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The rapid expansion and implementation of digital technologies are profoundly

changing our lifestyles, production methods, and modes of exchange. However,

whether or not such change can help promote the sustainability of urban socio-

environmental systems has not been fully investigated. In this paper, we propose

a comprehensive framework that utilizes the spatial Durbin model to investigate

whether and how the digital economy contributes to low-carbon urban

development, using the panel data of 276 Chinese cities from 2011 to 2018.

This framework systematically identifies triple dimensions of low-carbon

transition taking place throughout the whole value chain system, i.e. green

innovation, production reshaping, and consumption upgrading. The finding

reveals that the digital economy in a city exerts a significant mitigating effect

on carbon emissions in both local and neighboring cities. It is also observed that

digital economy activities play a significant role in alleviating urban carbon

emissions due to their capacity to stimulate green innovation and promote

sustainable patterns of production and consumption. The robustness of these

findings is assessed through the consideration of endogeneity and substitution of

the explained and explanatory variables. This paper contributes to a systematic

understanding of the linkage between the revolution of digitalization within

economic systems and the transition towards sustainability within environmental

systems. It also provides valuable insights to policymakers on strategies to

promote and accelerate low-carbon development.

KEYWORDS

digital economy, carbon emissions, sustainable production, sustainable consumption,
low-carbon development, urban transition
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1 Introduction
The extensive economic activities driven by the Industrial

Revolution have approved to be the primary driving force for the

global warming as they are the main contributing factors for the

increased greenhouse gas emissions (Li and Lin, 2015; Liu and Bae,

2018; IPCC, 2021). Therefore, it is an urgent to accelerate the

transition of human economic activities from a high-carbon to a

low-carbon growth trajectory, which includes resource-efficient

manufacturing, business innovation with a focus on sustainability,

and the exploration of renewable energy sources (Bi et al., 2016;

Geels et al., 2016; Velenturf and Purnell, 2021). With the onset of

the Fourth Industrial Revolution, contemporary society is entering

into a novel era propelled by diverse digitalization activities, such as

artificial intelligence and cloud computing. The digitalization

revolution has been extensively emphasized and recognized as a

highly effective measure for mitigating carbon emissions (de Sousa

Jabbour et al., 2018; Cheng et al., 2021; Elheddad et al., 2021; Lyu

et al., 2023). It possesses the potential to transform the processes of

production, consumption, and transportation within the entire

economic system, which is widely acknowledged as the primary

source of CO2 emissions. However, the opposing voices argue that

the utilization of digital technologies not only fails to reduce carbon

emissions but also leads to increased environmental pollution,

electronic waste, and energy crises (Avom et al., 2020). This

controversy gives rise to two research questions (RQ) that we aim

to address. RQ.1 What is the real underlying correlation between

the concurrent developments of digital economy and the low-

carbon economy? RQ.2 How does the digital economy within a

specific city affect local and adjacent low-carbon development? The

investigation of these questions is advantageous for comprehending

the intricate interconnections among the ongoing digitalization

revolution in regional production, consumption, and energy

systems, and regional transition toward low-carbon development.

This holds particular significance for China, as its economy

undergoes a pivotal shift from high-speed and rapid economic

expansion to a focus on high-quality and sustainable development,

spurred by the objectives of attaining carbon peak by 2030 and

carbon neutrality by 2060.

The impact of digitalization transition on carbon dioxide

emissions has garnered substantial attention in the literature,

given the increasing integration of digital economy activities such

as artificial intelligence, internet utilization, and online enterprises

(Lange et al., 2020; Dong et al., 2022a; Wang et al., 2022). There are

three points of views in the literature. The initial literature branch

shows that the emergence of digital economy appears to exert a

mitigating impact on carbon emissions through various

mechanisms, including the reduction of innovation externalities

and the enhancement of energy efficiency. According to Meng and

Zhao (2022), the expansion of digital economy activities facilitates

low-carbon development by improving energy efficiency and total

factor productivity, leading to a subsequent decrease in carbon

emissions. Similarly, Wang et al. (2022) contend that the reduction

in carbon emissions can be ascribed to the rise in information and

communication technology (ICT) penetration, facilitated through
Frontiers in Ecology and Evolution 02
the modification and optimization of sectoral production structure.

It is also found that the expansion of digital application is negatively

correlated with energy intensity and carbon intensity, particularly

when it comes to the Internet and online businesses, such as e-

finance, e-commerce, and e-production (Asongu et al., 2018; Lange

et al., 2020). The second branch of existing literature holds an

opposite viewpoint arguing that the development of ICT may not

always be environmentally-friendly but could result in a rise in

carbon emissions (Usman et al., 2021). This is further supported by

by Nguyen et al. (2020), who utilized data from Argentina, Canada,

China, France, Germany, Italy, Japan, Mexico, Republic of Korea,

Russian Federation, Turkey, United Kingdom, United States. Moyer

and Hughes (2012) posited that the overall influence of ICT on the

reduction of carbon emissions is constrained by the gradual decline

in energy prices facilitated by the widespread application of ICT.

This decline consequently fuels an escalation in individuals’ energy

consumption, thereby resulting in increased CO2 emissions. The

third branch of literature posits that the correlation between digital

activities in an economic system and carbon emissions cannot be

simply characterized as a binary relationship (i.e., positive or

negative). Instead, it exhibits a complex pattern, resembling an

inverted U-shaped or N-shaped curve. For example, Li et al. (2021a)

undertook an empirical investigation employing global panel data

encompassing 190 countries, in which they ascertained an inverse

U-shaped correlation between the digitalization transition and

carbon emissions. This finding is further corroborated by Li and

Wang (2022), whereas Dong et al. (2022a) put forth the proposition

that the advancement of digital economy has the potential to

decrease carbon emission intensity; however, it may concurrently

lead to an increase in per capita carbon emissions. It has also been

observed that the development of digital economy probably results

in consuming more energy and resources. For instance, enhanced

accessibility to online shopping is likely to amplify household

consumption as a whole. Moreover, the planned obsolescence of

electronic devices may engender supplementary and heightened

demands for factors such as labor, energy, and physical capital (Van

den Bergh, 2011; Kostakis et al., 2016).

