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As a novel economic form, the digital economy plays an important role in
promoting urban low-carbon sustainable development (LCSD). Based on
panel data from 270 cities in China from 2011 to 2021, this study used
principal component analysis and the global entropy weight method to
calculate the level of digital economy development and LCSD as well as to
empirically discuss any correlated effects and mechanisms. The research showed
that the digital economy has significantly promoted urban LCSD and has become
an important source for promoting green low-carbon development. The digital
economy can indirectly promote LCSD by accelerating industrial structure
upgrading and promoting technological innovation; Moreover, this promotion
can show significant threshold characteristics with these factors. When industrial
structure upgrading and technological innovation reach a certain threshold, the
digital economy can further enhance urban LCSD. The promotion of the digital
economy is positively influenced by marketization level and environmental
regulation, and it exhibits distinct regional characteristics. During the critical
period of economic development and transformation, the government must
continuously promote the development of the digital economy, fully release its
dividends on LCSD, and implement a differentiated digital development strategy
to promote low-carbon economic development according to local conditions.

KEYWORDS

digital economy, low-carbon sustainable development, industrial structure,
technological innovation, threshold effect

1 Introduction

Faced with the challenges of global sustainable development and the rapid development
of the digital economy, how to achieve a win-win situation between the two has become a
key issue that needs to be resolved urgently. Following agricultural and industrial
economies, the digital economy is a new economic model that employs data resources
as the key factor, modern information technology as the main medium, and its wide
application promotes low-carbon sustainable development (LCSD). Throughout the stage
of high-quality economic development, the digital economy has shown unprecedented scale
and speed. According to the “White Paper on the Development of China’s Digital Economy
(2023)” published by the China Information and Communication Academy, the scale of the

Abbreviations: LCSD, low-carbon sustainable development; ISU, industrial structure upgrading; TI,
technological innovation; GDP, gross domestic product; ML, marketization level; ER, environmental
regulation; YREB, Yangtze River Economic Belt.
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digital economy reached 50.2 trillion yuan in 2022, accounting for
41.5% of the national gross domestic product (GDP), and has
become the primary driving force behind China’s economic growth.

The digital economy has demonstrated an irreplaceable role in
stimulating consumption, driving investment, and enhancing
innovation capacity using network information technology,
providing a core driving force for promoting urban sustainable
ecological development (Lee et al., 2022). Among the 47 major
countries worldwide, the digital economy contributes nearly 50% of
GDP, and digital technology innovation has helped to promote
global green development. In 2019, the World Health Organization
identified air pollution as the most threatening environmental risk to
health, with approximately 7 million people dying prematurely each
year from diseases caused or aggravated by air pollution.
Additionally, the annual loss of ecosystem service value exceeds
10% of the total global economic value. China’s carbon dioxide
emissions increased from 11.35 x 108t in 1980 to 96.20 x 108t in
2018, with coal accounting for the largest proportion, and an average
annual growth rate of 5.78% (Jia et al., 2023). It is expected that by
2050, the number of people displaced due to environmental crises
will reach 200 million. At the 2015 United Nations Development
Summit, the Sustainable Development Goals for 2016-2030 were
adopted, and the digital economy was emphasized as a key driver to
achieve 17 Sustainable Development Goals by 2030. Cities
accommodate more than 50% of the world’s population today
and are an important source of greenhouse gas emissions,
making them highly sensitive to climate change. Chinese cities
generate 75% of GDP while consuming 84% of energy (Dhakal,
2009). The energy intensity effect was the primary driving force
behind urban decoupling, highlighting cities’ critical role in reducing
carbon emissions and achieving sustainable development (Yang
et al., 2020). However, the issue of carbon dioxide emissions in
underdeveloped cities in China deserves more attention, urgently
requiring energy conservation to improve energy efficiency (Jia et al.,
2018b; Jia et al., 2018). To address the challenge of global emissions
reduction, developing low-carbon cities has become a key strategic
choice. Low-carbon cities can not only mitigate the impact of climate
change by reducing carbon emissions but also improve living
standards and enhance the sustainable competitiveness of cities
(Lou et al, 2019). By building low-carbon cities, a win-win
situation of economic growth and environmental protection can
be realized. Therefore, pursuing the urban LCSD is considered an
important way to achieve a low-carbon future (Qu and Liu, 2017).
The 14th Five-Year Plan proposed that China should drive the
transformation of production, lifestyle, and governance modes with
digital transformation and promote the comprehensive green
transformation of economic and social development. The report
of the 20th National Congress of the Communist Party of China
indicated that promoting the greening and decarbonization of the
economy and society is a key link in achieving high-quality
development. Promoting urban LCSD is the major means of
achieving the “dual carbon” goals.

Under the background that the government has rigid constraints
on ecological construction, achieving the coordinated development
of the digital economy and low-carbon economy is the key to
achieving China’s “green mountains and clear waters” goals in
the new era. Therefore, it is necessary to clarify the actual role
and impact mechanisms of the digital economy on LCSD, conduct a
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comprehensive analysis of the intrinsic mechanisms by which the
digital economy affects LCSD, and verify the gradual impact effects
of the digital economy across different regions. This provides
beneficial theoretical support for the realization of the urban low-
carbon economic development leap and the implementation of the
“digital” strategy, as well as a practical foundation for global
economic sustainable development.

Given the increasing importance of achieving environmental
sustainability with economic development, this study may
potentially make marginal contributions in several ways. First,
distinct from previous studies that predominantly focus on the
impact of the digital economy on high-quality economic
development, green economic development, and green total
factor productivity, this study investigates the influence of the
digital economy on LCSD for the first time. This has significant
guiding implications for achieving China’s “dual carbon” goals and
global sustainable development. Second, building upon the
connotations of the digital economy and endogenous growth
theory, this study proposes two major influencing mechanisms:
technological innovation (TT) and industrial structure upgrading
(ISU).
regarding the impact of the digital economy on green low-carbon

These mechanisms refine the theoretical framework

development, clarify the transmission pathways through which the
digital economy influences LCSD, and unravel the theoretical “black
box” between the two. Third, this paper applies the global entropy
weight method to calculate the LCSD Index, ISU index, and the
digital economy development Index, expanding upon the traditional
entropy weight method and offering more precise data for index
measurement. Finally, this study integrates traditional econometric
regression methods with threshold models, considering the dual
linear and nonlinear relationships between the digital economy and
LCSD. It addresses endogeneity using the endogenous instrumental
variable method. Simultaneously, this study extends heterogeneous
analysis by examining the moderating effects of marketization level
(ML) and environmental regulation (ER) based on geographical
location and resource endowment disparities, thereby providing
policymakers with a crucial, context-specific reference.

2 Literature review
2.1 Digital economy

The term “digital economy” was coined by Tapscott (1996) and
gradually attracted the interest of institutions and scholars alike.
With breakthroughs in new-generation digital
information technology, the concept, content, and connotations

continuous

of the digital economy are becoming increasingly enriched. Kim
et al. (2002) indicated that the digital economy could complete the
transactions of goods and services through virtual means, thereby
penetrating and altering the operational modes of various
professions. Wang et al. (2022) pointed out that the combination
of the digital and real economies represented the predominant trend
of future development. They also suggested that the digital economy
would accelerate the rapid increase of new business models,
endowing the sharing and platform economies with certain green
characteristics. Li et al. (2020) proposed that the digital economy has
reshaped  business accelerated  the

processes and green
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transformation of the real economy through government economic
growth policies and digital entrepreneurship.

