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Carbon Neutrality

A blessing or a curse? Can digital economy 
development narrow carbon inequality 
in China?
Congyu Zhao1, Jianda Wang1, Kangyin Dong1*   and Xiucheng Dong1 

Abstract 

The importance of carbon emissions reduction notwithstanding, the issue of its inequality should also elicit 
the urgent attention of scholars. This paper first evaluates the carbon inequality between urban and rural areas based 
on a panel dataset of 30 provinces in China from 2006 to 2019. Then we quantitively investigate the role of digital 
economy development in reducing carbon inequality. We further explore the possible moderating role of residential 
disposable income in the rural areas and the impact channels in the nexus between digital economy development 
and carbon inequality. We find that (1) the relationship between digital economy development and carbon inequal-
ity is negative, and digital economy development exerts a significant mitigating impact on carbon inequality. (2) The 
nexus between digital economy development and carbon inequality is heterogeneous in terms of capital: prov-
inces endowed with lower levels of social and human capital tend to exhibit a stronger connection between digital 
economy development and carbon inequality. (3) Rural residential disposable income can not only reduce carbon 
inequality, but can also show a synergistic effect with digital economy development, which means the interaction 
between rural residential disposable income and digital economy development also restricts carbon inequality 
significantly. (4) Digital economy development works on carbon inequality by increasing environmental regulation 
and technology innovation, and these two channels show a mitigating impact on carbon inequality. We propose 
several policy implications to accelerate the reduction of carbon inequality and the improvement of digital economy 
development.
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1 Introduction
The urgent need to reduce the inequality, as highlighted 
in the 10th goal of the Sustainable Development Goals 
(SDGs) [58], underlines the fact that this issue deserves 
global attention and that solutions must be found to 
address this inequality. Simultaneously, in this era of cli-
mate change mitigation, many countries have acknowl-
edged and addressed the urgency of reducing  CO2 

emissions [23, 37, 56, 71, 96, 101], and these countries 
have also actively shouldered the responsibility of miti-
gating  CO2 emissions through Nationally Determined 
Contributions (NDC) [36, 49, 91]. Nonetheless, the phe-
nomenon of carbon inequality (CI) is pervasive and has 
become an issue that requires urgent attention [48, 74, 
97]. Specifically, the disparity of  CO2 emissions among 
different areas or groups gradually shapes CI. For exam-
ple, inequality of  CO2 emissions can be induced by inter-
national trade between economies and countries [29, 
72, 102], the inequality of  CO2 emissions varies accord-
ing to different age structures and income levels [33, 43, 
44, 78], and inequality of  CO2 emissions exists between 
urban and rural areas [26]. The former two topics of 
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CI have received attention from scholars, while the lat-
ter urban-rural gap still requires in-depth discussion. In 
particular, the dual urban-rural structure in China makes 
urban-rural CI a special problem [93], and is contrary to 
the principle of regional and provincial coordinated and 
sustainable development.

There is consensus that in past decades, the digital 
economy in China has developed vigorously and pros-
perously [59, 63, 90]. Many breakthroughs have been 
achieved in digitization and digital technology [38, 81]. 
Moreover, information and communication technol-
ogy (ICT) has become a pillar industry in the national 
economy [64]. Digital economy development (DED) has 
also caused various impacts on society, the economy, 
and energy. Specifically, DED has improved enterprises’ 
financial performance by providing less stringent finan-
cial constraints [6, 76, 84], stimulating the vitality of 
the capital market [54], and driving the development of 
energy transition and clean energy promotion [10, 80]. 
DED has also optimized the employment and industrial 
structures [30, 75], encouraged people to migrate from 
the rural areas, and led to urban development [103, 104]. 
Moreover, DED has enhanced the ability of governments 
to govern [16, 59]. More importantly, there is consensus 
in the literature that DED inhibits  CO2 emissions [42, 82, 
83], but whether DED can contribute to the mitigation of 
CI is still uncertain.

The main reason for the inequality of urban and rural 
 CO2 emissions lies in the misplacement of the alloca-
tion of energy factors and productive factors [43]. To be 
more specific, with more solid economic and infrastruc-
tural bases, as well as urbanization leading to some peo-
ple migrating to urban areas, production activities have 
become highly agglomerated in these areas, leading to 
more energy demand and a corresponding increase in 
 CO2 emissions [44]. Although  CO2 emissions in the rural 
areas are obviously less than those in the urban areas, 
they also give rise to the serious problem of energy pov-
erty [9, 12, 95]. Put differently, many rural residents have 
scant access to clean energy for cooking and heating in 
their daily lives [21, 94]. Conversely, a large proportion 
of rural people use mainly primary energy such as fire-
wood for cooking and heating. In a nutshell, the energy 
utilization rate in the rural areas is relatively lower than 
that in the urban areas. In this case, DED is conducive 
to promoting the rational allocation of energy and pro-
duction factors. On the one hand, in the rural areas, with 
the help of the digital economy platform, DED is useful 
in absorbing and collecting more social capital into the 
financial market, thus widening the financing channels 
of small and medium enterprises (SMEs) and promoting 
their green transformation [22]. In addition, DED helps 
to lower the loan threshold for rural residents, facilitating 