The aforementioned conclusion pertaining to the influence of

digital economy activities on carbon emissions seems to be

controversial. However, when considering specific conditions or

contexts, it likely retains validity. This assertion can be supported by

three fundamental reasons. The primary reason is rooted in the

complex interplay between the revolution of digitalization and the

pursuit of low-carbon development. This correlation is influenced

by multiple factors that have been thoroughly investigated from

diverse perspectives, encompassing technological innovation and

energy conservation (Dong et al., 2022a; Ma et al., 2022; Lyu et al.,

2023), as well as population density, industrial structure

optimization and environmental regulations (Luan et al., 2022;

Ma et al., 2023). The second reason is attributed to the divergence

of methodologies employed in quantifying the digital economy

within the existing literature. Some scholars treat the ICT as a key

metric for assessing the digital economy (Lange et al., 2020),

whereas others concentrate solely on the levels of Internet usage

or online business (Li and Wang, 2022). Finally, it is important to

acknowledge that the heterogeneity in sample selection may exert
frontiersin.org
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an influence on the empirical findings. For instance, Ulucak and

Khan (2020) analyze data exclusively from the BRICs countries (i.e.

Brazil, Russia, India, China, and South Africa), while Li et al.

(2021a) conduct their study using global panel data encompassing

190 countries. The integration of these disparate viewpoints within

a comprehensive framework capable of effectively capturing the

intricate interplay between digital economy activities and the

promotion of low-carbon development indeed poses a significant

and daunting challenge.

Previous research has made significant contributions to our

understanding of environmental effects of digital economy

activities, yet there are still notable knowledge gaps that need to

be addressed. On the one hand, although several studies have noted

the carbon effect associated with the rise of digital economy

activities, these studies are still in their infancy. Most of them

only explore the impact from regional production system

perspective, such as industry structure or energy structure, while

the potential mechanism triggered by regional innovation and

consumption systems remains underexplored. The digitalization

revolution is altering the entire value chain system, whether in

terms of innovation direction, production process, or consumption

orientation. However, such mechanisms are not fully understood.

On the other hand, the spatial spillover effect resulting from the

development of digital economy activities has received limited

attention, despite extensive discussions on the associated

environmental externalities. In light of China’s development

landscape, characterized by political centralization and economic

decentralization, local governments often engage in strategic

competitive endeavors aimed at fostering economic growth and

implementing measures for environmental preservation (Xu, 2011;

Wu et al., 2020). The manifestation of these effects is expected in

both regional digital economy activities and environmental

regulatory strategies.

In this paper, we attempt to empirically examine whether and

how the rise of digital economy activities affects urban sustainability

transition by utilizing panel data collected from 267 Chinese cities

spanning the period from 2011 to 2018. First, we extend previous

work by establishing a more comprehensive and systematic

framework that documents triple trajectories of sustainability

transition within the realm of digital economy, namely green

innovation, production reshaping, and consumption upgrading.

This exploration, to our best acknowledge, is the first step to

integrate the mechanisms of green innovation as well as

sustainable production and consumption in a holistic framework.

Second, instead of relying on the general regression model, we

adopt a spatial model to assess the environmental externalities

associated with the development of digital economy. This approach

offers a clearer understanding of the pivotal role played by digital

economy activities in shaping regional or urban transition toward a

low-carbon development. Third, we endeavor to establish an

indicator that quantifies the degree of development in urban

digital economy activities by integrating three fundamental

dimensions, namely digital technology, digital infrastructure, and

digital applications. This approach diverges from previous studies
Frontiers in Ecology and Evolution 03
that solely relied on a single dimension, such as ICT or internet use,

to capture the environmental impacts of digital economy activities.
2 Theoretical basis and hypotheses

2.1 The overall effect of digital economy on
CO2 reduction

In the era of digitalization, the development strategy oriented by

digital transformation presents a novel approach to reconciling

economic growth with environmental preservation. The

implementation of digital technologies, such as the Internet of

Things, artificial intelligence, and big data analytics, serves to

fortify conventional production methods while concurrently

diminishing their energy consumption. This digital shift also

engenders novel sectors characterized by enhanced sustainability,

including digital trade, digital finance, and digital delivery (Wu

et al., 2021). Second, the current process of digital transformation is

conducive to establishing an intellectualized environment

governance system that can boost sustainable development. For

example, both central or local governments can employ digital tools

or platforms, such as digital environmental monitoring systems,

intelligent energy tracking systems, and environment-focused big

data analysis systems. This utilization aims to enhance ecological

and environmental governance, conserve energy, and elevate

information transparency, environmental accountability, and

service coordination while minimizing expenses (Zampou and

Katerina, 2011). Third, public environmental supervision seems

to be more effective and efficient in the digital era. Many studies

conducted by Jiang et al. (2021); Ren et al. (2021), and Huang et al.

(2023) suggest that social media platforms such as Twitter and

WeChat offer the general public a novel avenue to participate in

activities pertaining to cleaner production and consumption. Based

the aforementioned analysis, it can be inferred that the potential

low-carbon effects arising from digital economy activities likely are

more likely to manifest within the context of urban development.

Hence, a basic hypothesis is proposed.
Hypothesis 1a: The development of digital economy in a city

exhibits a mitigating effect on local carbon emissions.
Moreover, the digital economy serves as a novel paradigm of

economic progress, where unique incentive policies, usage patterns,

and development models are introduced, offering valuable lessons

and opportunities for neighboring regions to assimilate and

emulate. Particularly under the Chinese system of “benchmark

competition” derived from decentralized decision-making, local

governments often exhibit strategic interactions and imitation

behaviors in the development of new economy activities, with a

focus on GDP performance (Song et al., 2021; Hao et al., 2023).

Consequently, it is probable that there exists a spatial correlation

between digital economy activities and carbon emissions, giving rise

to the following hypothesis.
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Fron
Hypothesis 1b: The development of digital economy in a city

exerts a dynamic spatial spillover effect that leads to a

reduction in carbon emissions in neighboring cities.
2.2 The mechanism of digital economy
impacting on CO2 reduction

Drawing upon the perspective of value chain system, we present a

comprehensive analysis of the mechanisms through which the

development of digital economy influences CO2 reduction,

identifying three pathways: innovation transition, production

reshaping, and consumption upgrading (see Figure 1). From the

innovation transition perspective, the process of digitalizing has the

potential to stimulate green technologies and inclusive innovation.