It has been considered that the effect of the digital economy is
multi-dimensional and composite. At the micro level, it can
quickly and effectively integrate production factors (Bunje
et al, 2022), promote the intelligent transformation of
enterprises, enhance information and

analysis  capacity

management decision levels of enterprises, and enable

enterprises to improve LCSD via economies of scale,
technological innovation, and other channels (Vu, 2013;
Zhang et al., 2022). At the macro level, the digital economy
can boost economic growth by investing in new elements and
resources, and by improving allocation efficiency.
Simultaneously, information sharing strengthens knowledge
diffusion and technological spillover, driving coordinated
innovation among industries in neighboring regions to
improve resource allocative efficiency and LCSD (Wan et al,
2022). At the industry level, the element input in the growth
framework of the digital economy is far greater than that of
traditional scale growth. With the addition of variables, such as
data, the fusion of the digital economy and the modern service
industry is realized through capital deepening, resource
optimization, and technological change, which promotes the
rapid development of the platform economy and presents a
significant long-tail effect with substantial differences in the
impacts on the manufacturing industry (Berkhout and Hertin,

2004; Zhou et al., 2022).

2.2 LCSD

Efforts have been made to identify sustainable development and
provide a theoretical basis. Existing research mainly includes energy
sustainability (Elavarasan et al., 2022), ecological sustainability
(Ghobakhloo, 2020), economic sustainability (Mondejar et al,
2021), and other aspects. Low-carbon development regards the
low-carbon economy as a long-term development goal, which
can play a pivotal role in guiding project directions, particularly
concerning energy use structure and urbanization rate (Jia et al,
2012). However, a common standard for green, low-carbon, and
sustainable development indicators for cities is lacking. Most studies
have measured carbon emissions (Chien et al., 2021), sustainable
development efficiency (Khan et al, 2021), and sustainable
development index (Hickel, 2020), which cannot fully reflect the
profound connotation of LCSD. To reduce the carbon emission
intensity in cities, LCSD proposed the decoupling of economic
growth from carbon emissions, optimization of industrial
structure, improvement of energy utilization -efficiency, and
development of clean energy. At the same time, it is necessary to
promote the development of a green economy, promote innovation
and the application of technology, and explore potential economic
growth opportunities for cities (Wen et al., 2023). LCSD is a holistic
concept that requires comprehensive consideration and balance in
multiple aspects such as economy, society, and environment (Tan
et al,, 2023). In this study, we constructed an evaluation system for
urban LCSD in five aspects, namely, low-carbon economy, low-
carbon energy, low-carbon society, low-carbon environment, and
urban mobility.
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2.3 Digital economy impact on LCSD

Existing research has formed several viewpoints such as the
digital economy can help to promote green and low-carbon urban
development (Ulucak et al., 2020; Jayaprakash and Pillai, 2022),
Shobande and Ogbeifun (2022) analyzed the role of information and
communication  technology in promoting environmental
sustainability in 24 countries of the Organization for Economic
Cooperation and Development from 1980 to 2019 based on a
dynamic panel model. The digital economy may have a negative
impact on green low-carbon development (Cheng et al., 2019; Avom
et al., 2020). Cheng et al. used data from 285 Chinese cities from
2003 to 2016 to analyze whether information technology has
exacerbated environmental pollution. Other scholars believe that
the digital economy has dual effects on low-carbon urban
development, both promoting and hindering (Danish et al,
2019). (2020) that

communication technology will exacerbate

Khan et al argue information and

carbon dioxide
emissions, it could lead to reductions once a threshold level
is reached.

The inconsistent results of these studies may be due to the
following factors: first, most existing analyses have largely focused
on the impacts of the Internet (Ren et al., 2021), and only focus on
analyses in the country- (Bunje et al., 2022) or provincial-level (Li
et al, 2020), ignoring the differences in internet development
between cities. Second, there is a lack of unified low-carbon
sustainability assessment standards, and commonly used carbon
emission indicators cannot comprehensively measure the complex
connotations of sustainable development (Asongu et al., 2018; Chien
et al., 2021). Third, there are differences in ISU and TI among
different cities, which, to some extent, affects the degree to which the
digital economy plays a role in low-carbon development (Li et al.,
2021). Digital economy development can promote productivity
(Tranos et al., 2020), affect total factor productivity (Pan et al,
2022), as well as bolster high-quality economic development (Ma
and Zhu, 2022), energy economy development (Jiang et al., 2023),
and regional sustainable development (Luo et al., 2023); however,
few studies have put the digital economy and urban LCSD into an
analytical framework, representing the research gap focused on by
the present study.

In contrast to existing literature, this study makes contributions
to the following three aspects: First, with regard to research methods,
this study builds a comprehensive LCSD system and a digital
economy development indicator system. Second, this study
focuses on 270 cities in China and explores the main pathways
through which the digital economy affects the LCSD within a unified
research framework, presenting an alternative for promoting urban
green economic development via the digital economy, and
deepening existing research. Third, with regard to research
content, this study examined the mechanisms and nonlinear
effects of the digital economy on LCSD using the intermediary
effect and panel threshold models.

The following is the structure of the remaining sections of this
study: In Section 3, the mechanism analyses and research hypothesis
explain the contributive path of the digital economy to LCSD.
Section 4 provides the econometric model, variable selection, and
data description. Section 5 introduces the results and discusses the
intermediary effect, panel threshold effect, and heterogeneity
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analysis results. Lastly, Section 6 summarizes the conclusions and
proposes relevant policy recommendations.

3 Mechanism analysis and research
hypothesis

Digital economy characteristics, such as immediacy, speed, self-
expansion, and high permeability, have interrupted the deep-rooted
monopoly in traditional business forms and driven supply-side
structural reform. The endogenous economic growth theory
posits that TI is a crucial factor driving sustained economic
expansion. The digital economy can propel the integration and
development of technical progress and industries, thereby bringing
about comprehensive transformations in economic and social
productivity, as well as modes of production. Therefore, this
paper proposes to explore the impact mechanisms of TI and ISU
from two aspects: the process and results of the influence of digital
economy on LCSD. Sustainable development is a multi-dimensional
developmental concept involving the efficient utilization of
resources and comprehensive protection of the environment via
coordinated development (Guo et al.,, 2022). With the upcoming
new round of technology and industrial revolutions, especially the
application of new-generation information technologies, the digital
economy can promote T1, adjust industrial structure, and stimulate
green low-carbon development. The digital economy can directly
affect LCSD through its inherent characteristics as well as indirectly
through intermediary variables. Simultaneously, considering the
“Metcalfe rule” of the Internet (i.e., the cost of a web is
proportional to the square of its number of nodes), which
presents an increasing phenomenon of marginal utility under the
network economy, the digital economy impacts on LCSD may also
maintain nonlinear characteristics.

