities within
city clusters, thereby constraining the formation and development of spatially connected
networks. At the same time, differences between industries also affect the degree of ag-
glomeration of digital economy activities, which, in turn, affects the synergistic growth
of the digital economy within city clusters. These problems are important reasons for the
unsustainable development of the digital economy, which stems from the lack of proper
knowledge dissemination and distribution, inadequate cooperation mechanisms within
urban agglomerations, and the lack of proper cooperation between enterprises, local gov-
ernments, science, and society, whereby the sharing of information and the integration
of resources will be limited, leading to the existence of information silos and restricting
the sharing of knowledge and experience, thus affecting the cross-regional integration of
the digital economy [33]. Apart from that, cybersecurity, as well as cybersecurity-related
facilities, technologies, and policies, are also important aspects affecting the development
of the digital economy [34]. The development of the digital economy is closely dependent
on information technology and internet infrastructure. However, this also makes the digital
economy more vulnerable to threats such as cyber-attacks, data leakage, and malware.
In the event of a cybersecurity incident, it could not only lead to significant losses for
businesses and individuals but also affect market confidence and consumer trust in the
digital economy, which, in turn, could affect its stable and sustainable growth and limit
technological progress in the digital economy.

In addition, Xu et al. also pointed out that the spatial correlation of the digital economy
in the YRDUA shows a pattern of “only super power and multi-great power”, in which
Shanghai, Nanjing, Suzhou, Hangzhou, and Wuxi have a higher out-degree than other
cities, and the strongest radiation ability of the digital economy, which is consistent with
the results of this paper’s degree centrality measurement [15]. This reason for the obvious
unevenness in the spatial correlation of the digital economy in the YRDUA can be analyzed
according to the model used in this paper. The modified gravity model in this paper is
the ratio of geographic distance to the difference in a city’s GDP as the economic geo-
graphic distance. Geographic and socioeconomic differences are important factors affecting
the formation and differences of digital economic networks in the YRDUA. Geographic
proximity, economic development level, industrial structure, government investment, in-
frastructure development, and degree of openness all have an impact on the structure
of digital economic networks. Through the analysis of cohesive subgroups, it is found
that cohesive subgroup 1, consisting of Shanghai, Nanjing, and Suzhou, and cohesive
subgroup 2, consisting of Hangzhou, Ningbo, and Hefei, are the basis for the development
of the digital economy network in the YRDUA. The pattern of linkage development of
peripheral cities driven by the central cities of Shanghai, Nanjing, Suzhou, Hangzhou,
Ningbo, and Hefei is basically formed. This result is consistent with the findings of Xuan
et al. who studied the digital innovation network structure of the YRDUA and found that
the digital innovation network of the YRDUA basically formed a core area centered on
Shanghai–Suzhou–Hangzhou from 2009 to 2020 [35]. Core cities such as Shanghai, Nanjing,
Suzhou, and Hangzhou have better economic foundations and innovation resources, thus
acting as important agglomerations of digital technology innovation. This innovation
leadership makes the central city the core of the digital economy network, leading to the
linked development of neighboring cities and promoting the development of the digital
economy network.
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As the YRDUA plays an important role as the engine of China’s economic develop-
ment, its digital economy research findings are typical and representative to a certain extent.
These findings above are of significant value for the study of the digital economy in urban
agglomerations in China and other countries. Findings also help to reveal the level of
development and spatial characteristics of the digital economy in the YRDUA, as well as
the formulation of policies and strategies that are conducive to promoting the development
of the digital economy [36,37]. Moreover, these findings can provide useful references for
urban agglomerations in other countries in the process of digital transformation and help
them avoid repeating the mistakes already made by the YRDUA in the process of digital
transformation. The YRDUA has already encountered a series of challenges and barriers in
the development of the digital economy, such as inappropriate technology deployment,
unsuitable policies, and insufficient market competition. Urban agglomerations in other
countries can avoid similar problems by learning from the experience of the YRDUA. For
example, the YRDUA experienced problems in the early stages of digital transformation
due to the lack of appropriate legal and regulatory support, and other countries can avoid
similar legal obstacles by establishing a useful legal framework in advance. In addition to
this, the YRDUA may have tried unsuccessful innovations or business models in the devel-
opment of the digital economy, which are also lessons that other countries can learn from.
The digital economy development journey of the YRDUA is a valuable case study with
many valuable lessons and experiences that can help urban agglomerations in other coun-
tries avoid some of the steps that have proved to be wrong in their digital transformation
and achieve successful digital economy development more quickly.