Traditional industries are often associated with high levels of pollution

as they face difficulties in obtaining funds and resources for green

innovation and technology (De Vita et al., 2011). However, the process

of digitalization possesses the capacity to enhance the efficiency of

traditional production factors, such as land, labor, and capital. This

transformation facilitates profound alterations in established

production methods and lifestyles by making knowledge and

technology more adaptable, portable, and environmentally

sustainable (Murphree & Anderson, 2018; Banalieva & Dhanaraj,

2019; Ma et al., 2022). As a result, it catalyzes the development of

green technologies. Liu et al. (2022) confirm that the ongoing digital

revolution within the finance sector yields a favorable influence on

corporate green innovation. Wu et al. (2021) contend that the

progression of ICT facilitates the dissemination of energy-saving

technological innovations. Green innovation is widely acknowledged

as a pivotal catalyst for facilitating the transition of society from high-

emission to low-emission practices. This ultimately leads to the

hypothesis stated below.
Hypothesis 2a: The development of digital economy in a city

has the potential to reduce urban carbon emissions through

the channel of green innovation.
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From the production reshaping perspective, the digital

revolution leads to a transition in the production process, causing

a shift from the traditional value chain of network, which is

primarily oriented towards economic efficiency, to the current

digital and sustainable manufacturing system. This shift offers an

efficient solution for decreasing regional carbon emissions. On the

one hand, digital technologies can effectively integrate horizontal

and vertical production systems, unlocking environmentally

sustainable manufacturing and paving the way towards a more

sustainable industry system (de Sousa Jabbour et al., 2018).

Ciliberto et al. (2021) argue that the implementation of Industry

4.0, which encompasses production systems, information

technology, and big data analytics, exerts a positive impact on

both sustainable production and circular economy capabilities. On

the other hand, in the realm of digital production, it is possible to

incorporate a distinctive electronic identification into products.

This facilitates the gathering of data pertaining to product

utilization throughout its entire carbon emissions cycle, thereby

contributing to the mitigation of individual carbon footprints

(Martıńez et al., 2022). Hence, we posit the following hypothesis.
Hypothesis 2b: The development of digital economy in a city

can lower urban carbon emissions through the channel of

production reshaping.
From the consumption upgrading perspective, the digital

economy is regarded to be a powerful driving force that can bring

about a significant transformation in the public’s way of life. On one

hand, the utilization of digital technologies, such as big data, cloud

computing, and blockchain, has the potential to disrupt the

prevailing information asymmetry between consumers and

producers, thereby enabling consumers to make more informed

and sustainable purchasing decisions. It is argued that online

purchasing and home delivery are more environmentally friendly

and cleaner than conventional business activities (Palsson et al.,

2017). On the other hand, the digital platform, such as e-commerce,

e-finance and e-delivery, provides an alternative low-carbon

lifestyle and behavior for residents. The evidence estimated by
FIGURE 1

The mechanism of digital economy affecting on urban carbon emissions.
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Tehrani et al. (2009) shows that e-shopping can reduce air pollution

by 39% and energy consumption by 71%, by substituting delivery

vans for personal trips to the supermarket. Briefly, people’s

consumption structure can be optimized in the digital age, thus

the following hypothesis is proposed.
Fron
Hypothesis 2c: The development of digital economy in a city

can decrease urban carbon emissions through the channel

of consumption upgrading.
We build a comprehensive framework to summarize five

hypotheses mentioned above (see Figure 1). The expansion of

digital economy possesses the potential to propel the

socioeconomic system towards a transition characterized by low-

carbon principles. With regards to the innovation transition, the

revolution of digitalization offers promising prospects for fostering

green product design and green process innovation. Another

transition occurring in the manufacturing module, such as an

increase in digital production and robotics, reshapes the

production mode and leads to the optimization of production

structure. The digitalization revolution also has brought about the

transformation of the consumption module and has given rise to

new forms of consumption, such as green purchases and sustainable

online services. Consequently, the consumption structure has been

optimized and upgraded. In this case, we suggest that the transition

of the entire value chain system, including three crucial and

systematic components, i.e green innovation, production

reshaping, and consumption upgrading, acts as a moderating role

in how the expansion of digital economy activities influences low-

carbon urban development.
3 Materials and methods

3.1 Model specification

In order to test Hypothesis 1a, we establish a regression which is

based on the model developed by Dietz and Rosa (1994).

Carbit = c1 + l1Digit + d1Xit + mi + ht + ϵit (1)

Where Carb is the level of carbon emissions; Dig denotes the

level of digital economy; l1 represents the coefficient of digital

economy impacting on carbon emissions; X denotes a series of

control variables which includes population, technology, GDP as

well as FDI; d1 denotes the coefficient of the controls; i and t denotes
city and year, respectively; mi is the city-specific fixed effect, ht is the
time-specific fixed effect; it is the stochastic error term.

In order to test Hypothesis 1b, we develop Equation (1) into the

spatial Durbin model (SDM). It can be explicitly formulated as

follows:

Carbit = r o
n

i≠j,j=1
wij,tCarbjt + q o

n

i≠j,j=1
wij,tDigjt + l2Digit + d2Xit

+ mi + ht + mit (2)
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where wij is spatial weight matrix. r denotes the spatial auto-

regressive coefficient, when r≥0, it indicates that carbon emissions

in a city has a positive spatial correlation. Similarly, q represents the
coefficient of spatial spillover effect of the explanatory variable,

when q≦0, it means that the development of digital economy in a

city has a spillover effect on reducing adjacent city’s carbon

emissions, meaning that Hypothesis 1b can be supported.

Two intermediary models are introduced to investigate the

mechanisms through which the development of digital economy

activities in a city influences urban carbon emissions.