3.1 Impact mechanism of the digital
economy on LCSD

The rapid development of the digital economy helps to eliminate
the information asymmetry problem caused by time and spatial
dislocation in traditional economic development models, thus giving
rise to new economic phenomena: in the supply-demand
relationship, demand gradually replaces supply as the dominant
factor, forming a new economic structure. Demand information is
effectively collected and fed back to suppliers, becoming a crucial
basis for supply decisions, challenging traditional standardized and
large-scale production models, prompting enterprises to shift
towards precise docking and perfect matching production
models, and improving supply efficiency. The demand-centric
matching model will further highlight the people’s demand for a
better life and a beautiful ecological environment, and the resulting
new supply will continue to promote industrial optimization,
becoming an important component of the digital economy in
promoting urban low-carbon development.

In terms of the advanced industrial structure, the permeability of
the digital economy has promoted the development of traditional
industries towards digitalization and intelligence, and has pushed
the management, technology, and products of traditional industries
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to become increasingly advanced. The innovation of the digital
economy has promoted the vigorous growth of emerging industries,
especially the proportion of the information industry has gradually
risen. In terms of the rationalization of industrial structure, the
digital economy, with its digital and convenient characteristics, can
promote the circulation and sharing of information within the
industry, which not only helps to solve the imbalance in resource
allocation among departments, but also enables the industry to
quickly obtain external information and dynamically adjust the
unreasonable industrial structure based on market demand.

With the upgrading and rationalization of industrial structure,
digital and other high-tech industries have promoted the innovation
of emerging business models, which is conducive to the effectiveness
of environmental governance. The continuous emergence of new
industries and business models will accelerate the elimination of
thus
promoting the development of strategic emerging industries and

high-polluting and high-energy-consuming industries,
modern service industries, and injecting new industrial vitality into
the urban LCSD. In the process of ISU, the asynchronism of
technological progress directly leads to the differences in
production efficiency among different sectors, which promotes
the gradual flow of production factors from high-energy-
consuming, low-productivity, low-value-added sectors to low-
energy-consuming, high-productivity, high-value-added sectors.
This shift not only enhances production efficiency but also
improves energy utilization efficiency. It can be seen that the
“structural dividend” brought by ISU can improve environmental
quality and promote economic growth, which is a key measure to
promote high-quality economic development and a necessary path
to achieve low-carbon and sustainable economic development.
Therefore, this paper proposes the second research hypothesis:

Hypothesis 1. The development of the digital economy enhances
the level of LCSD by promoting ISU.

TI is the fundamental approach to achieving low-carbon
development under the constraint of limited environmental
carrying capacity. Compared with the traditional extensive
development models, the LCSD model not only considers factors
such as labor, capital, and economic output but also takes into
account resource elements and unexpected outputs, aiming for a
win-win situation between economic and environmental benefits.
No factor alone can ensure that economic and social development
can be permanently sustained. Within the framework of endogenous
economic growth theory, technological progress is the determining
factor that ensures sustained economic growth. However, when
Aghion et al. (1998) integrated environmental pollution and
resource constraints into Schumpeter model, they found that if a
continuous flow of innovations can be maintained through TI and
the productivity of innovations is greater than the discount rate of
time, it can drive the economic equilibrium point outward in the
new stage of development, thereby achieving more output.

The digital economy driven by big data, the Internet of Things
and artificial intelligence, has its own technological attributes. The
scale and diffusion effects manifested by the digital economy have
promoted technological advancement and innovation, thereby
accelerating the improvement of market conditions. Firstly, the
communication

rapid development of information and

technology provides a cost-effective competitive advantage for
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FIGURE 1

The impact path of the digital economy on low-carbon sustainable development.

data innovation. Enterprises can use big data to analyze consumer
information, promote targeted innovation, and reduce costs.
Secondly, the rise of the digital economy accelerates the speed of
knowledge acquisition
channels, promotes a more open and transparent market

information transmission, enriches
environment, which is conducive to TI. Digital technology
investment also contributes to enhancing regional human
capital and labor productivity, attracting the gathering of high-
quality labor force and promoting T1I such as “learning by doing.”
Finally, the proliferation of the Internet of Things eliminates the
constraints of time and space on innovation activities, allowing
different innovation entities to participate simultaneously. The
industrial digital transformation brought by the digital economy
facilitates better matching among developers, producers, and

consumers, further motivating scientific research and
innovation entities engaged in research and development
activities to more actively convert knowledge into new

products, processes, and services. Moreover, the development of
the digital economy also helps innovative entities to better utilize
and protect intellectual property, promotes the refinement of

Frontiers in Energy Research

relevant laws and regulations, and improves the efficiency of
intellectual property protection, thus advancing the level
of urban TI.

The goal of TI is to promote economic growth by achieving
efficient resource utilization, reducing carbon emissions and their
impact on the environment, and providing technical support and
paths for LCSD. TI promotes the development of low-carbon
the
production process through the research and application of low-

economy as enterprises reduce carbon emissions in
carbon technologies, thereby improving resource utilization

efficiency, reducing production costs, and increasing
competitiveness. This contributes to both economic growth and
sustainable development. TT facilitates the promotion and utilization
of low-carbon energy. The continuous emergence of new energy
technologies such as solar energy, wind energy, geothermal energy
provides a more sustainable option to replace traditional high
carbon energy. The application of these technologies not only
reduces dependence on fossil fuels but also helps to reduce
carbon emissions during energy production and consumption

processes. TI also plays an important role in building a low-
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TABLE 1 Descriptive statistics of variables.

10.3389/fenrg.2024.1425313

Variable type Variable Obs Mean SD Max Min
Dependent variable LCSD 2970 0.5373 0.2586 1.8785 0.1805
Core explanatory variable DIG 2970 0.1949 0.0714 0.6414 0.0564
Mediation and threshold variables ISU 2970 0.5093 0.1964 1.1513 0.0702
TI 2970 4.8339 1.5636 9.8714 0.6931

Control variables EDL 2970 7.9086 5.6601 53.24 0.48
Oop 2970 0.0161 0.0169 0.1978 0.0001

URB 2970 6.4653 0.8584 9.02 2.52
HC 2970 1.9941 2.5175 13.98 0.0001

GI 2970 5.0548 0.5623 592 1.5

Note: LCSD, DIG, and ISU, are calculated using a comprehensive evaluation method, with values ranging from 0 to 1 and no specific units. The unit of TI, is number, the unit of EDL, is yuan, the

unit of UBR, is Population/km2, and the units of OP, HC, and GI, are %.

carbon society. Innovative applications such as smart city
technology, green building design, and sustainable transportation
systems provide people with more convenient and comfortable
lifestyles, improving their quality of life; TI has also given rise to
a new eco-friendly, resource saving, and economically efficient
technological approach, supporting the transformation of eco-
friendly production models and effectively reducing harmful
emissions in industrial production, such as exhaust gas,
wastewater, and dust, providing technical solutions for reducing
pollutant emissions levels; TI can provide key support for
constructing low-carbon transportation systems. The application
of emerging technologies such as intelligent transportation
management systems, electric vehicles, and shared mobility
services can help alleviate traffic congestion, reduce exhaust
emissions, and improve urban mobility efficiency, thereby
enhancing people’s travel experience. Therefore, this paper

proposes the first research hypothesis:

Hypothesis 2. The development of the digital economy enhances
the level of LCSD by promoting TIL

3.2 Nonlinear mechanism of the digital
economy on LCSD

The Kuznets curve was originally used to describe the trend of
income inequality in a country or region during the process of
economic development. But the theoretical framework has also been
applied in the field of environmental economics. In particular, it is
used to analyze the relationship between environmental degradation
and economic growth, resulting in the so-called “Environmental
Kuznets Curve.” In this model, environmental pressure initially
increases with economic growth, but after a certain point, decreases
with further economic growth. This theory is used to explore how
the development of digital technology affects the urban LCSD in the
context of the digital economy.

