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The iterative upgrading of digital technology and the implementation of “carbon-
peaking and carbon neutrality” national strategy provide an opportunity for the 
synergistic integration of digital economy and green economy in China, thus, whether 
the development of digital economy can curb urban carbon emission intensity (CEI) 
remains to be answered. Based on the panel data of 110 cities in the Yangtze River 
Economic Belt (YREB) region from 2011 to 2020, this paper investigated the impact 
of digital economy on CEI by using the dual fixed-effect model, the mediating 
mechanism model and the spatial Durbin model. The main results are as follows: 
(1) The development of digital economy in the YREB region can lower down CEI, 
promote the rationalization and upgrading of industrial structure, and improve cities’ 
green innovation capacity; (2) CEI was reduced through the intermediary effect of 
industrial structure optimization and upgrading and green technology innovation; 
(3) Digital economy shows a significant positive spatial correlation, and exerts 
a spatial spillover effect of reducing CEI in surrounding cities with obvious spatial 
heterogeneity; (4) Digital economy has a stronger inhibitory impact on CEI in the 
downstream cities and cities within the urban agglomerations; (5) In addition to 
digital infrastructure, the remaining components of digital economy, directly and 
indirectly, diminish CEI. At last, according to the research findings, suggestions for 
digital economy development in the YREB region are put forward.
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1. Introduction

Global warming is a great challenge facing humanity. The continued increase in 
greenhouse gas emissions will adversely affect agricultural production, socioeconomic 
activities, and human livelihoods, and ultimately hinder progress toward global sustainable 
development. In China, carbon emissions increased from 8.83 billion tons (2011) to 9.90 
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billion tons (2020),1 accounting for a large proportion of the 
world’s total carbon emissions, and the carbon emission reduction 
is grim. In September 2020, President Xi Jinping pledged at the 
United Nations (UN) General Assembly to peak carbon emissions 
by 2030 and achieve carbon neutrality before 2060. China’s carbon 
peaking and carbon neutrality goals not only show China’s 
determination to reduce greenhouse gases, but also the essential 
requirement for China’s high-quality development (Panpan et al., 
2020). China’s carbon emission reduction significantly impacts the 
global economy and environment (Wang C. et  al., 2019). The 
Yangtze River Economic Belt (YREB) region accounts for more 
than 40% of China’s total economic output. It is an vital growth 
momentum of the national economy and the most promising 
region to achieve the “double carbon” target. Along with economic 
development, a large amount of CO2 emitted by fossil energy 
consumption has caused severe ecological problems. The conflict 
between economic development, resource use, and environmental 
protection needs to be solved urgently (Wang R. et al., 2019; Siqin 
et al., 2022). This paper studies the CEI of Yangtze River Economic 
Belt, which is important for enhancing low-carbon economic 
development and reducing regional carbon emissions. With the 
advancement of Chinese-style modernization, China’s economy is 
facing the transformation of industrial structure led by the digital 
economy. The White Paper on China’s Digital Economy 
Development mentioned that the volume of China’s digital 
economy has increased from 9.5 trillion yuan in 2011 to 39.2 
trillion yuan in 2020. As digital technology upgrades quickly, 
China’s digital economy and the real economy have reached deep 
integration. It promotes digital industrialization and industrial 
digitization, realizes the rational allocation of production factors, 
and optimizes energy structure. In the background of China’s 
“double carbon” target and economic transformation development, 
the synergy between economic development and ecological 
protection ask for higher standards in carbon emission 
management to solve the dilemma between the ecological 
environment and economic development. Then, a pivotal question 
to be answered is whether the development of digital economy can 
reduce a city’s CEI. If it is valid, what is the mechanism of their 
interaction? Moreover, is there a difference in the spatial 
distribution and characteristics of the CEI effect caused by the 
digital economy over cities? Is there a spatial effect? Working out 
the above issues will help clarify the link between the digital 
economy and CEI. The conclusions of this study also can provide 
an empirical basis and decision reference for cities’ 
low-carbon development.

With continuous innovation of network information technology, 
the digital economy is affecting all aspects of the economy, society, and 
environment with high penetration, scale effect, and network effect. 
Since the “Double Carbon” target and the Digital China Strategy were 
put forward, the government and academia have been focusing on 
taking full advantage of the digital economy to promote low-carbon 
development. The existing literature can be divided into three themes. 

1 https://www.bp.com.cn/content/dam/bp/country-sites/zh_cn/china/home/

reports/statistical-review-of-world-energy/2021/BP_Stats_2021.pdf 

(2022-10-01).

Firstly, based on the relationship between the digital economy and 
total carbon emissions. Three views exist in this perspective: (1) 
Positive view that the development of digital economy has contributed 
to carbon emissions reduction. There are a number of articles 
demonstrating its positive effects from different perspectives by using 
different methods. For example, digital finance is part of the digital 
economy and can effectively reduce carbon emissions (Zhang and Liu, 
2022). Digitalization development has beneficially promoted the 
technological transformation and upgrading, and strengthened green 
technological innovation (Ma Q. et  al., 2022), thus changing the 
structure of energy consumption, which in turn promotes energy 
conservation and carbon emission reduction (Yi et al., 2022). It has 
also been found in industrial division and scale studies that the 
development of digital economy in recent years has beneficially 
expanded the economic scale and proportion of tertiary industries 
(Wang J. et al., 2022), thus reducing the share of polluting industries, 
which leads to carbon emission reduction. In addition to decreasing 
local carbon emission, some scholars also found that the development 
of digital economy exerts huge spatial spillover effect, thus 
contributing to carbon emission reduction in the surrounding areas 
(Yi et al., 2022). (1) Negative view that digital economy development 
is detrimental to carbon emission reduction. Dong et al. (2022) argued 
that digital economy can indirectly increase carbon emissions per 
capita by promoting economic growth, industrial structure upgrading 
and financial development. Zhang L. et al. (2022) pointed out that 
digital economy is detrimental to improving energy efficiency, which 
indirectly increases total carbon emissions. Yu and Zhu (2023) stated 
that digital economy strengthens carbon emissions by increasing 
energy intensity and promoting economic expansion. (2) Other views 
with complex results. Some scholars have found an inverted U-shape 
relationship between digital economy and total carbon emissions with 
a threshold effect (Chen X. et al., 2022; Li and Wang, 2022; Zhao 
S. et al., 2022). Secondly, based on the relationship between digital 
economy and carbon emission efficiency. Zhang et  al. (2022b) 
theoretically elaborated the influence mechanism of digital economy 
on carbon emission efficiency, and on the basis of measuring carbon 
emission efficiency with EBM, demonstrated empirically that digital 
economy can improve carbon emission efficiency through 
intermediary variables such as energy intensity, but the spatial 
spillover effect on neighboring cities is not obvious. Based on the 
NDDF model calculating carbon emission efficiency in 285 cities in 
China, Zhang and Liu (2022) demonstrated that digital finance can 
beneficially contribute to the improvement of urban carbon emission 
efficiency and there are beneficial spatial spillover effects. Thirdly, 
based on the relationship between digital economy and carbon 
emission intensity. Gu et al. (2023) explored the relationship between 
digital economy and carbon emission intensity based on 13 cities in 
the Beijing-Tianjin-Hebei urban agglomeration and concluded that 
the digital economy can effectively reduce CEI, and analyzed its spatial 
spillover effect based on the space adjacency matrix. China is 
vigorously promoting the construction of urban agglomerations, 
therefore, Yan et al. (2022) and Xiaohan et al. (2022) explored the 
contribution of digital economy development to lowering carbon 
emission intensity in six urban agglomerations in China and found 
that the construction of urban agglomerations beneficially contributed 
to the reduction of carbon emission intensity by comparison. Sun et al. 
(2023), based on the panel data of 30 provinces in China with 
mediating variables (technological innovation and energy structure), 
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concluded that digital finance had a strong and sustained effect on the 
reduction of carbon emission intensity. The above research provides a 
theoretical basis and empirical reference for exploring the impact of 
digital economy on carbon emissions, some scholars have identified 
the digital economy in reducing urban or provincial carbon emissions 
intensity, and urban agglomeration perspective has also received 
academic attention (Xiaohan et  al., 2022). Due to the large 
development gap between the east and west of China, the existing 
literature applied different measurement methods and selects different 
indicator variables. So whether there exists a unified indicator system 
and method based on the national level regions in China, which can 
also achieve micro and macro comparison, to explore the impact of 
digital economy on CEI and its internal mechanisms more 
comprehensively and objectively? We  can see from the existing 
literature, based on the cities within urban agglomerations, there is a 
spatial spillover effect of the digital economy on CEI, does it exist 
among cities in non-urban agglomerations? Whether there are 
differences in spillover effects between regions? The digital economy 
is a comprehensive indicator, are there differences in the impact of its 
various component parts on CEI? Are there spatial spillover from each 
component as well? The above fields are still a blank to be explored. 
We try to answer the above questions by empirical analysis, using the 
panel data of 110 cities from 2011 to 2020 in Yangtze River Economic 
Belt in China.