Mit = c2 + l3Digit + d3Xit + mi + ht + ϵit (3)

Carbit = c3 + l4Digit + gMit + d4Xit + mi + ht + ϵit (4)

where the item ofM denotes the mechanism variable which has

three options. The first mechanism, green innovation, is introduced

to test Hypothesis 2a. In this circumstance, if the coefficient l3 is
positive in Equation 3 and the coefficient g is negative in Equation 4,

then Hypothesis 2a is supported. The second one represents

production reshaping which is applied to test Hypothesis 2b,

while consumption upgrading is chosen as the third mechanism

to test Hypothesis 2c. Similarly, Hypothesis 2b and 2c would be

supported only if the coefficients l3 is positive and the coefficient g
is negative.
3.2 Variables

3.2.1 Dependent variable
The dependent variable, carbon emissions, is quantified by the

quantity of urban carbon emissions. The source of carbon emission

data applied in this paper is derived from Chen et al. (2020).

However, the data obtained from Chen’s study is at the county level,

not at the city level. Therefore, we applied the method presented in

previous studies (Dong et al., 2022b; Zeng et al., 2022) to transform

the county-level carbon emission data into city-level data.

3.2.2 Independent variable
Prior studies usually employ a single indicator to measure the

development of digital economy, such as internet penetration, ICT

development, or digital trade (Salahuddin et al., 2016; Asongu et al.,

2018; Li et al., 2021a). However, this method may overlook the

broader societal implications associated with the development of

various digital economy activities. In this case, we employ a

comprehensive indicator to assess the independent variable. Our

measurement of this variable relies on five distinct indicators,

encompassing the levels of internet penetration, mobile phone

penetration, employment in the internet-related sector, output of

the internet-related sector, and the development of digital finance.

The principal component analysis technique is used to process the

multi-dimensional indication. We standardize the data first, then

reduce it to a single dimension. Following that, a comprehensive

index measuring the development of the digital economy at the city

level is derived. This assessment differs from previous research in
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that it takes a complete approach that is specifically designed to

capture the multiple characteristics of digital economy activities.

3.2.3 Mechanism variables
Three mechanism variables are introduced, i.e. green

innovation, production reshaping, consumption upgrading. The

mechanism of green innovation is quantified by the per capita

number of urban green patents granted, while the evaluation of the

mechanism of consumption upgrading is determined through the

calculation of Engel’s coefficient, which is measured by the ratio of

non-food expenditure to total expenditure. It is essential to note

that the measurement of production reshaping is derived from an

index of industrial structure rationalization, borrowed from

Thayer’s coefficient.

3.2.4 Control variables
The determinants of economic development, technology

innovation and population outlined in the classical model are

considered as three control variables in this paper. The control

variable of economic development is measured by the per capita real

GDP at the city level, where the GDP deflator is computed using

1978 as the base year. Technology innovation is measured by the

per capita urban patents granted, while the control of population is

measured by the quantity of urban population per unit of land area.

According to the model generated by Dietz and Rosa (1994),

economic development and population are expected to have a

positive effect on carbon emissions, whereas technology

innovation is expected to have a negative effect. Additionally, we

also control the potential effect of foreign direct investment (FDI)
Frontiers in Ecology and Evolution 06
on urban carbon emissions, which is measured by the quantity of

foreign investment at the city level.
3.3 Data

The carbon emission data is derived from Chen et al. (2020). It

is important to acknowledge that, in contrast to conventional CO2

data obtained from energy consumption, Chen et al. (2020)

creatively utilize the original DMSP/OLS and night light data as

indicators of energy consumption. The utilization of satellite data is

advocated for its wider coverage, higher precision, and superior

fitting accuracy (Sun et al., 2020). Chen’s methodology has garnered

broad acceptance in the literature (Dong et al., 2022a; Zeng et al.,

2022). The data concerning internet penetration ratio, mobile

phone penetration ratio, employment of internet related sector,

output of Internet related sector, total employment, employment as

well as output in different sector, GDP per capita, FDI, population

size, non-food expenditure, total expenditure at the city level are

obtained from the China City Statistical Yearbook (2012-2019). The

data pertaining to the development of digital finance is sourced

from the Digital Research Center of Peking University. The data

concerning the number of patents granted and green patents

granted is sourced from China National Intellectual Property

Administration. Due to data availability, we select the panel data

of 267 Chinese prefecture-level cities during the period from 2011

to 2018 as our research samples. Notably, few missing data in our

sample is converted through the utilization of the moving average

method. Table 1 shows the definition and descriptive statistics for

the primary variables.
TABLE 1 The definition and descriptive statistics of the variables.

Variables Measurement (Unit) Mean Std. Dev.

Dependent variable

Carb Carbon dioxide emissions (Millions of tons) 31.37 25.57

Independent variable

Dig The digital economy development index -0.05 1.54

Mechanism variables

Green innovation Green patents per capita 1.34 2.96

Production reshaping Production transition index 21.96 229.4

Consumption upgrading Engel’s coefficient of consumer expenditure (%) 29.82 5.63

Instrument variables

Instrument1 The cross item of the number of post offices and Internet investment 8.37 1.80

Instrument2 The cross item of the distance from the nearest costal port and Internet users 5.03 6.31

Control variables

FDI Foreign direct investment (million yuan) 11.97 1.85

GDP Real GDP per capita (million yuan) 14.68 0.93

Population Population density (people/km2) 2.16 21.69

Technology Patents granted per capita 9.93 21.00
fr
The variables which are measured by indexation have not any unit; The number of observations are 2136 (267 cities × 8 years).
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4 Results

4.1 Spatial correlation between the digital
economy and carbon emissions

Figure 2 illustrates the temporal and spatial variations in the

development of China’s digital economy at the city level. The map

on the right exhibits a notably deeper shade in comparison to the

left, demonstrating a significant overall increase in digital economy

activities across both the eastern and western regions of China.

However, the distribution of digital economy activities across

regions is markedly uneven. On average, cities situated in China’s

coastal regions exhibit a higher development level of digital

economy activities compared to those in the inland regions.

Notably, some cities, such as Chengdu, Xi’an, and Kunming in

the inland region, still have relatively high level of the development

of digital economy activities. In contrast, the development of digital

economy in some coastal cities such as Huizhou, Suqian, and

Nanping still falls behind. This implies that the spatial factor,

which must not be overlooked, potentially plays a crucial role in

shaping the advancement of digital economy activities within a

given region. The map further reveals periodic darkening of the

digital economy index, suggesting an upward trajectory in the

growth of the digital economy.