their ability to take out loans for clean energy equipment 
such as solar water heaters [90]. On the other hand, in the 
urban areas, DED is conducive to strengthening the regu-
lation of enterprises and firms’ pollution and  CO2 emis-
sions [16]. By integrating digital economy into financial 
institutions and government regulators, it is possible to 
realize overall regulatory and supervision coverage in the 
whole process of production, trading, and circulation. By 
raising the financing threshold of high-pollution enter-
prises and firms, environmental financing constraints can 
be achieved, which can further promote the optimization 
of urban investment and industrial structures.

Based on the above analysis, we believe DED may be 
able to reduce the disparity of  CO2 emissions in China’s 
urban and rural areas and promote the coordinated 
development of these two areas. Therefore, we want to 
examine the relationship between DED and CI using 
empirical regressions. Moreover, considering that differ-
ent provinces in China may have various capital endow-
ments, we also want to figure out whether the DED-CI 
nexus is heterogeneous or not. Additionally, if the nega-
tive relationship between DED and CI is significant, then 
we wonder how DED affects CI, and whether some fac-
tors affect the DED-CI nexus. However, the current lit-
erature has largely overlooked these issues. To investigate 
these issues, we first evaluate the situation of CI in 30 
provinces in China; based on these scores of CI, we con-
duct an empirical analysis to reveal the nexus between 
DED and CI. We also divide sample provinces into sev-
eral groups according to their capital endowment, and 
figure out the heterogeneous impact of DED on CI in 
terms of capital characteristics. Further, we examine the 
potential moderating and mediating variables to show 
the impact channels.

This paper’s contribution lies in several points. First, 
while previous research has explored the trade-induced 
inequality of carbon emissions between developed and 
developing countries, as well as CI among different 
income and age groups, scholars have paid scant atten-
tion to the inequality of carbon emissions between urban 
and rural areas within provinces. Additionally, few stud-
ies have connected the topic of DED to CI. Thus, this 
study represents a pioneering research endeavor inves-
tigating the impact of DED on CI in China, which is 
valuable for proposing measures to address CI from the 
perspective of DED. Second, the development levels 
across China’s provinces, including disparities in social 
and human capital accumulation vary, a factor researcher 
have often overlooked. Hence, we emphasize the hetero-
geneous impact of DED on CI in provinces with different 
levels of social and human capital endowments, which is 
helpful for policymakers in identifying specific targeted 
policies according to local capital levels. Third, this paper 
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examines the moderating role of rural residential dis-
posable income in the nexus between DED and CI and 
identifies a synergistic effect between rural residential 
disposable income and DED on CI, which provides valu-
able insights for the government in its efforts to alleviate 
the CI phenomenon by enhancing rural residential dis-
posable income. Moreover, two impact channels, namely 
environmental regulation and technology innovation, are 
identified, which contributes to a better understanding of 
the nexus between DED and CI.

The subsequent sections of this study are organized 
as follows. Section  2 summarizes the current literature 
and identifies the research gap. Section 3 introduces the 
necessary methodology and data. Section 4 analyzes the 
baseline regressions results and heterogeneous effect. 
Section 5 presents moderating and mediating effect anal-
ysis. Section 6 concludes this paper and provides policy 
implications.

2  Link to the literature
2.1  Research on digital economy development
In recent years, a growing body of scholars has shed light 
on the issue of DED. Many scholars focus on the meas-
urement of digital economy. For example, Pan et al. [52] 
propose to measure digital economy from the aspects 
of infrastructure, industrial scale, and spillover value. 
Among them, infrastructure emphasizes the internet 
penetration rate, industrial scale refers to the develop-
ment of high-tech industries, and spillover value lies in 
the added value of tertiary industry. Similarly, infrastruc-
ture, social impact, innovation and application, and eco-
nomic growth and jobs are considered the four pillars in 
the indication system of digital economy in Wang et  al. 
[62]. Moreover, around these four aspects of the digital 
economy, Wang et  al. [62] select a total of 21 sub-indi-
cators to measure the development status of the digital 
economy in China. By comparison, Chen [10] adopts a 
simpler way which concentrates only on five sub-indica-
tors: telecommunication business revenue, the number 
of employees in the digital economy sector, the number 
of broadband internet subscribers, the number of mobile 
phone subscribers, and the financial inclusion index.