As mentioned above, this study conducts analysis into the 
influencing mechanism and spatial effects of the digital economy on 
CEI based on the panel data in 110 cities in the YREB region from 
2011 to 2020. The research is conducted as follows: (1) This study 
objectively calculates the digital economy development level in YREB 
region by constructing a scientific digital economy development 
indicator system. (2) This study uses the two-way fixed effects model 
to evaluate the impact of digital economy development on CEI. (3) 
This paper studies the mediating mechanisms of industrial structure 
rationalization and upgrading and green technology innovation in 
the situation of digital economy influencing CEI. (4) This study 
analyzes the spatial distribution characteristics of digital economy 
and CEI in the YREB region, and then applies the spatial Durbin 
model to assess the spatial spillover effect of digital economy on 
CEI. (5) The regressions were categorized according to geography and 
whether they were within urban agglomerations. (6) The regression 
of the CEI is classified according to each component of the digital 
economy. (7) Robustness tests.

The potential contributions are as follows: First, in term of 
research area, the impact of digital economy on CEI is evaluated from 
multiple dimensions based on uniform indicators and calculation 
methods: urban agglomeration versus non-urban agglomeration, a 
comparison among East China, Central China and West China, 
obtaining beneficial direct effect and spatial spillover effect. Second, 
in term of research content, this paper explores whether the digital 
economy has an mediating effect on CEI. According to the significant 
improvement of green innovation and the acceleration of industrial 
structure upgrading brought by digital economy, green innovation 
and industrial structure are selected to verify the intermediary effect. 
Third, this study uses the concept of spatial location to thoroughly 
explore the spatial correlation of the digital economy on CEI in the 
YREB region, as well as spillover effects. Fourth, with spatial 
heterogeneity, the spatial differences in the impact of the digital 
economy on CEI are discussed. Further, the influencing factors of the 

digital economy on CEI is explored for a more detailed and 
comprehensive understanding of its role.

2. Theoretical basis and research 
hypothesis

2.1. Direct effect of digital economy 
development on CEI

Established research and real-life practice show that the digital 
economy can create carbon emission reduction effects from multiple 
aspects and dimensions. A brief description follows. First, combining 
digital technology with the traditional production process, in the 
common development of the digital economy and the real economy, 
promotes the flow speed, scientific integration, and utilization of all 
links, realizes the transformation from inefficient industries to efficient 
ones, effectively optimizes the allocation of resources, and promotes 
productivity development. The Index Climate Action Roadmap 
proposes that digital technology solutions can reduce 15% of global CO2 
in manufacturing, energy, transportation, buildings, agriculture and 
other areas. It is a critical technological factor in achieving carbon 
reduction. Specifically, the digital economy can provide a networked 
environment. Online shopping and a paperless office lifestyle eliminate 
geospatial constraints and reduce the use of transportation and office 
consumables (Li et  al., 2021). As a result, they significantly reduce 
transportation and production energy consumption, thereby reducing 
city carbon intensity. Second, in terms of environmental governance. 
Digital technologies can accelerate the spread of information and 
improve the effectiveness of environmental education, raising public 
awareness of environmental protection. It enhances citizens’ monitoring 
role of government regulation and corporate carbon emission reduction 
through open access to government data and other means (Yang et al., 
2020). Hampton et al. (2013) suggest the use of digital technology (e.g., 
big data, cloud computing, etc.) can help governments develop scientific 
carbon policies, help regulators implement policies and predict future 
development trends scientifically and effectively, and reduce 
environmental pollution as much as possible. Third, in terms of 
stimulating enterprises. The use of digital technology is forcing 
companies to pay attention to environmental benefits and external 
effects. It will prompt enterprises to use digital technology to transform 
and upgrade traditional industries, and promote the intellectual 
development of industries, thus improving enterprises’ resource 
allocation rate and productivity. Resource allocation is one of the main 
factors affecting carbon emissions. Therefore, developing the digital 
economy can enhance enterprises’ green transformation and reduce 
carbon emissions. So, we have the hypothesis H1.

H1: The digital economy development can reduce CEI in the 
YREB region.

2.2. Mediating mechanism of digital 
economy on CEI

The digital economy promotes industrial structure optimization 
through efficiency improvement, economy of scale, precise allocation, 
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cost savings and innovation empowerment. This paper evaluates the 
industrial structure optimization from two aspects: industrial 
structure rationalization and industrial structure upgrade, then 
discusses how the digital economy development influences those two 
aspects, eventually affects CEI as a result. First, enterprises can achieve 
efficient access to information and efficiency by using digital 
technology, thus reducing the negative impact of information 
asymmetry or incompleteness, thus reducing ineffective production 
processes, and improving the efficiency of limited resource utilization 
(Ren et al., 2021). Digital trading platforms and industrial internet 
platforms can improve the coordination of resources between 
industries, and promote the rational allocation of resources. They can 
reduce enterprises’ energy consumption and then reduce CEI (Chen 
et  al., 2019). Secondly, along with the deepening of industrial 
digitization and digital industrialization, the rapid development of 
tertiary industries such as digital services, the rise of the Internet of 
things and the rapid growth of e-commerce, the industrial structure 
has been optimized. In addition, the application of digital technology 
has promoted the transformation of industries into technology-
intensive industries, which in turn has improved the level of industrial 
structure. In terms of the impact of industrial structure optimization 
on carbon emissions, Zhu and Shan (2020) stated that most of the 
industries undergoing digital transformation are clean industries with 
high efficiency and low energy consumption, which leads to low 
CEI. It is confirmed that the rationalization and upgrading of the 
industrial structure have a positive effect on reducing regional carbon 
emissions in the YREB region. So we  bring the hypotheses H2a 
and H2b.

H2a: Digital economy development reduces CEI by the upgrading 
of industrial structure in the YREB region.

H2b: Digital economy development reduces CEI by enhancing the 
rationalization of industrial structure in the YREB region.

The digital economy is a critical factor in promoting 
technological innovation. Green innovation refers explicitly to 
technological innovation that results in environmental 
sustainability goals, which play an important role in the low-carbon 
transformation of industries (Xu et al., 2021; Dou and Gao, 2022). 
Specifically, first, the digital economy breaks through the original 
geographic spatial restrictions through cyberspace, enabling the 
entire flow of production factors. It can attract upstream and 
downstream industries to form virtual clusters, promote knowledge 
and technology spillover, and enhance cities’ overall green 
innovation level (Halbert, 2011; Tang et al., 2021). Second, driven 
by digital technology, new financial services can improve the 
financial environment and structure and reshape the financial 
industry (Zhang et al., 2022b). With the help of digital technologies 
such as big data, banks can conduct comprehensive research and 
reasonable deployment to help enterprises improve their credit 
rationing structure and alleviate their debt financing risks and 
constraints. Therefore, with the gradual expansion of new 
businesses such as green credit, financial support can be provided 
for enterprises’ green innovation, helping them to sustain their 
green innovation and long-term development (Zhang A. et  al., 
2022). Third, enterprises use digital technology to collect 
information on consumers’ green consumption preferences and 

provide intelligence to support the production of green and 
innovative products. Digital technology can also force enterprises 
to improve the efficiency of green innovation and avoid wasting 
resources (Kafouros, 2006; Paunov and Rollo, 2016). In summary, 
the digital economy significantly impacts green innovation through 
the penetration of digital technology applications. In the study of 
green innovation to reduce carbon emissions, Gu et al. (2023) 
proposed that improving green innovation can alleviate technical 
problems such as insufficient new energy storage and power 
consumption, and then reduce carbon emissions by optimizing the 
energy structure. In addition, the promotion of green innovation 
will help to eliminate high energy-consuming and polluting 
enterprises, thus reducing carbon emissions. So, we  get the 
hypothesis H3.