In the early stages of digital economic development, limited by
the resource consuming development model, the urban industrial
structure was relatively low, the infrastructure level was not high,
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and problems such as high industrial proportion and serious
environmental pollution were often accompanied. The role of
digital technology in environmental pollution control was
relatively weak, and the development of the digital economy was
relatively immature, which had a negative externality effect on the
environment. In the process of digital industrialization and
industrial digitization, the technological progress brought about
by the digital economy has increased the scale of mining rare
minerals and consumed a large amount of electricity resources;
The high input and cost associated with the digital economy have
elevated carbon emissions in production and daily life. While the
digital economy forces enterprises to conduct green technology
research and development, it also leads to a cumulative impact of
energy consumption input. This results not in an increase but rather
a decline in the level of green sustainable development in the
early stages.

As the digital economy matures and technological progress
advances, ER and energy control become more effective. Industrial
production and sales gradually optimize, leading to stable
enterprise output. Initial capital, human resources, and
technology inputs gradually yield positive net effects. A highly
green industrial structure can provide a solid foundation for
reducing environmental pollution in the production process.
Market participants can efficiently match market supply and
demand, reduce information transaction costs, and improve
efficiency, thus reducing
2020).  With the

popularization of digital applications, digital technologies allow

information  services resource

consumption  (Litvinenko, continuous
producers to tap consumer demand preferences more extensively,
in addition to scientifically positioning market demand, properly
coordinating production plans, and gradually improving resource
utilization efficiency. Additionally, enterprises can achieve
improved alignment efficiency between upstream and
downstream of the supply chain through digital network
delivery platforms, promote the rational flow of factors, and
improve the efficiency of the supply chain, enterprise
transactions, and resource allocation (Acemoglu and Restrepo,
2018). For the digital economy, the incremental cost of linkage

among enterprises, governments, universities, scientific research
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DIGITAL ECONOMY
DEVELOPMENT

FIGURE 2
Digital economy evaluation indicator system.

institutions, and other departments has been continuously
reduced. In contrast, joint innovation has achieved substantial
group breakthroughs, and the benefits obtained by participants
have continued to increase, showing geometric growth (Zhao et al.,
2020). Moreover, this effect will become more obvious with the
advancement of ISU and TI; that is, the “Metcalfe Law” will be
established in this study. Therefore, this paper proposes the third
research hypothesis:

Hypothesis 3. The
impact on LCSD.

Based on the above research hypothesis, the impact path of the
digital economy on LCSD is shown in Figure 1.

digital economy has a nonlinear

4 Research design
4.1 Model construction

4.1.1 Benchmark regression

Based on the above theoretical analyses, to test the direct
transmission mechanism of the digital economy on LCSD (Liu
et al, 2022), the benchmark regression model was set according
to Eq. 1:

LCSD,’: =y + ochIG,-t + ‘XZXit + U; + (St + & (1)
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where LCSD;; is the LCSD of city i during period t, DIG; is the level
of the digital economy, X is the control variable that affects LCSD,
y; is the urban fixed effect, 8t is the time fixed effect, ¢;; is the random
error, oy, a,a, are the parameter to be estimated, respectively.
LCSD and DIG have no units, and the units of control variables are
shown in Table 1.

ISU and TI may be important reasons why the digital economy
promotes LCSD; therefore, these two variables were introduced,
and the intermediary effect model was used as a reference to test
the mechanisms by which the digital economy promoted LCSD
(Eqs 2, 3):

MV, = B, + B,DIG; + B,X; + u; + 0, + & 2)
LCSDy; =y, + y,DIG; + p,MVy + . Xiy + t; + 6 + & (3)

where MV is the intermediary variable. ISU has no unit, and the
unit of TT is number.

In addition, the empirical test of the indirect transmission
mechanism must also consider the “network effect” and
“Metcalfe rule” of the Internet; namely, the value of the
Internet and the number of users should show a square
proportional relationship. Based on the Hansen panel
threshold model (Hansen, 1999), ISU and TI may have a non-
linear impact on promoting LCSD by the digital economy.
Therefore, the panel threshold model was set as a single
model here (Eq. 4):
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FIGURE 3

Low-carbon sustainable development evaluation indicators. Notes: (+) represents a positive indicator, i.e., the larger the value of the indicator, the
better it is; (=) represents a negative indicator, i.e., the smaller the indicator value, the better it is.

LCSD;; = ¢, + ¢,DIG; x I(Adj; <0) + ¢,DIG;; x I(Adj; > 0)
+ X+ + 6 + &
(4)

Considering the potential for multiple problems with threshold
values, the multi-threshold panel regression model can be
generalized into Eq. 5:

LCSDy, = n, + 1,DIG; x I(Adj; <6;)
+1,DIG;; x I(6, < Adj;y <6,) + ---
+1,DIG; x I (0,1 < Adj; <6,)
+1,,, DIGy x I(Adjiy > 0,) + nXi + y; + 0, + &
(5

In Eqs 4, 5, Adji; represents the threshold variable for ISU and
TIL and I(-) is an indicator function with a value of 1 (condition is
satisfied) or 0 (condition is unsatisfied).

4.1.2 Variable selection

Urban LCSD is a multi-objective issue, and although it has received
attention, there has been no official publication of a unified
measurement standard. We draw on existing studies (Tan et al,
2017; Shen et al, 2021) and construct an evaluation framework for
urban LCSD from 18 quantitative indicators in 5 categories, including
low-carbon economy, energy, society, environment, and urban mobile.
Low-carbon economy emphasizes economic development from the
perspectives of industry and technology. Low-carbon energy is not
blindly reducing carbon emissions, but rather adjusting the energy
structure while developing the economy. Low-carbon society places
greater emphasis on the status of consumers and highlights the
development  of  eco-friendly  transportation. — Low-carbon
environment uses urban space as a vehicle to achieve low-carbon

infrastructure and minimize pollutant emissions to the greatest
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extent possible. Urban mobility may bring about issues such as
housing and transportation, affecting urban energy consumption.
The indicator system is illustrated in Figure 2 and is calculated
using the global entropy weight method; the larger the indicator
value, the better the level of urban LCSD. The global entropy
method improves upon the traditional entropy method by retaining
its objective weighting advantages. Additionally, it introduces a global
perspective for analyzing evaluation indicators both vertically and
horizontally. Compared to the traditional entropy weight method,
the global entropy weight method provides more accurate
calculation results.