Figure 3 depicts the geographical distribution of carbon

emissions during two periods in China, i.e. from 2011 to 2014

and from 2015 to 2018. It shows that the carbon emissions, as a

whole, trends to decrease from the East to West areas as well as

from the North to South areas. Additionally, there is a slight

decrease in carbon emissions from the period of 2011-2014 to

2015-2018, indicating that the carbon emissions has been somewhat

controlled. However, it is worth noting that cities with the highest

carbon emissions are still concentrated in specific areas, such as the

Beijing-Tianjin-Hebei region, the Yangtze River Delta.

Intuitionally, it can be observed that the dynamism of digital

economy activities in China exhibits a roughly spatial correlation

with the distribution of carbon emissions.

Table 2 presents the findings of the Moran’s index analysis

conducted on carbon emissions and the index of digital economy
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development between 2011 and 2018. The results indicate a

statistically significant positive relationship between all Moran’s

indexes at the 1% significance level. This suggests a spatial

connection between the development of digital economy activities

and carbon emissions among neighboring cities. Furthermore, the

analysis reveals an increasing trend in the Moran’s index value for

digital economy development over time, while the Moran’s index

value for carbon emissions exhibits a slight decline. In other words,

the spatial correlation of digital economy development strengthens

over time, whereas the correlation between carbon emissions and

neighboring cities weakens. These findings basically align with the

observations presented in Figures 2 and 3.
4.2 General estimation

Table 3 reports the regression results of the development of

digital economy in a city impacting on urban carbon emissions.

Column (1) presents the fixed effect model, while the spatial Durbin

models are shown in Column (2). It shows that the coefficient of

digital economy, whether in the fixed effect model or spatial Durbin

model, both exhibits a negative sign at the significance of 1%,

indicating that digital economy activities in a city indeed exert a

significant and negative impact on urban carbon emissions. This

empirical result is supportive of Hypothesis 1a, meaning that

carbon dioxide emissions in a city can be significantly reduced by

developing urban digital economy. This finding confirms the

significance of enhancing digital economy activities as a means to

mitigate carbon emissions and attain a state of low-carbon

development. This conclusion is also consistent with the

evidences provided by Zhang et al. (2022) and Yi et al. (2022).

The result from Column (2) indicates that the coefficient of spatial

weighted Dig is significantly negative, meaning that carbon

emissions in a city can be reduced by its adjacent cities’ digital

economy development. To increase the consistence, we also

conduct two regressions by substituting the SDM with the

dynamic SDM (see Column 3 in Table 3) as well as by replacing

the spatial distance weighted matrix with the economic matrix (see

Column 4 and 5 in Table 3). The findings indicate that there indeed
FIGURE 2

Spatial distribution of the digital economy index from 2011 to 2018 in China.
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remains a notable spatial spillover regarding the correlation

between the promotion of digital economy activities and the

reduction of carbon emissions. This conclusion strongly supports

the opinion illustrated in Hypothesis 1b.

Moreover, the results from Table 3 also show that the lagged and

spatial lagged items of explained variable are both positive at the

significance of 1%. It demonstrates that carbon emissions, on the one

hand, has obvious “snowball” or path dependence effect, that is, a city

would release more and more carbon dioxide as time goes by. On the

other hand, it confirms the characteristics of “race to the bottom”

occurring in the process of carbon emissions among neighbor cities.

This conclusion is also confirmed by Li and Wang (2022) as well as by

Zhang et al. (2022). It implies that the policy in a city focusing on

reducing carbon emissions not only required to be enhanced and

carried out continuously but also need to cooperate with the adjacent

cities. The coefficient of the control of Technology turns out to be

significantly negative at the 1% level in all models, indicating that

technology innovation, expectedly, has a reducing effect on carbon

emissions, whereas the coefficients of other controls of population, FDI,

and GDP per capita lack of statistical significance.
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4.3 Robustness test
There probably exists an endogenous problem within the

linkage between the comprehensive development of digital

economy and carbon emissions abatement. In this regard, we take

three measures to solve potential endogeneity. First of all, the

explanatory variable (Dig) is replaced by China’s Digital Financial

Inclusion Index. It is believed that this index, to some extent, can

reflect the development of digital economy activities (Elheddad

et al., 2021; Yi et al., 2022). The results demonstrate a significant and

negative correlation between the digital economy development and

urban carbon emissions (see Column 1 to 3 in Table 4). Moreover,

the coefficient of the weighted digital economy also exhibits a

significant negative effect. It indeed supports hypotheses 1a and 1b.

Second, we apply another alternative measurement for the

explained variable in the models (see Column 4 to 6 in Table 4),

where the level of carbon emissions is replaced by the index of

environment pollution which incorporates both urban wastewater

discharge and sulfur dioxide emissions. The finding shows that the

coefficients still exhibit similarities with the baseline estimations.

This results reconfirm that the benchmark results are robust.
TABLE 2 Moran’s I index of the digital economy index and CO2 from 2011 to 2018.

Year
Carbon emissions The digital economy index

Moran’s I Z-value Moran’s I Z-value

2011 0.178*** 6.131 0.213*** 7.277

2012 0.176*** 6.076 0.200*** 7.237

2013 0.170*** 5.818 0.230*** 8.012

2014 0.169*** 5.815 0.220*** 7.790

2015 0.173*** 5.929 0.216*** 7.504

2016 0.176*** 6.011 0.262*** 8.992

2017 0.168*** 5.766 0.268*** 9.158

2018 0.168*** 5.743 0.263*** 8.969
The global Moran’s index is calculated according to the work created by Moran (1950). ***denotes the statistical significance at the 1% level.
FIGURE 3