H3: The digital economy development reduces CEI through green 
technology innovation in the YREB region.

2.3. Spatial spillover effect of digital 
economy on CEI

According to the relevant theories of economic geography, spatial 
proximity or economic distance can accelerate or slow down the 
spread of knowledge innovation. Technology spillover can accelerate 
the flow of production factors, which have positive or negative effects 
on the surrounding areas. Digital economy development provides 
new ways and opportunities to reshape the spatial pattern of 
economic production. The “spillover” of digital economy is 
determined by the inherent qualities of digital technology. Due to the 
high mobility and replicability of digital technology, and less 
influenced by geographical constraints, the digital economy can 
realize the industrial and economic activities to move across regions 
with strong spatial spillover effects (Li and Wang, 2022; Zhang et al., 
2022b). First, with the innovation of digital technology, digital 
economy is developing rapidly. Enterprises, universities and academic 
institutions across the regions have more opportunities to exchange 
and cooperate with each other in technology research and 
development. Talents and data can flow freely across the regions, 
achieving intellectual spillover and information spillover. Second, the 
development of digital economy has accelerated the process of digital 
transformation of the real economy. All industries and fields are 
undergoing digital transformation, which has greatly improved the 
production efficiency and commodity circulation efficiency, which in 
turn improves the utilization rate of urban resources and generates 
resource spillover effects. As a result, carbon emissions can 
be reduced. Third, digital technology is used to achieve collaborative 
detection and governance. It helps to exert the effect of collaborative 
governance to maximize and rationalize production factors, thus 
achieving the purpose of reducing CEI as well as promoting the 
low-carbon coordinated development of the YREB region (Li and 
Wang, 2022). In an empirical study based on the spatial spillover of 
CO2, Yue et al. (2021) and Liu and Liu (2019) stated that carbon 
emissions can influence the local ecological environment, and cause 
the chain reaction in the surrounding cities as well. Therefore, it is 
spatially significantly correlated. In summary, we  propose 
hypothesis H4.
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H4: There are spatial spillover effects on the impact of the digital 
economy on CEI.

3. Variable definition and model 
construction

3.1. Variable definition

3.1.1. Dependent variables
Carbon emission intensity (CEI). Because of the significant 

differences in economic development among cities in the YREB, this 
paper applies the CEI to evaluate the level of carbon emissions in cities 
(Cary, 2020). CEI is the amount of CO2 produced per unit of real 
GDP. Referring to previous research (Chen et al., 2020; Banruo and 
Zijie, 2021), this study uses the consumption of petroleum gas, natural 
gas, and electricity consumption of the whole society to estimate 
energy consumption. Among them, China’s urban power generation 
is still dominated by coal, so coal-fired power generation is used to 
measure CO2 emissions (Wang Y. et  al., 2022). The formula is 
as follows:

 
CO C C C kE vE En p e n p e2 = + + = + + ×( )ϕ η

 
(1)

 CEI CO GDP= 2 /  (2)

In equation (1), CO2 is the total energy-related carbon emission 
of the city; Cn, Cp, and Ce, respectively, represent the CO2 emissions 
generated by natural gas, liquefied petroleum gas, and electricity 
consumption of the whole society; En is the consumption of natural 
gas, Ep is the consumption of liquefied petroleum gas, Ee is the 
electricity consumption of the whole society; k is the emission 
coefficient of natural gas, v is the emission coefficient of liquefied 
petroleum gas, η is the ratio of coal power to the total power 
generation, and φ is the coefficient of the coal power emission. Among 
them, the CO2 emission coefficient refers to the previous research 
(Panpan et al., 2020) and the “Provincial Greenhouse Gas Inventory 
Compilation Guide,” and this study sets the CO2 emission factors of 
natural gas, liquefied petroleum gas, and coal power fuel chain as 
2.162 2 kg/m3, 3.101 3 kg/kg and 1.302 3 kg/kW·h, respectively. In 
equation (2), CEI is the urban carbon emission intensity, and GDP is 
the gross domestic product.

3.1.2. Independent variables
Digital economy development index. This study refers to Wang 

and Guo (2022) and Li et al.’s (2021) digital economy development 
index measurement method. As shown in Table  1, we  use six 
indicators to construct the digital economy index system. Then we use 
the entropy weight method to calculate cities’ digital economy 
comprehensive index.

3.1.3. Intervening variables

 (1) Industrial structure optimization, containing two submitting 
parties of industrial structure rationalization (Isr) and 

industrial structure upgrade (Isu). Based on Yigen and Zhen 
(2021) research, this study measures the level of industrial 
structure upgrading by the weighted average of the proportion 
of the GDP of the secondary and tertiary industries, that are 0.4 
and 0.6, respectively. And the industrial structure 
rationalization index is measured with the Theil index. The 
formula is as follows.

 
Isr G

G
G
L

G
Li

n
i i

i
= 


















=
∑

1

ln /

 
(3)

From equation (3), n is the number of industrial parties; i is the 
industrial sector; G is the city GDP; L is the number of employees; 

TABLE 1 Digital economy development comprehensive index system.

Target 
layer

Criterion 
layer

Index layer Description 
(unit)

Digital 

economy 

development

Digital 

infrastructure

The density of long-

distance optical 

cables

Cable length per 

square kilometer (km)

Mobile Internet The mobile phone 

switch capacity per 

100 people

Broadband internet Internet broadband 

ports per 100 people

Digital 

industry 

development

Industrial base

Percentage of 

computer services and 

software employees

Telecommunications 

output

Total telecom service 

per capita

online shopping and 

E-commerce 

development

Total postal service 

per capita

Digital 

innovation 

capabilities

Supported by digital 

innovation elements

Science and 

technology 

expenditure (104 

RMB)

Digital innovation 

output level

Number of digital 

economy-related 

patents per 104 people

Digital high-tech 

penetration

The degree of 

penetration of digital 

high-tech applications 

in listed companies

Digital finance Breadth of coverage Digital Financial 

Inclusion Breadth 

Index

Use depth Digital financial 

inclusion usage depth 

index

Degree of 

digitalization

Digital Financial 

Inclusion 

Digitalization Index
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Gi/G is the output structure; Gi/Li is the productivity of the industrial 
sector i; G/L is the yield of the industry.

 (2) Green technology innovation (Gti). This study measures it 
as the sum of the number of green technology invention 
patents (Zeng et  al., 2022). Referring to the Technology 
Fields and IPC Classification Number Comparison Table 
released by OECD (Organization for Economic Cooperation 
and Development), the coverage of green technology is 
settled by establishing the corresponding relationship 
between green technology and IPC classification, mainly 
involving water pollution control, soil pollution control and 
air pollution control and other technologies (Zhang et al., 
2022a). The patent data is regarded as the output index of 
enterprise innovation, which can measure the level of 
regional independent innovation and reflect the innovation 
situation of enterprises. Thereby, this study adopts the 
number of green patents as an indicator of green innovation 
in referring to Tang et al. (2021).