As a core explanatory variable, no unified consensus has been
formed regarding the concept and scope of the digital economy, and
the measurement standards are also not integrated. Considering
data availability, the digital economy evaluation system used here
was constructed from the dual aspects of digital financial inclusion
and Internet evolution, per Zhao et al. (2020). Digital financial
inclusion was expressed by the Digital Inclusive Financial Index, and
Internet development was measured via three aspects: digital
infrastructure, digital innovation and development, and digital
economy demand (Figure 3).

Principal component analysis primarily examines the
correlations among multiple variables, exploring how to reveal
the internal structure of these variables through several principal
components. Its goal is to preserve as much information from the
original data as possible while ensuring the independence among
components. Therefore, the digital economy index was calculated
using principal component analysis. To facilitate the comparison of
the level gap among cities in different years, the results were
standardized according to the methods of Pan et al. (2022) (Eq.
6), and the processed results ranged between 0 and 1:

ordigital;, — ordigital,,;,

DIG; (6)

- ordigitalming,, — ordigital,,
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FIGURE 4

Development and changes of the digital economy in Chinese Cities.

where ordigital, represents the index of the digital economy;
ordigital,,.x and ordigital,,;, indicates the maximum and
minimum values, respectively; DIG; represents ordigital; after
standardization.

Figure 4 shows that since 2012, the level of digital economy in
municipalities, which are directly under the central government,
and that of provincial capital cities, has undergone a leapfrog
development, but the differences among cities are obvious, leading
to a digital divide. In the eastern region represented by cities such
as Shanghai, Nanjing, Hangzhou, and Guangzhou, the digital
economy is in a leading position, higher than the other
regions, especially in the western region represented by
Nanning, Yinchuan, and Chongqing. The digital economy is
developing at a slower pace. As a globally influential inland
economic belt, the Yangtze River Economic Belt (YREB)
occupies half of China’s population and total economic output.
Its digital economy started earlier and has more effectively
gathered resources such as capital, talent, and information;
therefore, its level of digital economy development is ahead of
non-YREB cities.

Based on previous theoretical analysis, this study constructed
mediation and threshold variables from the dual dimensions of ISU
and TI, in addition to exploring the transmission path of the digital
economy to the LCSD. Industrial structure rationalization (ISR) and
industrial structure advancement (ISA) were selected to measure
ISU (Zhu et al, 2019). Among them, Industrial structure
rationalization is a measurement of the coupling degree between
factor input and output structures (Shao et al., 2023); however, these
might offset the deviation among industries, resulting in a “false”
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rationalization of industrial structure. Accordingly, the present
study drew inspiration from the improved practices of Zhu et al.
(2019) and measured the industrial structure rationalization by
calculating the Thiel index, as shown in Eq. 7:

7)

where Y is the value of production, the unit is hundred million yuan.
L is the total employment, and the unit is ten thousand people, Y;/Y
and L;/L, respectively, represent the output value and labor force
proportion of the i industry, and ISR is the reverse indicator of Thiel
index values. Notably, the industrial structure is optimized as the Tel
index decreases. In the present study, range standardization was
used for forward processing.

Industrial structure advancement is reflected by calculating
the angle value of the industrial structure, which includes two
definitions: the evolution of proportional relationships among the
three industries and the improvement of labor productivity.
(2022), this study
advancement

Referencing the idea of Sun et al

constructed the industrial structure index

according to Eq. 8:

3
ISA =) SiF; 8)

i=1

where S;; and F;; respectively represent the proportion of the output
value to GDP and the labor productivity of the ith industry at time t,
the units of S;; and F;; are %. The larger the share of industries with
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higher labor productivity, the greater the industrial structure
advancement value. On this basis, the comprehensive ISU index
for each city was calculated using the global entropy weight method.

TI plays a critical role in achieving environmentally sustainable
development and carbon neutrality. Referring to Wang et al.
(2021), the natural logarithm of green patent applications
adding 1 was taken as the measure of TI. Here, the TI level
increases with the value. The green patent applications were
sorted through the International Patent Classification number
of the “Green List,” along with the patent application
information China National
Property Administration. The present study selected patent

supplied by the Intellectual
applications instead of authorizations, as there is a time
difference between the application and authorization of a
patent, impacting overall scheduling and efficiency. Further,
patent authorizations are susceptible to the preferences of
patent agencies, policy fluctuations, and other factors.

To more comprehensively and accurately analyze how China’s
digital economy affects the urban LCSD, it is crucial to control the
important variables that affect the LCSD. This study selected the
economic development level (EDL), openness to the outside world
(OP), level of urbanization (URB), human capital (HC), and
government intervention (GI) as the control variables. Improving
regional economic development requires the enlargement of
economic scope, the increment of resource utilization efficiency,
and the enhancement of technological innovation ability, thereby
promoting LCSD advancement. Simultaneously, the only theory of
GDP growth brought about via the enlargement of economic scope
may inhibit China’s LCSD (Li et al., 2021). Under the relatively new
situation of openness, free trade, and investment will increase the
speed of economic growth, thus improving the output level of
resources and environmental inputs. Following the influence of
there
environmental quality, which has an important impact on green

scale economies, is a gradual improvement in
low-carbon development. The academic community maintains two
different views on this matter, namely, “pollution refuge” and
“pollution halo” (Li et al., 2020). Improving level of urbanization
can improve urban public service facilities, promote the
transformation and advancement of economic structures, as well
as accelerate the construction of compact and intensive urban
agglomerations. Human capital is the source for promoting the
of development.

Optimizing and allocating human resources will have a positive

environmental  protection technological
impact on LCSD. Simultaneously, the improvement of human
capital displays a lag, which can make the impact insignificant.
The government can facilitate the green transformation of
enterprises by formulating green market trading rules, controlling
green market entry conditions, and strengthening market moral
constraints. Moreover, local governments may strive for high GDP
at the cost of damaging the environment while pursuing the
“promotion championship” of maximizing economic benefits,
with negative implications for sustainable economic development
(Liu et al,, 2022). The specific original indicators were the logarithm
of per capita GDP, the proportion of utilized foreign investment in
GDP, the logarithm of population density, the proportion of
college students in universities to the total population at the
end of each year, and the proportion of general public budget
expenditure in GDP.
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TABLE 2 Impact of the digital economy on low-carbon sustainable
development.