Spatial distribution of carbon emissions from 2011 to 2018 in China.
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Lastly, the 2SLS (two stage least square) approach is used to

figure out potential endogeneity problem. It is necessary to explain

the way of how to choose instrumental variable (IV). The IV is

ideally required to be related with the endogenous independent

variable but unrelated with the dependent variable. According to

previous studies (Huang et al., 2019; Wu et al., 2021; Yi et al., 2022),

the number of historical posts and telecommunications in 1984 is

proven to meet the requirements of IV. In this case, the number of

post and telecommunication offices per 10,000 individuals in 1984

is employed as the first IV. The statistic value concerning the first

stage regression and the F test (see Column 1 in Table 5) shows that

this IV basically meet two requirements. The result of 2SLS

approach reveals a notable and statistically significant negative

coefficient for the digital economy index (see Column 2 in

Table 5). Additionally, referring to the work provided by Zhang

et al. (2022), we still select the geographic location as another IV,

which is determined by calculating the distance between each

prefecture-level city and its nearest coastal port based on their

respective longitude and latitude coordinates. It is necessary to note

that the distance, which remains unchanged over time, is added into

a temporal dimension by multiplying it with the number of internet

users for each respective year. The first stage regression in Column
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(3) of Table 5 displays that the endogenous independent variable

(i.e. Dig) is strongly correlated with the IV. The F-statistic test

retains a value exceeding 10 and retains statistical significance at the

1 percent level, thereby indicating that the second IV is less likely to

be affected by the problem of endogeneity. The second stage

regression demonstrates that the development of digital economy

within a city can indeed diminish urban carbon emissions (see

Column 4 in Table 5). In brief, the estimation results above are

indeed robust and reliable.
4.4 Mediating effect test

Table 6 reports the findings regarding the mechanism of the

development of digital economy activities associated with the

abatement of urban carbon emissions. The process of mediating

effect test follows the procedure illustrated in Equation (3) and (4).

First, for checking the mechanism of green innovation, the

coefficient of digital economy listed in Column (1) turns out to be

positive and significant, that is, l3 in Equation (3) is significantly

positive, implying that the development of digital economy in a city

is associated with urban green innovation. It also can be seen from
TABLE 3 Baseline regression results.

Variables
(1) (2) (3) (4) (5)

FE SDM DSDM SDM DSDM

L.Carb 0.807*** 1.082***

(42.550) (518.458)

Dig -0.202** -0.219*** -0.252*** -0.231*** -0.171***

(-2.565) (-3.312) (-3.945) (-3.400) (-4.754)

FDI 0.051 0.603*** 0.393*** -0.009 -0.086***

(0.935) (3.359) (2.836) (-0.184) (-3.246)

GDP 1.099*** 0.048 -0.016 0.634*** -1.585***

(5.471) (0.951) (-0.388) (3.478) (-20.556)

Population -0.074** -0.030 -0.017 -0.025 0.002

(-1.969) (-0.619) (-0.433) (-0.502) (1.115)

Technology -0.027*** -0.033*** -0.011** -0.026*** 0.017***

(-4.964) (-6.296) (-2.369) (-5.357) (6.828)

W×Dig -2.117*** -1.788*** -0.041 -0.605***

(-3.301) (-2.666) (-0.241) (-6.695)

r 0.812*** 0.863*** 0.182*** 0.114**

(13.498) (19.648) (3.955) (2.435)

City fixed effect Yes Yes Yes Yes Yes

Time fixed effect Yes Yes Yes Yes Yes

N 2136 2136 1869 2136 1869

R2 0.110 0.017 0.845 0.004 0.993
FE, Fixed effect model; SDM, spatial Durbin model; DSDM, Dynamic spatial Durbin model; The regressions in Column (2) and (3) are based on the spatial proximity matrix, while the
estimations in Column (4) and (5) are based on the economic distance weighting matrix; *** and ** indicate significance level at the 1% and 5% respectively.
frontiersin.org

https://doi.org/10.3389/fevo.2023.1248515
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Yu et al. 10.3389/fevo.2023.1248515
Column (2) in Table 6 that the coefficient of the mechanism

variable is significantly negative, that is, g is significant, indicating
that green innovation can significantly reduce urban carbon

emissions. The results of Column (1) combined with Column (2)

confirm that the green innovation transition indeed plays a

mediating role in linking the digital economy with the abatement
Frontiers in Ecology and Evolution 10
of urban carbon emissions. It means that Hypothesis 2a

is supported.

Second, in order to test the mechanism of production

reshaping, we report the mediating effect results in Column (3)

and (4). The coefficient of digital economy appears to be both

significant and positive, suggesting that the development of digital
TABLE 4 Baseline results by substituting the explanatory and explained variables.

Variables

Replacing the explanatory variable Replacing the explained variable

(1) (2) (3) (4) (5) (6)

OLS SDM DSDM OLS SDM DSDM

L.Carb/ L.Dig. 0.817*** 0.411***

(42.857) (22.190)

Dig -0.019** -0.017* -0.017** -0.391*** -0.183*** -0.088**

(-2.010) (-1.908) (-2.288) (-9.159) (-5.569) (-2.630)

W×Dig -0.087* -0.075* 0.201 -2.734***

(-1.717) (-1.699) (0.934) (-7.190)

r 0.815*** 0.865*** 0.716*** 7.458***

(13.700) (20.021) (8.545) (91.330)

Control variables Yes Yes Yes Yes Yes Yes

City fixed effect Yes Yes Yes Yes Yes Yes

Time fixed effect Yes Yes Yes Yes Yes Yes

N 2136 2136 1869 2136 2136 1869

R2 0.112 0.001 0.234 0.113 0.107 0.001
FE, Fixed effect model; SDM, spatial Durbin model; DSDM, Dynamic spatial Durbin model. The regressions presented in Columns (1) to (3) represent baseline results obtained by substituting
the explanatory variable, whereas the estimations in Columns (4) to (6) show baseline results obtained by substituting the explained variable. All of these models are founded upon the spatial
proximity matrix. ***, ** and * indicate significance level at the 1%, 5% and 10%, respectively.
TABLE 5 The endogeneity test results.