3.1.4. Control variables
Referring to Zhang et al. (2022a), Zhao X. et al. (2022), Xu 

et al. (2021), and Wang and Guo (2022b). The control variables are 
selected as follows: (1) Environmental regulation intensity (Eri). It 
is issued by governments as a command-control tool to manage the 
ecological environment (Zhang et al., 2022a) and is calculated by 
discharging three wastes (SO2, wastewater, and soot). (2) Science 
and technology support (Sts). Local financial expenditures on 
science and technology as a percentage of GDP for the year 
indicate science and technology support. (3) The population 
density index (Pdi). Demographic factors have an important 
relationship with carbon emissions, especially regional populations 
(Xu et  al., 2021). The increase in carbon dioxide emissions is 
mainly caused by population growth and increased human 
activities. However, population growth may also improve energy 
efficiency and alleviate environmental pressure due to 
“Agglomeration Effect” and “Shared Benefits” (Xie et al., 2019). (4) 
Economic development level (Edl). China’s economic growth relies 
on energy, whose excessive consumption will inevitably produce 
large amounts of carbon dioxide (Wang and Guo, 2022). The level 
of economic development is measured by the real GDP per capita 

of the region. (5) Urbanization development level (Udl). It is 
expressed by the urbanization rate, that is the proportion of the 
urban household registration population in the total household 
registration population. The specific description of each variable 
are shown in Table 2.

3.2. Model construction

3.2.1. Fixed effects model
This study uses a fixed effects model to analyze the impact of 

urban digitalization on urban carbon emission intensity. The model is 
as follows Li et al. (2019) and Zhang et al. (2022b).

 
ln ln lnCEI Dei Xit it it i t it= + + ( ) + + +α α α µ δ ε0 1 2  

(4)

In this model, i is the city; t is the year; CEI is the carbon emission 
intensity; Dei is the digital economy index; Xit is the Control variables; 
μi is an individual fixed effect, δt is the time fixed effect, and εit is 
random error.

3.2.2. Mediating model
As mentioned in the above assumptions, industrial structure 

optimization (industrial structure rationalization, industrial structure 
upgrading) and green technology innovation are two mediating 
factors for the digital economy to reduce carbon emissions. Based on 
this, the mediation model is constructed as follows.

 
ln ln lnY Dei Xit it it i t it= + + ( ) + + +β β β µ δ ε0 1 2  

(5)

 
ln ln lnCEI Dei Y Xit it it it i t it= + + + ( ) + + +γ γ β γ γ µ δ ε0 1 2 31

 
(6)

In model (5), Y is an intervening variable, which refers to 
industrial structure upgrading, industrial structure rationalization, 
and green technology innovation index. In model (6), β1 γ 2 is the 
mediating effect, showing that digital economy development 
affects CEI through green technology innovation or industrial 

TABLE 2 Variables’ explanatory and descriptive statistics.

Category Variable Interpretation Mean Std. dev. Max Min

Dependent variable CEI Urban carbon emission intensity 0.3121 0.0973 1.5084 0.0189

Independent variable Dei Digital economy development index 0.3231 0.7613 0.8792 0.03780

Intervening variable Isu Industrial structure upgrading 1.3072 0.8829 5.2691 0.6167

Isr Industrial structure rationalization 0.4022 0.3891 0.7564 0.0019

Gti Green technology innovation index 1,021 3,749 16,864 11

Control variable Eri Environmental regulation intensity 0.1595 0.2271 0.8354 0.0001

Sts Science and technology support 0.2494 0.2691 6.0412 0.0438

Pdi The population density index 2.1376 2.9832 7.0778 0.5583

Edl Economic development level 10.7185 0.5906 15.6751 8.7725

Udl Urbanization development level 0.5181 0.3287 0.8934 0.3145
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structure optimization. The other variables are the same as 
model (4).

3.2.3. Spatial Durbin model
The spatial spillover effects of the digital economy are evident (Gu 

et  al., 2023; Yu and Zhu, 2023), and urban carbon emissions will 
generate negative externalities on the surrounding urban environment, 
and it has an obvious spatial correlation (Wang and Guo, 2022). 
Therefore, this study constructs the spatial Durbin model to verify the 
spatial effect of the digital economy on CEI (Lv et al., 2022). The 
model is as shown below.

 

ln ln ln

ln

CEI w CEI Dei
w Dei X wX

it it it
it it it

i

= + + +
+ + +

ϕ ρ ϕ
ρ ϕ ρ
µ

0 0 1

1 2 2

++ +δ εt it  (7)

In model (7), ρ0  is the autocorrelation coefficient; Xit is the 
control variable; W is the spatial weight matrix; ρ 1 is the coefficient 
of independent variables; ρ 2 is the coefficient of control variables’ 
spatial interaction term.

There are four types of spatial weight matrices commonly used 
in academic research: first-order adjacency spatial weight matrix 
(W1), geographic distance spatial weight matrix (W2), economic 
distance spatial weight matrix (W3), and geographic economic 
nested spatial weight matrix (W4). The geographic distance spatial 
weight matrix and the economic distance spatial weight matrix 
examined the effects of geographic and economic factors on the 
spatial distribution characteristics of the variables, respectively. The 
geographic-economy nested spatial weight matrix includes 
geographical factors and economic development factors, all spatial 
weight matrices are as follows:
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(11)

Where element dij of W2 and W4 represents the nearest highway 
mileage of city i and j. GDPi and GDPj of W3 and W4, respectively, 
represent the annual per capita GDP of cities i and j. ϕ represents 
the weight of the geographic-economy nested spatial weight matrix. 
Referring to Wang and Guo (2022), it is taken as 0.5. Besides, this 
paper has standardized the spatial weight matrix in the 
empirical analysis.

3.3. Data sources

This study adopts the panel data of 110 cities in the YREB region 
from 2011 to 2020. All city data are derived from the “China Urban 
Statistical Yearbook,” “China Energy Statistical Yearbook,” “China 
statistical yearbook on the environment,” annual statistical reports, 
and statistical bulletins for each city or province. The digital financial 
inclusion index is derived from the “Digital Financial Inclusion Index 
System and Index Compilation” (Guo et al., 2020). The missing data 
were filled using linear interpolation and the mean method. To try to 
mitigate the effect of heteroskedasticity, this study took logarithms for 
all variables when conducting regression analysis.

4. Direct effects and mediating 
mechanism

4.1. Direct effects

To verify the impact of the digital economy on CEI in the 
YREB region, a double fixed-benchmark regression with time 
effect and the individual effect was conducted on the model (4). 
The regression results are shown in Table 3, and the difference 
between the two regression results lies in whether control variables 
are included or not. It can be found that the coefficients of lnDei in 
columns (1) and (2) are significantly negative at the significance 
levels of 1%, which indicates that the digital economy development 
in the YREB region has a significant impact on decreasing CEI. To 
be more detail, when lnDei increases by 1%, lnCEI decreases by 
0.199% accordingly, which confirms hypothesis H1. The reason 
may be that the development of the digital economy in the Yangtze 
River Economic Belt has obvious advantages compared with other 
regions, such as the development of the digital industry in Zhejiang 
and the digital transformation of the manufacturing industries in 
Jiangsu, Shanghai, Wuhan and Chongqing, which realize the deep 
integration and coordinated development of digital technology and 
high-carbon emission fields such as industry, electricity, 
transportation. In addition, by building smart cities, we  can 

TABLE 3 Benchmark regression results.

Variable lnCEI (1) lnCEI (2)

lnDei −0.413*** 

(−10.372)

−0.199*** (−8.165)

lnEri 0.015 (1.426)

lnSts −0.021* (−1.897)

lnPdi −0.113** (−2.194)

lnEdl −0.648*** (−5.993)

lnUdl −0.036*** (−3.29)

Constant −10.013 (−90.001) −12.623***(−31.957)

City FE YES YES

Year FE YES YES

R2 0.701 0.765

Observations 1,100 1,100

***, **, and * represent the significance levels of 1%, 5%, and 10%, respectively; The values 
in parentheses are t values.
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improve the efficiency of urban operations, environmental 
management, and digital government services to promote 
low-carbon transformation cities and reduce CEI.