Variable (1) (2) (3)
DIG 0.3658%** 0.2106%** 0.2616%**
(0.1357) (0.0814) (0.0913)
EDL 0.0116%** 0.0109%*
(0.0013) (0.0013)
OP —0.9401 —-0.8361
(0.8314) (0.8122)
URB 0.0154** 0.0141**
(0.0075) (0.0079)
HC 0.0065** 0.0084**
(0.0031) (0.0037)
GI —0.0273** —0.045
(0.0137) (0.0386)
cons 0.2828%** 0.4601%%* 0.5244%%*
(0.0156) (0.0613) (0.0815)
Urban fixed effect YES NO YES
Year fixed effect YES NO YES
Obs 2970 2970 2970
R? 0.2334 0.2206 0.3256

4.2 Data description

This study focused on 270 Chinese cities from 2011 to 2021 and
obtained 2970 sets of panel data. All price-related variables were
normalized involving prices, considering 2011 as the base period.
The data of the LCSD were retrieved from the China Urban
Statistical Yearbook (2012-2022) and China Environmental
Statistical Yearbook (2012-2022), whereas the measurement data
of the digital economy were retrieved from the Digital Inclusive
Financial Index (2012-2022), Statistical Yearbook of China’s
Industrial Economy (2012-2022), and the Statistical Yearbook of
China’s Third Industry (2012-2022). Partial missing data are
processed by referring to the annual statistical reports of
prefecture-level cities and fitting them via linear interpolation.
Descriptive statistics are displayed in Table 1.

5 Empirical analysis, results, and
discussion

5.1 Benchmark regression results

Excluding the issue of endogeneity, this study derived the fixed
effects model through the Hausman test; the results are displayed
in Table 2.

In Column (3), the estimated coefficient of the digital economy
was significantly positive(p < 0.01), indicating that the digital
economy development has a positive impact on LCSD. In the
booming stage of the digital economy, with the rapid progress of
high-tech, the joint construction and sharing of network
infrastructure have been promoted, leading to the transformation
of the traditional industrial economy into an intelligent industrial
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economy, reducing social transaction and information search costs,
and improving resource allocation efficiency (Luo et al., 2022). The
continuous innovation of communication technologies such as big
data, cloud computing, and cloud storage, has improved the balance
between supply and demand, while forming economies of scale
effects, thus promoting LCSD improvement.

After adding two-way fixed effects and control variables, the
influence coefficient of the economic development level was
significantly positive(p < 0.01), indicating that cities with more
developed economies focus more on green innovation, and
possess stronger green innovation ability as well as low-carbon
development awareness. The influence coefficient of OP was
negative and insignificant, possibly due to the absorption of high
energy consumption and high pollution industrial transfers by
openness. Meanwhile, the introduction of foreign capital can
readily lead to technological dependence, which restricts the
enhancement of the level of urban independent innovation; thus,
its impact on LCSD is insignificant. The influence coefficient of
urbanization level was significantly positive (p < 0.05), showing that
its rise was conducive to the integration of urban resources, as well as
the advancement of urban operational efficiency. The coefficient of
human capital was also significantly positive (p < 0.05), supporting
that its input enhanced the ability of urban scientific and
technological innovation and optimized resource allocation,
the
development. Although the influence coefficient of government

injecting new vitality into urban green low-carbon
intervention was negative, it was not significant following the
addition of the two-way fixed effect, indicating that the
government may be restricted by budget and investment use
during the process of intervention in environmental protection
and governance, in addition to the presence of certain
limitations. Accordingly, it appears that government intervention

has not become the primary support of urban LCSD.

5.2 Endogenous analysis

Endogeneity issues are commonly encountered in economics.
Here, endogenous factors may have arisen from the following
sources: First, when analyzing the factors that affect the urban
LCSD, the control variables considered here may not encompass
all influencing factors, leading to missing variables. Second, the
improvement of low-carbon economy level benefits from the digital
economy development, and the digital economy development itself
may be influenced by the technological strength represented by low-
carbon development, leading to a potential two-way causal
relationship between them. Accordingly, this study adopted the
instrumental variable approach to mitigate potential endogenous
issues and more accurately analyze the net effect of the digital
economy on LCSD.

Regarding the construction of the instrumental variable and
drawing on the methods of Sun et al. (2023), telephone ownership
per 10,000 people in each city in 1984 was taken as the instrumental
variable for the digital economy. The reasons are as follows: First, the
development of traditional Internet technology originated from the
telephone line dialing intervention service, and then ushered in the
rapid development of integrated services digital networks and fiber
broadband access technology. Accordingly, the birth of the digital
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economy depends on traditional communication and post-
telecommunications industries, and the area with earlier and
more telephones may correspond to that with the highest
penetration rate of the Internet, as well as the area with the most
rapid digital economy development; however, with the advancement
of information technology, the fixed-line telephone has been
replaced as the traditional telecommunication tool, and it is
unlikely to directly affect the current LCSD. To this end, the
relevance and exogenous requirements of the instrumental
variables have been met. Since the instrumental variable is
sectional data, the practice proposed by Nunn and Qian (2014)
was referred to for specific applications. Here, the interaction item
was constructed based on the number of Internet users nationwide
in the previous year and telephone ownership per 10,000 people in
1984 to obtain the instrumental variable in panel form.

Table 3 presents the regression results of instrumental
variables. After accounting for endogeneity, the influence
coefficient of the digital economy remained significantly
positive (p < 0.01). For the insufficient identification test, the
p-value of the Kleibergen-Paap rk LM statistic is 0, rejecting the
under-identification test. For the weak identification test, the
Kleibergen-Paap rk Wald F statistic is greater than 16.38 at the
10% level. Therefore, the selection of instrumental variables is
reasonable.

5.3 Mechanism analysis

The digital economy may impact LCSD through ISU and TI. To
verify this mechanism, it was analyzed using the mediation effect
model (Table 4). Column (2) shows that the digital economy has a
significantly positive promoting effect on ISU at the 1% level.
Column (3) indicates that both the digital economy and ISU
have significantly positive effects on LCSD at the 5% levels,
respectively. The estimated coefficient of the digital economy
decreased from 0.2616 to 0.1846 after considering the impact of
ISU. Specifically, ISU plays a partial mediating role in the effect of
the digital economy on LCSD, which was 0.077 and accounted for
29.43% of the total effect. Column (4) displays that the digital
economy can significantly improve the TI at the 1% level,
whereas Column (5) suggests that both the digital economy and
TT have significantly positive impacts on LCSD at the 5% level. The
intermediary effect was calculated (0.061) by comparing the
influence coefficient and accounted for 23.32% of the total effect;
therefore, ISU and TI were both effective intermediary variables for
the digital economy to promote urban LCSD. Thus, the digital
economy can improve LCSD through these variables, hence
supporting Hypothesis 1, 2.

5.4 Nonlinear analysis

With improvements in ISU and TI, the impact of the digital
economy on urban LCSD may not be linear in the traditional sense.
To verify this nonlinear feature, ISU and TT were used as variables to
test for a threshold effect during the promotion of the digital
economy on LCSD. First, the Hansen (1999) method was used as
a reference to determine the existence of a panel threshold by
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TABLE 3 Instrumental variable regression results.

Variable (1) (2)
DIG 0.2877* (0.0982) 0.1631%°* (0.0581)
Control variable NO YES
Urban fixed effect YES YES
Year fixed effect YES YES
Kleibergen-Paap rk LM 84.408 [0.0000] 62.166 [0.0000]
Kleibergen-Paap rk Wald F 87.099 63.537
{16.38} {16.38}
Obs 2970 2970
R? 0.1516 0.2758

Note:***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively; () is the robust standard error; [] is the p-value; {} is the critical value at the 10% level of the Stock-Yogo weak
identification test.

TABLE 4 Test results of the digital economy transmission path.