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

First stage 2SLS First stage 2SLS

Instruments 0.129*** 0.066***

(7.473) (15.89)

Dig -4.764** -0.340*

(-2.353) (-1.750)

Constant -13.307*** -304.498*** 5.840*** 71.899***

(-24.708) (-11.827) (8.490) (29.200)

Control variables Yes Yes Yes Yes

F-test 188.28*** 56.14***

City fixed effect Yes Yes Yes Yes

Time fixed effect Yes Yes Yes Yes

N 1840 1840 2136 2136

R2 0.291 0.449 0.891 0.996
2SLS, Two Stage Least Square. The first instrumental variable is the number of historical posts and telecommunications in 1984 in Column (1) and (2); while the second one is the geographic
location in Column (3) and (4). ***, **, and * indicate significance at the 1%, 5%, and 10% levels respectively.
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economy activities contributes to the transition of urban industries

from heavily-polluting production to sustainable production. At the

same time, such transition turns out to significantly reduce urban

carbon emissions (see Column 4 in Table 6). It implies that the

mechanism of production reshaping also plays a pivotal role in

influencing the relationship between the rise of digital economy and

the abatement of urban carbon emissions. Thus, hypothesis 2b

is confirmed.

Third, we examine the mechanism of consumption upgrading

by conducting two regressions according to Equation (3) and (4) in

Table 6. In Column (5), the coefficient of digital economy exhibits a

significantly positive sign, whereas in Column (6), both the

coefficients of digital economy and mechanism variable display

negative and significant effects. These findings strongly support

hypothesis 2c, thereby confirming that the development of digital

economy activities within an urban setting significantly contributes

to the mitigation of urban carbon emissions through the channel of

consumption upgrading.
5 Discussion

Traditional manufacturing or service systems, whether for

manufacturers or consumers, are generally characterized by high

levels of energy consumption, high levels of pollution, and high

carbon emissions (Li and Lin, 2015; Liu and Bae, 2018). However,

with the advent of the digitalization revolution, a more sustainable

consumption and production system is likely constructed, which is

essential to reducing traditional environmental damage. Our

empirical evidence supports the assertion that the expansion of

digital economy activities in a city has a considerable and mitigating

effect on urban low-carbon economy. This conclusion is also

basically supported by previous studies (Wang et al., 2022; Yi

et al., 2022; Zhang et al., 2022). However, earlier studies identify a
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range of impacting mechanisms, such as energy efficiency,

environmental regulation, and technology innovation, that must

borrow from various theories rather than a systematic framework.

When various mechanisms are simultaneously applied to explain

the connection between the digital economy and low-carbon

development, it appears difficult to achieve a unanimous

conclusion. Our work endeavors to ascertain a comprehensive

mechanism that elucidates why the digital economy engenders a

mitigating, rather than exacerbating, impact on carbon emissions.

We argue that the rapid development of diverse digital economy

activities in urban China is fundamentally transforming the entire

value chain system. This transformation can be categorized into

three interdependent and complementary systems: the innovation

system, the production system, and the consumption system. Based

on our evidence, it has been confirmed that the innovation system is

undergoing a shift towards environmental friendliness in response

to the digitalization revolution. Moreover, both the production and

consumption systems are progressively adopting more sustainable

practices. In this scenario, carbon emissions across the whole

socioeconomic system in urban China have experienced a

significant decrease. It further implies that the value creation

system, in the digital age, is not only becoming increasingly

intellectualized and digitalized, but also becoming more and

more sustainable.

The impacting mechanism systematically identified from the

perspective of value chain in our exploration offers a more

comprehensive framework to explain the nexus between the

ongoing digitalization revolution occurring in the socioeconomic

system and the transition to sustainability in the eco-environmental

system. The existing mechanisms documented in the literature can

be largely generalized and encompassed within the scope of our

framework. For example, the mechanisms, such as energy

consumption and industrial structure, discussed by Zhang et al.

(2022), can indeed be broadly generalized as sustainable production
TABLE 6 The results of testing hypotheses 2a, 2b and 2c.

Variables
Green innovation Production reshaping Consumption upgrading

(1) (2) (3) (4) (5) (6)

Dig 0.227*** -0.156** 0.027*** -0.242*** 0.027** -0.187**

(7.533) (-1.994) (3.172) (-3.316) (2.405) (-2.355)

Mechanism -0.314*** -0.457** -0.465***

(-6.385) (-2.288) (-3.189)

Constant -5.511*** 10.385*** 9.408*** 65.686*** 1.025*** 14.329***

(-7.143) (3.293) (24.491) (17.256) (3.032) (4.577)

Control variables Yes Yes Yes Yes Yes Yes

City fixed effect Yes Yes Yes Yes Yes Yes

Time fixed effect Yes Yes Yes Yes Yes Yes

N 2136 2136 2136 2136 2136 2136

R2 0.850 0.151 0.873 0.996 0.207 0.102
Green innovation, production reshaping, and consumption upgrading are used as the explained variables in Column (1), (3) and (5) respectively, while the explained variable is set as carbon
emissions in Column (2), (6) and (4). ***, and ** indicate significance at the 1%, 5%, and 10% levels respectively.
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and consumption in our discussion. Similarly, the moderating role

of investments in research and development, as identified by Ma

et al. (2022), can be actually attributed to the transition of

innovation system in response to the digitalization revolution.

Abukhader (2008) proposes two concepts that precisely capture

the nature of how e-commerce (a typical activity of digital

economy) affects the environmental system. The first is eco-

effectiveness, which means “doing the right things”, while the

second is eco-efficiency, which means “doing things right”. By

integrating these two complementary concepts, our framework

proves highly beneficial in explaining why the digital economy is

important for reducing carbon emissions. The process of

digitalization in the entire value chain system involves a diverse

range of complementary actors , including inventors ,

manufacturers, and consumers. These actors are collectively

motivated by the principles of both eco-effectiveness and eco-

efficiency. To be specific, digitalization facilitates inventors in

designing environmentally friendly and low-carbon products

rather than highly polluting ones. Additionally, it encourages

consumers to choose low-carbon goods over energy-intensive

alternatives. Similarly, the digitalization process in the production

process helps manufacturers to increase eco-efficiency and decrease

carbon emissions. In general, the digitalization revolution in urban

China is undeniably driving its local economic system towards low-

carbon development. Besides, it also generates a spillover effect that

contributes to the decrease of carbon emissions in neighboring

cities. This conclusion indicates that when a region strives for low-

carbon development, it is vital not only to recognize digitalization as

a driving force in reshaping local value chain system, but also to take

into account the spillovers from neighboring regions.
6 Conclusions and policy implications