The control variables are as follows. Economic development and 
urbanization development both affect CEI at a significance level of 1%. 
The possible explanation is that economic development and 
urbanization advancement make citizens more aware of environmental 
protection and strengthen government regulatory actions, leading to 
an increase in sewage costs, which reverses the effects on carbon 
emissions. Urban economic growth causes technological innovation, 
institutional change, and economic restructuring, which help reduce 
the intensity of urban carbon emissions. The population density and 
science and technology support negatively affect CEI at the 
significance levels of 5% and 10%, respectively. On the one hand, the 
increased population density will increase the total amount of carbon 
emissions due to the resources increase as the population increase, but 
the economic growth benefits and the more efficient and rational use 
of resources, especially economies of scale, will lead to a decrease in 
CEI. Increasing government investment in science and technology can 
encourage companies and research institutions to accelerate research 
in green and digital technologies and to promote the application of 
advanced green technologies in production. In addition, by using 
digital technologies such as machine learning and big data, companies 
can achieve emission reductions more accurately. The positive effects 
of Eri on CEI did not pass the t-test. The reason behind it is that the 
Eri increases when the government steps up efforts to regulate 
activities that pollute the environment, thereby reducing carbon 
emissions. At the same time, it will also cause many enterprises to 
move out due to excessive pollution costs or non-compliance with 
environmental protection requirements, which may eventually lead to 
economic stagnation or even retrogression. Therefore, the effects of 
Eri on CEI do not pass the significance test.

4.2. Mediating mechanism

This part uses the stepwise inspection method to analyze the 
regression results of models (5) and (6), and judge the mediating effect 
of Dei on CEI in the YREB region. From Table 4, we can find that the 
coefficient of lnDei on lnIsu is significantly positive at the 1% 
significance level, presenting that the digital economy development in 
the YREB region has substantially improved the upgrading of 
industrial structure, which confirms hypothesis H2a. Moreover, in 
columns (2) and (3), we can see that the coefficients of lnDei on lnIsr 
and lnGti are significantly positive at the significance level of 1%, 
indicating that the development of digital economy has vigorously 
promoted the industrial structure rationalization and green 
technology innovation in the YREB region, which firms hypotheses 
H2b and H3.

As shown in Table 5, the effects of Dei on CEI are all significant 
after adding three mediating variables separately. The specific 
analysis is as follows. In column (1), the coefficient of lnIsu on 
lnCEI is significantly positive at the significance level of 10%. The 
above definition of intermediary variables indicates that the digital 
economic development in the YREB region reduces CEI through 
industrial structure upgrading, which confirms hypothesis H2a. In 
columns (2) and (3), the coefficients of lnIsr and lnGti are 
significant at the 1% and 5% significance levels, respectively. It 

indicates that improving industrial structure rationalization and 
increasing green technology innovation can significantly reduce 
CEI. According to the above analysis, it can conclude that similar 
results, confirm H2b and H3.

The above research confirms that Dei can significantly reduce 
CEI in the YREB region after adding Isu and that Isu significantly 
reduces CEI. To strengthen the verification of hypotheses H2a, 
H2b, and H3, we  adopt Bootstrap method to further test the 
mediating effect. The Bootstrap sampling method is about whether 

TABLE 4 Digital economy and mediating variables.

Variable lnIsu (1) lnIsr (2) lnGti (3)

lnDei 0.373*** (9.356) 0.452*** (5.166) 1.461*** (7.152)

lnEri 0.167 (1.579) 0.216** (2.406) 0.416** (2.310)

lnSts 0.239** (2.041) 0.127* (1.791) 0.319* (1.892)

lnPdi −0.362 (−1.089) −0.213 (−0.194) −0.354 (−0.994)

lnEdl 0.239*** (4.514) 0.248* (1.903) 0.168** (2.073)

lnUdl 0.137** (2.392) 0.096*** (4.591) 0.106 (1.094)

Constant −4.083 (−1.091) −5.012 (−1.279) 12.325*** (5.267)

City FE YES YES YES

Year FE YES YES YES

R2 0.701 0.695 0.785

Observations 1,100 1,100 1,100

***, **, and * represent the significance levels of 1%, 5%, and 10%, respectively; The values 
in parentheses are t values.

TABLE 5 Mediating variables and CEI.

Variable (1) lnCEI (2) lnCEI (3) lnCEI

lnDei −0.129*** 

(−4.132)

−0.146*** 

(−7.593)

−0.179*** (−3.653)

lnIsu −0.081* (−1.892)

lnIsr −0.051*** 

(−6.243)

lnGti −0.061** (−2.516)

lnEri 0.013* (1.826) 0.015* (1.726) 0.009 (1.021)

lnSts −0.011* (−1.697) −0.019** (−2.391) −0.009* (−1.867)

lnPdi −0.203** 

(−1.994)

−0.197*** 

(−2.893)

−0.190*** (−2.904)

lnEdl −0.341** 

(−2.393)

−0.352* (−1.937) −0.371** (−2.206)

lnUdl −0.041** 

(−2.493)

−0.081* (−1.893) −0.079** (−2.216)

Constant
−11.231*** 

(−30.017)

−11.513*** 

(−20.612)

−11.317*** 

(−27.263)

City FE YES YES YES

Year FE YES YES YES

R2 0.801 0.804 0.798

Observations 1,100 1,100 1,100

***, **, and * represent significance levels of 1%, 5%, and 10%, respectively; The values in 
parentheses are t values.
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the product term of regression coefficient a and regression 
coefficient b contains the number 0 within the 95% confidence 
interval. If the number 0 is not included, it means it has a mediating 
effect. The results of Bootstrap test with 1,000 samples are 
presented in Table 6. The multiplication items of the regression 
coefficients of the three mediating variables do not contain the 
number 0 within the 95% confidence interval, and they are all 
significant at the significance level of 1%, which confirms the 
existence of mediating effects.

5. Spatial analysis of the digital 
economy and the CEI

5.1. Spatial distribution of the digital 
economy and the CEI

 (1) Spatial distribution of the digital economy. ArcGIS 10.8 is 
applied to visualize the spatial distribution of the digital 
economy in the YREB region, as presented in Figure 1. On the 
whole, the urban digital economy has been developing over 
the past 11 years. During this period, the digital economy 
index proliferated from 2011 to 2021, and the growth rate of 
many cities exceeded 100%, indicating that the digital 
economy was in a rapid development stage. Especially from 
2015 to 2021, the digital economy development of 
downstream in the YREB region has changed from the 
original core “multi-point” sporadic distribution to the 
“group” aggregation form. This may be integrated with the 
Yangtze River Delta city cluster, which is beneficial to promote 
coordinated regional development and information sharing, 
and then enhances the formation of economies of scale and 
integration benefits.

 (2) The spatial distribution of CEI. It can be found from Figure 2. 
that the CEI of most cities has decreased significantly on the 
whole over the past 11 years, and it is more obvious in the 
eastern cities but sees less improvement in cities in the 
Midwest. Among these cities, Shanghai’s CEI has been getting 
lower every year. It indicates that Shanghai has paid attention 
to lower down carbon emissions while developing its economy, 
and has enhanced the development of low-carbon economy. 
However, Pu′er City has been at the high point of CEI and the 
decrease is not obvious, which may not only be related to its 
carbon reduction realization but also related to its special 
development stage of economic development and the general 
lack of improvement in surrounding cities, as well as the 

development level of the natural environment and 
digital economy.

5.2. Spatial correlation analysis

The global Moran index is adopted to evaluate the spatial 
correlation of digital economy (Zeng et al., 2022; Zhao and Sun, 2022). 
Before performing a spatial correlation analysis, it needs to create and 
apply the spatial weight matrices. To analyze the spatial effect more 
scientifically and comprehensively, the study refers to the existing 
literature (Li et al., 2022; Zhao and Wang, 2022) and constructs four 
types of spatial weight matrices, and the results are shown in Table 7.

When Moran’s I>0, spatial correlation among regions is positive; 
Moran’s I<0 means that spatial correlation among regions is negative; 
Moran’s I = 0 indicates no correlation.

The results show that the global Moran value of the digital 
economy is between 0.248 and 0.411 and passes the 10% significance 
test, which indicates that the digital economy development shows a 
positive spatial correlation under W1. As can be seen from Table 6, by 
the same token, it can be found that Moran’s I >0 in terms of W2, W3, 
and W4, and can pass the 10% significance test in most years. In 
summary, the digital economy has apparent positive spillover effects.