Benchmark regression

Variable )

DIG 0.2616*** 0.6802%** 0.1846** 5.001*%* 0.2006%**
(0.0913) (0.2055) (0.0866) (0.3394) (0.0708)
EDL 0.0109*%* 0.0015%** 0.0111%%* 0.0219%* 0.0107%**
(0.0013) (0.0004) (0.0015) (0.0049) (0.0015)
OoP —-0.8361 —0.2079*%* -1.0871 -0.4761 -1.076
(0.8122) (0.0589) (0.8424) (0.7840) (0.8417)
URB 0.0141%* 0.0024 0.0161** —-0.0031 0.0103**
(0.0079) (0.0024) (0.0079) (0.0321) (0.0052)
HC 0.0084*%(0.0037) 0.0012 0.0094* 0.0462%%* 0.0099*(0.0053)
(0.0013) (0.0053) (0.0174)
GI —0.045 -0.0145 -0.0215 0.5358%** —-0.0284
(0.0386) (0.0118) (0.0791) (0.0284) (0.0193)
M 0.1132** 0.0122**
(0.0561) (0.0059)
cons 0.5244*%* 0.1582%** 0.3479%%* 0.9130%** 0.3563*
(0.0815) (0.0177) (0.0737) (0.2356) (0.0728)
Urban fixed effect YES YES YES YES YES
Year fixed effect YES YES YES YES YES
Obs 2970 2970 2970 2970 2970
R? 0.3256 0.4062 0.2856 0.5013 0.2212

Note: ***, *¥, and * indicate significance at the 1%, 5%, and 10% levels, respectively; () is the robust standard error.

repeatedly sampling 1,000 times using a bootstrap method.  that with the “structural dividend” brought by the ISU, the
Subsequently, a regression model with the corresponding promotion effect of the digital economy on LCSD was
threshold number was set. continuously increasing, presenting a nonlinear change feature.
Table 5 shows that both ISU and TI have a single threshold When the TI was <6.5525, the influence coefficient was
effect, with threshold values of 0.2795 and 6.5525, respectively  significantly 0.1659 at the 5% level. When the TI was >6.5525,
(Table 6). In Table 6, when the threshold value of ISU the influence coefficient was significantly 0.2931, indicating that
was <0.2795, the influence coefficient was negative and had no  with the increase of the TI level, the promotion effect of the digital
significant impact, whereas when it was >0.2795, the influence = economy on LCSD increased marginally, and nonlinear
coefficient was significantly 0.2179 at the 1% level. This indicated  characteristics still existed, thereby supporting Hypothesis 3.
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TABLE 5 Threshold effect test.

10.3389/fenrg.2024.1425313

Threshold Threshold F Statistic p-value 10% critical value 5% critical value 1% critical value
variable number
ISU Single threshold 15.82% 0.0467 13.2528 15.4675 212557
Double threshold 268 0.8333 9.6221 11.6998 16.5431
TI Single threshold 29.29%* 0.0133 18.9104 22,5154 30.9682
Double threshold 9.54 0.4400 18.4526 25.2709 31.7537

Note:***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively; the p-value was obtained by repeated sampling 1,000 times via a bootstrap method.

TABLE 6 Regression results of the threshold model.

Variable

Threshold variable

DIGj; x I(Adji <6) -0.0357 0.1659** (0.0806)
(0.1811)
DIG; x I1(Adj; > 6,) 0.2179%%* 0.2931%%* (0.0762)
(0.0823)
EDL 0.0091** 0.0117%*
(0.0040) (0.0029)
OoP —-1.2387 -1.0667
(0.9785) (0.8573)
URB 0.0331%* 0.0394**
(0.0086) (0.0011)
HC 0.0073 0.0116*
(0.0065) (0.0061)
GI -0.0167 -0.0192
(0.132) (0.0131)
cons 0.5791%%* 0.5872%%*
(0.1079) (0.1098)
Threshold value 0.2795 [0.2695 0.2810] 6.5525 [6.2120 6.6386]
Urban fixed effect YES YES
Year fixed effect YES YES
Obs 2970 2970
R? 0.1425 0.1943

Note: ***, *¥, and * indicate significance at the 1%, 5%, and 10% levels, respectively; () is the robust standard error; [] is the confidence interval of the threshold value.

5.5 Heterogeneity analysis

Owing to various geographical locations and resource
endowments, LCSD and the digital economy displayed marked
regional characteristics. To explore the differences in the impact
of the digital economy on urban LCSD, this study divided the sample
cities into eastern, central, and western cities based on their
geographical locations. The results are listed in Table 7. The
urban digital economy in the eastern and central regions
significantly promoted LCSD, while there was no significant
impact in the western region (Li et al., 2021). The reason may be
that compared with western regions, the central and eastern regions
digital
infrastructure, higher technological innovation levels, greater
digital

maintain higher economic levels, more complete

economy development levels, and an improved
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development dividend of the digital economy, the promotion
effect on LCSD is more apparent. However, the digital industry
in western regions is rare, where the digital economy development is
relatively lagging; therefore, its effect on improving the level of LCSD
has not yet been shown.

The YREB is China’s economic center of gravity and vitality and
has an important strategic position in promoting sustainable
economic and social development. In this study, China’s cities
were divided into YREB and non-YREB cities to test for
heterogeneity. The results suggest that the digital economy
significantly contributes to LCSD in two types of cities. However,
as a globally influential inland economic zone and a pioneer
demonstration zone for ecological civilization construction, the
YREB not only expands the positive externalities of the digital
economy but also promotes urban low-carbon development (Luo
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TABLE 7 Heterogeneity test results.

10.3389/fenrg.2024.1425313

Variable Eastern Central Western Yangtze River Non-Yangtze River ML
cities cities cities economic belt economic belt
DIG 0.4356*** 0.2406** 0.1371 0.3639* 0.2531°* 0.2584%* 0.2256**
(0.0678) (0.0644) (0.0913) (0.0667) (0.1241) (0.0413) (0.0544)
DIG*ML 0.0504***
(0.0055)
DIG*ER 0.0039***
(0.0012)
Control YES YES YES YES YES YES YES
variable
cons 0.4934%%* 04853 0.4173%% 04752 0.5866** 0.4865* 04715
(0.1211) (0.0876) (0.1337) (0.1538) (0.1251) (0.0626) (0.0615)
Urban fixed  YES YES YES YES YES YES YES
effect
Year fixed effect = YES YES YES YES YES YES YES
Obs 1056 1100 814 1155 1815 2970 2970
R 0.2466 0.397 0.2493 0.2227 0.1933 0.2664 0.2811

Note: ***, *¥, and * indicate significance at the 1%, 5%, and 10% levels, respectively; () is the robust standard error. ML, has no unit, and the unit of ER, is %.

et al, 2022), resulting in a higher impact than that of non-
YREB cities.