Digitalization revolution and sustainability transition initially

appear to be two distinct concepts, but they could be increasingly

integrated and synergistic in pursuit of a shared objective (i.e. low-

carbon development). This article tries to shed light on the linkage

between the digitalization revolution and the transition to

sustainability, adopting a perspective focusing on the

transformative effects of digital economy across the entirety of

value chain system. To this end, we construct theoretical and

empirical models to comprehensively detect the mechanism by

which the development of digital economy activities reduces urban

carbon emissions, based on China’s prefecture-level city data from

2011 to 2018. The result shows that the development of digital

economy can significantly reduce urban carbon emissions by the

way of driving the entire value creation system transformation,

including green innovation, production reshaping, and

consumption upgrading. The result also confirms that the rise of

digital economy has a significant spatial spillover effect on reducing

urban carbon emissions. The findings persist as robust even when

accounting for endogeneity, alternative measures of explanatory

and explained variables. This paper provides a complementary

perspective on the nature of assessing the impact of digital

economy on carbon emissions abatement at the city level,
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contributing to a better understanding of the complex

relationship between the digitalization revolution and

sustainability transition.

The findings, in this paper, have important policy implications for

China and other developing countries. First, our conclusion inspires

that the value creation system can make progress towards more

advanced and sustainable development by harnessing the potential of

the digitalization wave. Compared with traditional environment

regulation, it is necessary to pay attention to the type of digitalization

for environmental governance. The policy focus should not merely

support the digitalization infrastructure, ICT technology, artificial

intelligence, or internet penetration. Instead, it should consider the

economy system as a whole, undergoing a dual transformations of

digitalization and sustainability. This is particularly important in

China, where the consumer digital economy experiences fast growth

while the industry digital economy lags behind. It is necessary to drive

the innovation and production systems towards digitalization and low-

carbonization with the help of the Industry 4.0. Second, since

digitalization and carbon emissions both have spatial spillover effects,

local governments that support the value chain system in the direction

of digitalization and sustainability should coordinate with their

neighboring regions. More important, the supporting policies from

the central government which aims at boosting the growth of digital

economy and the decrease of carbon emissions should not be limited to

a few cities. Instead, they should focus on more typical cities across

China. Third, due to the carbon lock-in effect in particular sectors and

regions, policies for low-carbon development should be continuous

and industry-specific. For instance, in the post-COVID-19 pandemic

era, stimulating economic recovery for each country is crucial.

However, such recovery and development must not come at the

expense of environmental pollution.

Although the nexus between the digital economy and low-

carbon urban development has been theoretically and empirically

detected in our study, there may be still some limitations that

require further attention. First, the paper sheds light on the

aforementioned nexus by examining the transformation of the

value chain system led by digitalization, but we have not explored

the broader macro mechanisms including political, economic, and

cultural activities, nor have we delved into the micro mechanisms

that involve individual consciousness and its influence on

individual behaviors. Future research should aim to build a more

comprehensive framework to thoroughly explore the nexus between

the digitalization trend and the transition to a low-carbon economy.

Second, due to limitations in data availability, this paper does not

undertake any heterogeneity tests. The question of whether the

effect of digitalization on low-carbon urban development varies

across different contexts remains uncertain. It is imperative to

consider a more comprehensive analysis of heterogeneity in terms

of various regions, digitalization activities, or firm characteristics in

future studies. Third, it is worth to note that the dynamic

relationship between digital economy activities and carbon

emissions may vary at different stages of growth. Additional

research can investigate the development phase when digital

economy activities have a greater mitigating effect on carbon

emissions, as well as the moment when they generate more

spatial spillover effects to adjacent regions.
frontiersin.org

https://doi.org/10.3389/fevo.2023.1248515
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Yu et al. 10.3389/fevo.2023.1248515
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding authors.
Author contributions

WY and XT: conceptualization, formal analysis, and writing–

original draft, funding acquisition, resources, and supervision. NL

and JC: investigation, data curation, project administration, software,

and visualization. SZ: methodology, validation and writing–review and

editing. All authors contributed to the article and approved the

submitted version.
Funding

This work was supported by National Natural Science

Foundation of China (Grant No. 72273031), Major Project
Frontiers in Ecology and Evolution 13
Funding for social science research base in Fujian province social

science planning (Grant No. FJ2022MJDZ013; FJ2020MJDZ018),

and the China Scholarship Council (Grant No. 202006655010).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References

Abukhader, S. M. (2008). Eco-efficiency in the era of electronic commerce-should

‘Eco-Effectiveness’ approach be adopted? J. Cleaner Production 16 (7), 801–808. doi:
10.1016/j.jclepro.2007.04.001

Asongu, S. A., Le Roux, S., and Biekpe, N. (2018). Enhancing ICT for environmental
sustainability in sub-Saharan Africa. Technological Forecasting Soc. Change 127 (2),
209–216. doi: 10.1016/j.techfore.2017.09.022

Avom, D., Nkengfack, H., Fotio, H. K., and Totouom, A. (2020). ICT and environmental
quality in Sub-Saharan Africa: Effects and transmission channels. Technological Forecasting
Soc. Change 155 (6), 120028. doi: 10.1016/j.techfore.2020.120028

Banalieva, E. R., and Dhanaraj, C. (2019). Internalization theory for the digital
economy. J. Int. Business Stud. 50 (5), 1372–1387. doi: 10.1057/s41267-019-00243-7

Bi, K., Huang, P., and Wang, X. (2016). Innovation performance and influencing
factors of low-carbon technological innovation under the global value chain: A case of
Chinese manufacturing industry. Technological Forecasting Soc. Change 111, 275–284.
doi: 10.1016/j.techfore.2016.07.024

Chen, J., Gao, M., Cheng, S., Hou, W., Song, M., Liu, X., et al. (2020). County-level
CO2 emissions and sequestration in China during 1997-2017. Sci. Data 7 (1), 1–12. doi:
10.1038/s41597-020-00736-3

Cheng, Y., Awan, U., Ahmad, S., and Tan, Z. (2021). How do technological
innovation and fiscal decentralization affect the environment? A story of the fourth
industrial revolution and sustainable growth. Technological Forecasting Soc. Change
162, 120398. doi: 10.1016/j.techfore.2020.120398
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