5.3. Spatial effect analysis

To make it suitable for this study, firstly, the Wald test and LR test 
were operated, and the results showed that both of them passed the 
1% significance test, thus rejecting the original hypothesis of using the 
SLM model or SEM model, proving that the spatial error term and 
spatial lag term existed at the same time, therefore, this study used the 
Spatial Durbin model (SDM) to start the analysis, and the calculated 
Hausman test results passed the 1% significance test, then the fixed 
effect model was chosen. Due to the existence of spatial correlation, it 
is difficult to carry out accurate estimation using the OLS method, so 
the Quasi-maximum likelihood estimate (QMLE) is used for 
estimation (Feng et al., 2022; Weixiang et al., 2022; Xie et al., 2022). 
The results are presented in Table 8. The coefficient of lnDei in column 
W1 is significant at the 1% significance level. It shows that the 
development of digital economy can greatly curbs the CEI in the 
YREB region, which is consistent with the previous outcome. The 
spatial coefficient of lnDei is significant at the 5% significant level, 
which tells us that the development of digital economy in a given city 
has a spillover effect on the CEI of the surrounding cities. The 
coefficients of lnDei in columns W2, W3, and W4 are all significant at 

TABLE 6 Bootstrap test.

Directory (1) lnIsu (2) lnIsr (3) lnGti

bs1 bs2 bs1 bs2 bs1 bs2

95% Confidence interval
−0.8479 −0.7276 −0.7869 −0.8003 −0.8521 −0.5712

−0.4954 −0.4011 −0.2446 −0.2841 −0.3096 −0.2018

P>|z| 0.002 0.000 0.000 0.000 0.000 0.000

Mediation effect Exist Exist Exist Exist Exist Exist
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FIGURE 1

Spatial distribution of the digital economy.

FIGURE 2

Spatial distribution of the CEI.
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the significance level of 1% and the interactive effect on the CEI of the 
surrounding cities are all significant at the 10% level. This suggests that 
the indirect impact of the digital economy on CEI is significant and 
cannot be ignored. That is, the development of digital economy has an 
inhibitory effect on CEI not only in local cities, but also in neighboring 
cities, and they are of same importance. The above findings confirm 
that the digital economy offers a positive spatial spillover effect.

The coefficients of control variables in column W4 are significant, 
displaying that the environmental regulation, science and technology 
support, population density, and economic and urbanization 
development of the sample cities greatly influence the urban CEI. In 
the sixth line, the coefficient of lnEdl is significantly positive for 
reducing CEI in all spatial weight matrices. It indicates that economic 

development has beneficially promoted the reduction of CEI and has 
a spatial spillover effect on surrounding cities, showing that the carbon 
emissions per unit economy are significantly reduced, and the 
extensive economic development mode of the Yangtze River Economic 
Belt has been changing to intensive development and has entered the 
development stage on the right side of the Kunze curve. This may have 
something to do with the intensive green development guided by the 
government and the practice of the “Two Mountains Theory” (Ma 
et  al., 2022a). The development of urbanization (the seventh line 
lnUdl) has beneficially promoted the reduction of CEI in the process 
of converting the rural population to the urban population, along with 
the further expansion of the urban scale and the further rationalization 
of the layout. The scale of industry, especially the tertiary industry, has 
realized the scale effect of population agglomeration, reduced energy 
consumption, improved the green intensive effect, and ultimately 
promoted the reduction of CEI. With the advancement of 
urbanization, people’s awareness of carbon reduction has been 
strengthened, which in turn has promoted the reduction of CEI, 
especially in the comparative effect and role model power of 
surrounding cities, which may explain why the spatial effects are 
so significant.

5.4. Spatial heterogeneity analysis

To further consider whether spatial heterogeneity exists in regions 
regarding the impact of the digital economy development on CEI, this 
study is carried out from the perspectives of sub-region and urban 
agglomeration. The division of regions (the upper, middle, and lower 
reaches of the Yangtze River Economic Belt) and urban agglomerations 
(Ma et al., 2022b) (the Yangtze River Delta urban agglomeration, the 

TABLE 7 Moran’s I statistic of the urban digital economy.

Year W1 W2 W3 W4

2011 0.411*** 0.291* 0.147* 0.121*

2012 0.391** 0.206* 0.139* 0.103*

2013 0.397** 0.232* 0.121** 0.092*

2014 0.382* 0.198* 0.192* 0.095*

2015 0.361** 0.201* 0.131* 0.093*

2016 0.299* 0.182* 0.098 0.090

2017 0.296*** 0.173* 0.082* 0.079*

2018 0.282*** 0.157 0.113 0.064

2019 0.259** 0.152* 0.084* 0.061*

2020 0.248** 0.149* 0.081** 0.062*

***, **, and * represent the significance levels of 1%, 5%, and 10%, respectively.

TABLE 8 Regression of results.

Explanatory 
variables

W1 W2 W3 W4

x W × x x W × x x W × x x W × x

lnDei −0.292*** 

(−2.951)

−0.079** 

(−2.191)

−0.221*** 

(−2.908)

−0.059** 

(−2.869)

−0.235*** 

(−2.906)

−0.019* 

(−1.780)

−0.202*** 

(−4.955)

−0.064** 

(−2.252)

lnEri 0.059 (1.011) 0.016*** 

(2.964)

−0.118 

(−0.986)

0.070* (1.772) 0.114 (0.952) 0.039 (0.325) −0.110* 

(−1.796)

0.042* (1.976)

lnSts −0.032* 

(−1.883)

−0.011* 

(−1.839)

−0.046** 

(−3.379)

−0.032* 

(−1.744)

−0.046*** 

(−3.411)

−0.044 

(−1.851)

−0.036* 

(−1.814)

−0.036 

(−1.048)

lnPdi −0.139* 

(−1.789)

−0.049 

(−0.547)

−0.014* 

(−1.752)

−0.132 

(−1.266)

0.017 (1.006) −0.049** 

(−2.433)

−0.020* 

(−1.723)

−0.039* 

(−1.803)

lnEdl −0.548*** 

(3.784)

−0.052** 

(−2.075)

−0.404** 

(−2.094)

−0.107* 

(−1.793)

−0.641** 

(−2.011)

−0.125*** 

(−3.368)

−0.682** 

(−2.489)

−0.343* 

(−1.799)

lnUdl −0.075*** 

(3.183)

−0.091** 

(−2.457)

−0.061** 

(−2.630)

−0.228* 

(−1.861)

−0.063* 

(−1.842)

−0.029* 

(−1.857)

−0.081** 

(−2.102)

−0.134*** 

(−3.910)

rho 0.401*** (17.677) 0.497*** (16.570) 0.451*** (11.832) 0.424*** (14.028)

City FE YES YES YES YES

Year FE YES YES YES YES

Observations 1,100 1,100 1,100 1,100

R-squared 0.792 0.774 0.617 0.806

log-likelihood 2,457.327 2,396.623 2,294.237 2,127.236

***, **, and * represent the significance levels of 1%, 5%, and 10%, respectively; The values in parentheses are t values.
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middle reaches of the Yangtze River and the Chengdu-Chongqing 
urban agglomeration) are covered in this study. Because the impact of 
spatial heterogeneity is mainly taken into consideration, subsequent 
studies based on the W1 are used to carry out the estimation. Based on 
the three regions in the upper, middle, and lower reaches of the 
Yangtze River Economic Belt and whether they belong to urban 
agglomerations, regional heterogeneity regarding the digital economy 
influencing CEI is tested, and the regression results are shown in 
Table 9.

In the downstream region, the digital economy has a significant 
inhibitory effect on CEI in the region, and will also significantly promote 
the decline of CEI in neighboring cities. The reason may be that the 
downstream region has more obvious advantages in the development 
of digital infrastructure and digital industry, and because the 
downstream region has gathered a large number of digital innovation 
talents and digital industry, it can better play the role of digital 
empowerment with various advantages, so the reduction of CEI is more 
obvious. In the midstream region, the development of the digital 
economy can reduce the CEI of cities in the region, and the effect on 
neighboring areas is also obvious. This may be because the cities in the 
central region are still in the stage of rapid digital development, the 
industrial layout and regional functionalization brought by the 
construction of digital infrastructure are reasonable and beneficial to 
the improvement of energy utilization, and the core cities in the 
midstream region have obvious advantages. In the upstream region, the 
digital economy development variables have not passed the significance 
test, which may be because the development of the digital economy in 
the upstream region is still in its infancy, and the level of digital 
development is generally disclosed (see Figure 1), which cannot form 
the diffusion effect with scale and agglomeration, and the effect of 
digital empowerment is minimal, which leads to the insignificant effect 
of the digital economy on the reduction of urban CEI.