The digital economy in different regions may have varying
impacts on LCSD due to differences in ML, ER, and other
factors. Therefore, this study will conduct an extended
heterogeneity analysis from two dimensions: ML and ER. ML is
represented by the marketization index of various provinces and
municipalities in China (Guo et al., 2022), and ER is measured by the
comprehensive utilization rate of industrial solid waste in each city
(Lietal, 2021). Regression results show that the interaction terms of
the digital economy with ML and ER are significantly positive at the
1% level (Table 7). The improvement of urban green and low-carbon
development by the digital economy is positively regulated by ML
and ER. Cities with elevated ML and robust ER tend to prioritize
intellectual property rights, formulate and implement targeted
innovation support and environmental protection policies,
enforce rigorous market supervision, and foster a conducive
environment for cultivating dynamic new formats in the digital
economy; Conversely, cities with lower ML and weaker ER may be
dominated by administrative power and face more restrictions on
factor mobility, hindering the green and low-carbon transformation
of enterprises and diminishing the promotion effect of the digital
economy on urban LCSD.

5.6 Robustness test

5.6.1 Bilateral reduction and truncation analyses

To avoid the impact of outliers and extreme values, this study
conducted bilateral reduction and truncation analyses on the LCSD
at the 1% level. Table 8 suggests that the influence coefficient of the
digital economy on urban LCSD remained significantly positive,
indicating that the benchmark regression results in this study were
robust when considering outliers and extreme values.
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5.6.2 Replace the core explanatory variable

In this study, the principal component analysis was used to
calculate the digital economy index. To further verify the robustness
of the regression results, the global entropy weight method was used
here to recalculate the values (Table 8). Column (3) indicates that the
size and symbol of the influence coefficient for the new digital
economy index on LCSD did not change evidently; thus, the
regression result is robust.

5.6.3 Change the instrument variable

We have used the 1984 telephone ownership data per
10,000 people as the instrumental variable to resolve the
endogenous issue; however, the control variable may also
maintain the endogenous issue because of “reverse causality.” To
address this, the digital economy lagging by one period was selected
as the new instrumental variable, while all other control variables
were also treated with a one-stage lag. The results showed that the
digital economy had a significant positive at the 1% level
(Table 8, Column (4)).

6 Conclusion and policy
recommendations

Based on the major strategic opportunities for a rapid digital
economy and the strategic orientation of low-carbon development
advocated in the “14th Five-Year Plan,” this study included 270 cities
in China as the perspective and calculated the urban LCSD and the
digital economy index by the annual urban-level panel data from
2011 to 2021. Further, the impact and mechanism of the digital
economy on LCSD were systematically tested using the panel fixed
effect, intermediary effect, panel threshold, and grouping regression
models producing the following conclusions: first, overall, the digital
economy has significantly promoted urban LCSD and has become a
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TABLE 8 Robustness test results.

10.3389/fenrg.2024.1425313

(1) (2) (3) (4)
Bilateral Bilateral Replace core explanatory Change instrument
reduction truncation variables variable
DIG 0.2650* 0.3340%%* 0.2584*%*
(0.1307) (0.1296) (0.0524)
L.DIG 0.2896***
(0.0885)
Control variable YES YES YES NO
L. Control variable NO NO NO YES
Urban fixed effect YES YES YES YES
Year fixed effect YES YES YES YES
Kleibergen-Paap rk LM 1480.075 [0.0000]
Kleibergen-Paap rk 3776.825
Wald F {16.38}
Obs 2970 2912 2970 2700
R? 0.2174 0.2816 0.2251 0.1353

Note: ***,**, and * indicate significance at the 1%, 5%, and 10% levels; () is the robust standard error; [] is the p-value; {} is the critical value at the 10% level of the Stock-Yogo weak identification

test.

key driving factor for promoting urban green and sustainable
development in the modern era. This conclusion remained valid
after considering the outliers, changing the core explanatory
variables, and adjusting the instrumental variables. Second, for
the impact mechanism analysis, the digital economy can
indirectly promote LCSD by accelerating the ISU and promoting
TI. Third, for the nonlinear analysis, the promotion of the digital
economy on LCSD will present threshold characteristics for the ISU
and TI Fourth, for the heterogeneity analysis, the impact of the
digital economy in the central and eastern regions is relatively high.
The urban LCSD in the YREB can enjoy more digital economy
development dividends. In an environment with higher levels of ML
and ER, the digital economy plays a more significant role in
promoting urban LCSD. Furthermore, applying these conclusions
globally can provide valuable insights for the sustainable
development of cities worldwide.

Based on the above research conclusions, we propose the
following recommendations:

First, the construction of the urban digital infrastructure was
improved. It is necessary to leverage the green empowerment role of
the digital economy, government should constantly improve the
new digital infrastructure, such as Internet Protocol Version 6 and
5G, as well as increase investment in industries related to the big data
platforms (Nuccio and Bertacchini, 2022). Further, digital dividends
should be more extensively exploited, and high-quality development
of the urban green economy should be vigorously promoted.
Simultaneously, the relevant government should consistently
optimize the data supervision system while preventing data
leakage, data monopolies, or other impacts and providing a new
impetus for the digital economy to promote LCSD.

Second, the role of ISU and TT in promoting LCSD during digital
economy development should be strengthened. Notably, it is
necessary to optimize the positive impacts of the digital economy
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on ISU; thus, the government should take measures to guide the flow
of production factors to resource-saving and environment-
optimizing emerging industries, take ISU as the main line of
transforming the economic growth mode, and help to promote
the urban green sustainable development. Enterprises should
actively play the core role of digital technology advancement in
TI, improve the digital content of T1, shape new advantages of green
development and improve urban LCSD. Furthermore, governments
enterprises the
characteristics of the digital economy on LCSD while striving to

and must  incorporate nonlinear impact
eliminate the threshold effect during the digital economy
development, promote the linkages of the digital economy with
ISU and TI, implement differentiated market strategies, and
efficiently adjust and optimize to release the driving advantages
of the digital economy on LCSD.

Third, a diversified development strategy was implemented here.
Considering the heterogeneity of the digital economy’s impact on
urban LCSD, when formulating digital economy development
the should  fully the

characteristics and advantages of local resources, integrate with

strategies, government consider
local industrial development methods, and create a good digital
education environment. At the same time, local governments should
comprehensively promote market-oriented reforms, fully leverage
the leading role of the market in resource allocation, ensure fair
market competition through impartial market supervision, and
promote the green and low-carbon transformation of industries.
The eastern and central regions can rely on their economic
development, technological innovation, and other resource
advantages to steadily improve the digital economy, which can
have a radiating effect on exporting talent, technologies, and
achievements to the western regions, and thus drive the
development of its digital economy. The western regions can also
learn from the development experience, further strengthening the
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construction of the digital infrastructure, cultivating digital economy
pilot projects that integrate with local resources and digital
technology, guiding a new model of industrial development with
regional characteristics, and promoting the low-carbon advantages
of the digital economy to be highlighted as soon as possible. For
cities in the YREB, the government should continue to support
innovation and development of digital technology, provide more
efficient and secure digital technology platforms, and help China’s
industries upgrade to higher levels of the value chain.

The following limitations and future recommendations are
acknowledged:

1. Due to data lag, updated data cannot be used for modeling
and analysis.

2. The construction of a digital economy indicator system was
based on existing literature. In future studies, a more
reasonable indicator system to describe the digital economy
from multiple perspectives should be constructed.
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