Further, it should be pointed out that this paper mainly focuses on the measurement
of the level of digital economy development and its spatial network correlation and does
not explore the factors affecting the development of the digital economy. Future research
can further explore the factors affecting the development of the digital economy in the
YRDUA, explore the driving mechanism of the development of the digital economy in the
YRDUA, and provide a basis for the relevant departments to formulate more scientific and
reasonable measures.

5. Conclusions and Policy Implications

This paper measures and evaluates the digital development level of the YRDUA
from 2011–2021 and examines the spatial distribution pattern and spatial correlation of
digital economy development in the YRDUA. It is concluded that the digital economy
development level of the YRDUA is found to have increased during the period 2011–2021,
and Hangzhou is the city with the highest digital economy level in the YRDUA in 2021.
From the perspective of the spatial network, Shanghai, Nanjing, Suzhou, and Hangzhou are
the core nodes of the digital economy linkage network of the YRDUA, and these cities have
a positive radiation effect on the neighboring cities, driving the development of the digital
economy in the neighboring cities. And a pattern of linked development of peripheral
cities driven by central cities, mainly Shanghai, Nanjing, Suzhou, Hangzhou, Ningbo, and
Hefei, has gradually been formed in the YRDUA. However, although the spatial network
of digital economy among cities has basically been formed, in general, the density of digital
economy among cities in the YRDUA is at a low level. The network connection among
cities is not close enough, and it is necessary to further enhance the network connection
among cities. For these conclusions, this paper puts forward the following suggestions.

(1) Government departments need to accelerate the digital reform of the YRDUA and
drive the transformation and upgrading of traditional industries in the direction of
digitalization by deepening the application of modern information technology. On the
one hand, core cities such as Shanghai and Hangzhou need to further leverage their
economic development advantages and geographic advantages to guide the digital
transformation of enterprises and encourage them to connect to the industrial internet,
so as to provide reserve power for the development of the digital economy. On the
other hand, it is important to increase financial support and policy inclination for less



Sustainability 2023, 15, 13329 15 of 16

developed areas of the digital economy, strengthen cooperation between areas lagging
behind in the development of the digital economy and core cities, and accelerate the
digital transformation of enterprises in the YRDUA;

(2) Based on the growing need for integrated development of the YRDUA, government
departments should encourage the integrated development of new information infras-
tructure and consolidate and promote digital economy development. Cities such as
Shanghai, Hangzhou, Suzhou, and Nanjing have a good foundation for the develop-
ment of the digital economy and have certain advantages in the application of digital
technology. Therefore, it is important to accelerate the exchange of digital economy
between cities through the mode of core cities driving peripheral cities, so as to realize
the unobstructed flow of factors and product flows between cities and to promote the
high-quality development of digital economy in the YRDUA;

(3) To promote the comprehensive development of the digital economy in the YRDUA, it
is not only important to focus on government initiatives but also to pay significant
attention to other stakeholders, including private industries, educational institutions,
and international organizations. For private industries, incentive policies, financial
support, and collaborative platforms should be established to encourage investment in
the digital economy sector. Educational institutions can foster industry–academia col-
laboration, establish innovation centers, and encourage interdisciplinary interactions
to nurture highly skilled talents aligned with digital economy needs. International
organizations can expand international cooperation, and host international exchange
events to enhance their global competitiveness. Through these policy recommenda-
tions, a diversified cooperation network can be established in the YRDUA to create
a conducive environment for the sustained and high-quality development of the
digital economy.
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