From the perspective of urban agglomeration heterogeneity, the 
development of the digital economy can effectively reduce CEI within 
urban agglomerations and can affect neighboring areas through 
spillover effects and reduce the CEI of surrounding cities. In 
non-urban agglomeration areas, the development of the digital 
economy has no significant impact on the mitigation effect of urban 
CEI. This is mainly due to the relatively high level of digital economy 
development in cities in urban agglomerations (see Figure 1), the 
initial formation of scale and agglomeration effect, and the existence 
of preferential measures such as policy coordination and resource 

sharing within urban agglomerations, coupled with its own relatively 
high level of digital industrialization, so its role in reducing CEI is 
obvious. Non-urban agglomeration cities have limited geographical 
location advantages and resources, and in most areas the digital 
economy is in its infancy, resulting in a lack of obvious mitigation 
effects on urban CEI. Intuitively, the spatial evolution of CEI is from 
Figure 2. Can also be well-verified.

Therefore, considering the heterogeneity of spatial regions, 
the digital economy dividends in downstream areas and cities 
belonging to urban agglomerations are more fully released, and 
their impact on CEI is more significant, while the effect of the 
digital economy in upstream and non-urban agglomeration cities 
is not obvious.

5.5. Decomposition of the role of digital 
economy on CEI

To further investigate the specific factors that affect urban CEI in 
the development of digital economy, Digital industry development, 
Digital infrastructure, Digital innovation capabilities and Digital 
finance in the digital economy indicator system are used as 
independent variables to conduct empirical tests, whose results are 
shown in Table 10. From the results in column (1) of Table 10, it is 
clear that digital infrastructure construction does not have a significant 
effect on the CEI of the city. This indicates that the increase in digital 
infrastructure coverage produces a double-from effect. On the one 
hand, it promotes the formation of informal environmental 
regulations as well as digital empowerment to achieve energy saving, 
emission reduction, and economic development (Wen et al., 2022; 
Hanjin et  al., 2023). On the other hand, the production and 
construction of digital economy facilities will generate large amounts 
of resources and energy consumption, and even pollute the 
environment, which in turn generates large amounts of carbon 
emissions. These two effects offset each other so that the effect of 
digital infrastructure on CEI in the region is not significant. However, 
digital infrastructure reduces the CEI of neighboring cities, which 
indicates that the environmental improvement effect generated by the 
coverage of digital economy facilities has some spillover effect (e.g., 
the spillover effect of information technology), affecting neighboring 
regions. From column (2) of Table 10, the development of the digital 
industry has a significant negative effect on the CEI of both the region 

TABLE 9 Regression results of the spatial heterogeneity test.

Explanatory 
variables

Upstream Midstream Downstream Urban 
agglomeration

Non-urban 
agglomerations

lnDei −0.107 (−1.101) −0.191** (−2.344) −0.306*** (−4.312) −0.298*** (−3.872) −0.097 (−1.067)

W × lnDei −0.021 (−1.107) −0.061* (−1.907) −0.088** (−2.074) −0.127*** (−3.303) −0.142 (−1.105)

Control YES YES YES YES YES

City FE YES YES YES YES YES

Year FE YES YES YES YES YES

Observations 330 360 410 670 430

R-squared 0.574 0.704 0.808 0.795 0.591

log-likelihood 1,120.812 1,294.102 1,239.735 1,155.916 1,190.152

***, **, and * represent the significance levels of 1%, 5%, and 10%, respectively; The values in parentheses are t values.
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and the neighboring regions, which indicates that the development of 
the digital economy industry has a double-slave effect, not only 
promoting economic development, but also having an emission 
reduction effect on urban carbon emissions. This may be that the 
development of digital industry promotes the transformation and 
upgrading of industrial structure leading to more reasonable layout. 
Meanwhile, it also promotes the development of traditional industrial 
production factor resources, turning them from low marginal returns 
into high marginal returns (Cheng et al., 2021). It not only promotes 
the optimization of factors and energy allocation, but also promotes 
the upgrading of energy structure and reduces urban carbon emissions 
(Zhao S. et al., 2022). From the results of column (3) in Table 10, 
digital innovation capacities have a significant pro-decrease effect on 
the CEI of cities. This indicates that the improvement of digital 
innovation capabilities is one of the paths through which the digital 
economy affects the CEI of cities, and hurts neighboring regions. 
Probably, because digital innovation has a significant spillover effect, 
and innovation factors spill over to promote the development of 
digital innovation in neighboring regions, which can better achieve 
resource optimization, and thus reduce the level of CEI in cities while 
promoting economic development. The results of column (4) are in 
Table 10 shows that the coefficients of digital inclusive finance are all 
significantly negative, which indicates that digital inclusive finance has 
a significant negative effect on urban CEI. This is because digital 
inclusive finance can improve the efficiency of urban life and financial 
services, and optimize resource allocation, for example, digital 
payment systems, digital currency and payment apps can reduce the 
carbon emission of residents’ offline behavior by realizing online life 
payment, online registration, ticket purchase, and online traffic ticket 
payment, etc. On the other hand, digital inclusive finance can also 
reduce carbon emissions in corporate financing behaviors by 
improving the financial accessibility of enterprises (He and Yang, 
2021), which can facilitate and promote efficient economic and social 
development at the same time.

5.6. Robustness test

We further analyze the influence of digital economy 
development on CEI in the YREB region. The Robustness test 
mainly involves substituting the dependent variables, excluding 
low-carbon pilot cities and municipalities directly under the 
central government, and using explanatory variables with a 
one-period lag as instrumental variables.

5.6.1. Substitution of the dependent variable
The level of economic development are important factors affecting 

carbon emission intensity. According to the available literature (Zhang 
and Liu, 2022), carbon emission efficiency is calculated by combining 
the input of production factors such as energy, and the output of 
economic development, including the undesirable output of carbon 
emission. Therefore, carbon emission efficiency is used to replace CEI 
for verification. The selection and calculation method of carbon 
emission efficiency indicators mainly refer to the previous related 
literature (Gao et al., 2021; Chen J. et al., 2022; Lyu et al., 2023), and 
the input indicators are selected from the factors of the production 
labor force, capital, and energy consumption, the desirable output is 
the GDP, and the undesirable output is the carbon emission at the end 
of the year. The super-SBM model (Lyu et al., 2023) is used to calculate 
the carbon emission efficiency. Carbon emission intensity was 
replaced by carbon emission efficiency, and the results were obtained 
as shown in Table 11.

5.6.2. Excluding the low-carbon pilot cities in 
China

China has been exploring the construction of low-carbon cities 
since 2008, and launched the first batch of low-carbon pilot areas in 
2010, which has had a significant impact on local low-carbon 
development (Zhang, 2020). Therefore, low-carbon pilot cities are 
excluded from the YREB region for regression. The results are 

TABLE 10 Decomposition of the role of the digital economy on CEI.

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

x W1 × x x W1 × x x W1 × x x W1 × x

lnDigital 

infrastructure

−0.243 

(−0.235)

−2.103** 

(−1.999)

lnDigital industry 

development

−6.237*** 

(−10.176)

−11.673** 

(−2.479)

lnDigital 

innovation 

capabilities

−0.191*** 

(−6.411)

−2.260** 

(−1.981)

lnDigital finance −3.682*** 

(−8.912)

−5.746*** 

(−13.255)

Control YES YES YES YES

City FE YES YES YES YES

Year FE YES YES YES YES

Observations 1,100 1,100 1,100 1,100

R-squared 0.195 0.433 0.394 0.332

log-likelihood −2,123.102 −2,005.217 2,412.033 −2,219.331

*** and ** represent the significance levels of 1%, and 5%, respectively; The values in parentheses are t values.
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presented in column (2) of Table 11, which are consistent with the 
results in Table 7, proving that the SDM regression results are robust.

5.6.3. Excluding municipalities directly under the 
central government

Under China’s special regime, municipalities, which are directly 
under the central government, have distinct economic, political and 
aggregate economic advantages that some conventional cities do not 
have. Therefore, we exclude these cities for regression. Column (3) of 
Table 11 shows the regression results, which are significantly negative 
as well.

5.6.4. Endogenous test
The previous findings have shown that the digital economy 

development can reduce the CEI in cities. However, there may 
be endogeneity that makes the results potentially biased. Based on the 
topic of this paper and the reference to the relevant literature, 
endogeneity may come mainly from two sources. One is omitted 
variables (Zhao and Wang, 2022). Although this study has adopted 
control variables and fixed effects model, there are still some other 
elements that may affect the digital economy and CEI, such as local 
policies and emergencies, that are not included in the model. The 
other source is two-way causality. The other source is the two-way 
cause and effect of the digital economy and CEI. The digital economy 
development can reduce the urban CEI. However, in recent years, with 
the development of low-carbon cities and the implementation of 
various government environmental strategies, more high-tech 
enterprises attracted while the industrial structure transformation and 
upgrading was accelerated, which may strengthen the urban digital 
economy development.

In empirical studies, lagged endogenous variables are often 
used as instrumental variables to mitigate endogeneity (Zhao and 
Wang, 2022). Therefore, the lagged digital economy is an 
instrumental variable to investigate the relationship between the 
digital economy and CEI. The lagged variable is strongly correlated 
with the present value of the digital economy, which can affect the 
regional CEI through the present value. And conversely, the lagged 
digital economy will not be affected by the current CEI. Therefore, 
it is feasible to use the lagged digital economy as an instrumental 
variable of the digital economy. The regression results are shown 
in column (4) of Table 11. The coefficients of lnDei are close to that 

with SDM in Table 7. Therefore, it indicates that the regression 
results in Table 7 are robust.

6. Conclusions and policy implications

The digital economy development is an inevitable choice for cities 
to achieve low-carbon development. This paper studies the influencing 
mechanism and spatial spillover effects of digital economy 
development on CEI by applying two-way fixed effects model, 
mediating effect model and spatial Durbin model, based on the panel 
data of 110 cities in the YREB region from 2011 to 2020.

To cope with the drastic global climate change and achieve the 
“double carbon” target, strengthening digital transformation, 
improving the level of innovation, and continuously optimizing 
and upgrading the industrial structure are the key to China’s 
economic development. The digital economy development is a 
suitable choice for cities to carry out low-carbon development. 
Based on the data of 110 cities in the YREB from 2011 to 2020, this 
paper explores the influencing mechanism, spatial effect, regional 
heterogeneity, and single decomposition force of digital economy 
on CEI by using the double fixed effect model, mediated effect 
model and spatial Durbin model. The following findings were 
drawn: (1) The digital economy development can significantly 
reduces CEI in the YREB region. Environmental regulation, 
science and technology support, population density, economic and 
urbanization development can all affect CEI. (2) The results of 
mediating effect test show that the digital economy development 
can promote the rationalization and upgrading of industrial 
structure, and enhance cities’ green technology innovation as well, 
which eventually result in decreasing the CEI in the YREB region 
through the intermediary effect. (3) The digital economy shows an 
obvious positive spatial correlation with a spatial spillover effect on 
CEI. (4) There is an obvious spatial heterogeneity in digital 
economy’s effect on CEI. The inhibitory impact of digital economy 
development on carbon emissions in the eastern regions is strong. 
Meanwhile, cities located in the urban agglomerations are more 
affected by the digital economy. (5) Except for digital infrastructure, 
all components of the digital economy are effective in directly 
reducing CEI in local cities, and present obvious spatial spillover 
effects of reducing CEI in neighboring cities.

TABLE 11 The regression results of the robustness test.

Explanatory variables (1) (2)_ (3)_ (4)

Carbon emission 
efficiency

Low-Carbon Pilot 
Projects

Excluding municipalities Lag one-period 
instrumental variable

lnDei −0.411*** (−3.689) −0.221** (−2.413) −0.301*** (−4.734) −0.201*** (−3.089)

W1 × lnDei −0101*** (−2.813) −0.031* (−1.761) −0.065*** (−5.384) −0.052** (−2.239)

Control YES YES YES YES

City FE YES YES YES YES

Year FE YES YES YES YES

Observations 1,100 930 1,080 990

R-squared 0.510 0.599 0.757 0.504

log-likelihood 2,033.125 2,431.237 1,622.314 2,115.132

***, **, and * represent the significance levels of 1%, 5%, and 10%, respectively; The values in parentheses are t values.
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Based on the findings in this study, the following policy 
recommendations are made.

 (1) The government of the YREB region needs to further support 
the development of digital economy comprehensively in order 
to take full advantage of digital economy in reducing CEI. First, 
the government should formulate and improve the policies and 
regulations related to the digital economy development, form 
a good institutional guarantee and market atmosphere for the 
digital economy development, especially in the construction of 
digital infrastructure. Secondly, the government should 
improve the establishment of cloud service platforms bearing 
digital technologies, and promote the clustering and synergistic 
effect of virtual industrial space. The government should play 
the unified coordination mechanism of urban clusters, improve 
the efficiency of resource utilization, and thus better play a 
synergistic role of the whole industrial chain. Third, it should 
strengthen the practical use of digital technology in enterprise 
production process, residents’ life and urban governance, 
enhance the construction of digital infrastructure, improve the 
efficiency of data circulation, and provide technical support for 
urban carbon emission reduction.

 (2) The government of the YREB region should strengthen the 
regional digital synergy to promote industrial structure 
optimization and green technology innovation. Firstly, each 
government in the region should guide local enterprises to 
optimize and transform and upgrade their industries and 
encourage them to carry out green technology innovation 
according to the overall layout of the national region and 
combined with the actual situation of the region. Secondly, the 
government should formulate special policies, such as 
purchasing services, special loans and other support policies, to 
promote local enterprises to realize digital transformation. The 
government should provide support for small-scale service and 
manufacturing enterprises who have difficulties in realizing 
digitalization quickly, so as to improve the digitalization level of 
industries in the region as a whole, thereby achieving energy 
saving, lowering CEI, and achieving better development. Third, 
the government should strengthen the protection and support of 
green intellectual property rights, and at the same time, eliminate 
or upgrade the backward production capacity. The government 
should promote the buyout of some general and effective green 
technology patents to provide motivation for the green 
technology innovation in enterprises, and the effectiveness of 
green patents. It should achieve targeted production reduction 
or even shutdown some enterprises that cannot achieve 
transformation and upgrading or green transformation.

 (3) The Spatio-temporal evolutionary characteristics of the digital 
economy development show obvious gaps among cities in the 
YREB region. Based on the differences in the digital resources 
and digital development of various cities, first, the government 
should formulate digital development strategies according to local 
conditions, make good use of the radiation-driven effect of 
Shanghai and Zhejiang’s digitalization and carbon emission 
reduction, and create digital industries with regional 
characteristics. Second, the government should develop 
competitive tax incentives and fiscal science and technology 
spending policies to support relatively backward cities in digital 

economy development. In addition, the government should use 
measures such as improving service networking, nurturing digital 
professionals, and accelerating digital infrastructure construction 
to reduce the digital economy development gap between cities.

The shortcomings of this study deserve further exploration. First, 
the limitations of the data, because county-level data is incomplete, 
limit the further use of county data for dual validation of indicator 
variables and the selection of research samples, and future county-
based research is also worth looking into. Second, although the 
current study findings pass the robustness test, the magnitude of the 
external shock effect and the timing of the effect deserves further 
in-depth excavation. Finally, although we have systematically studied 
the differences between regions in the east, central, and west using the 
YREB as an example, and also studied the different magnitudes of 
forces between urban and non-urban agglomerations, etc., it is also 
worthwhile to research, such as the coastal urban belt between the 
north and the south or the Hu Huanyong line based on the 
geographical perspective.
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