Moreover, many studies have referred to the posi-
tive social and economic effects of digital economy. Xue 
et al. [80] investigate the impact of DED on energy con-
sumption, and focus mainly on the scale and structure 
of energy consumption. Their results show that DED not 
only increases the scale of energy consumption, but also 
promotes the optimization of the energy consumption 
structure. Based on provincial level data in China during 
the period 2011–2020, Wang et al. [70] reveal a positive 
effect of DED on urban-rural integration development. 
By using a similar dataset (i.e., the provincial-level dataset 

in China from 2010 to 2020), Li et  al. [41] demonstrate 
that DED is a driving force for green investment, particu-
larly in western China. Guo et al. [28], in identifying the 
nexus between DED and high-quality urban economic 
development, declare that DED is crucial for high-quality 
urban economic growth. They also find that human capi-
tal and green technology innovation are two important 
channels through which DED affects high-quality devel-
opment of urban economy.

2.2  Research on carbon inequality
In recent years, the topic of CI has attracted the atten-
tion of some researchers [26, 74, 85, 97]. First, the cur-
rent literature has explored the trade-induced inequality 
of energy and  CO2 emissions. By applying the multi-
regional input-output (MRIO) model, most of the 
current literature on the topic of CI investigates this 
phenomenon during the international trade process. For 
example, Zhu et  al. [102] focus on consumption-based 
 CO2 emissions in international commodity trade by using 
the MRIO model. Furthermore, Wang et  al. [72] point 
out that while global trade brings economic benefits to 
trading countries, it also makes them bear environmen-
tal costs. Therefore, the literature compares the economic 
gains and environmental losses of these trading coun-
tries by investigating embodied  CO2 emissions and the 
added value of commodities [43]. An obvious conclusion 
has been reached that for developing countries, environ-
mental losses far outweigh their economic interests from 
trade. While for developed countries and high-income 
economies, the increased welfare of their economic 
interests is greater than their decreased welfare from 
the deterioration of environmental quality [29, 33, 69]. 
This means that in international trade, some low-income 
countries are pollutant absorbers, while developed econ-
omies tend to export pollution and  CO2, leading to dis-
parities in trade-induced CI.

Second, some scholars investigate the CI topic from 
the aspect of household carbon emissions. Mi et al. [48] 
use the Gini coefficient method to calculate CI in China’s 
households according to various levels of income, and 
find that high-income households tend to generate more 
 CO2. Wang et al. [67] and Liu et al. [44] adopt the same 
method and link the issue of CI with the different income 
levels of these households.

Other research investigates the influencing factors of 
CI. To be more specific, Xu et al. [78] find that industrial-
ization, investment, and energy efficiency are three main 
factors that contribute to decreasing CI, while energy 
intensity can exacerbate CI. Similarly, Xu [77] investi-
gate the driving factors of CI from the aspect of industry, 
technology, and energy.
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2.3  Research on the nexus between the digital economy 
and inequality

Several studies have documented the relationship 
between DED and environmental inequality or income 
inequality. To be more specific, Li et  al. [40] con-
clude that DED is effective in inhibiting environmen-
tal inequality among different regions. By using the 
Theil index, the authors first calculate environmental 
inequality in terms of industrial waste emissions in 
China. Then, they find that the linkage between DED 
and environmental inequality is stronger in high pollu-
tion areas. A study by Martynenko and Vershinina [47] 
examines the impact of DED on sustainable develop-
ment and investigates the inequality phenomenon in 
society and the environment. Specifically, the authors 
reveal that DED is essential in reducing and narrow-
ing unequal and unevenly distributed environmental 
and social risks,thus, showing a positive impact on 
reducing inequality. In addition, Hodula [32] shows 
that DED and financial inclusion play significant roles 
in reducing income inequality. Similarly, Wang and 
Chen [68] construct an integrated framework includ-
ing resource dependence, DED, income inequality, 
and pollution to examine the role of DED and income 
inequality on environmental pollution in China’s cities 
during the period 2011–2018. Moreover, they highlight 
that DED affects pollution and resource dependence 
through the mediating variable of income inequality. 
Furthermore, based on data of 108 countries around 

the world, Xu and Zhong [79] reveals that digitiza-
tion is essential in alleviating the negative impacts of 
income inequality on the environment and energy.

2.4  Literature gaps
Based on the literature review, on the one hand, the 
current literature focuses mainly on CI between trad-
ing countries and economies, while neglecting CI 
within a smaller regional scope, for example, the ine-
quality of carbon emissions within a specific prov-
ince and between urban and rural areas. On the other 
hand, although the current literature has explored the 
DED-inequality nexus, most studies have covered the 
impact of DED on income inequality or environmental 
inequality, while the impact of DED on CI has received 
scant attention from scholars. Hence, we believe that 
the literature has neglected to investigate the impact of 
DED on CI or that the relationship between DED and 

CI can be moderated by other factors. A matter that 
deserves further investigation is the heterogeneity of 
the DED-CI nexus in different provinces in China.

3  Methodology and data
3.1  Methodology
This study aims to explore the CI-reduction effect of 
DED. To this end, we employ carbon inequality as the 
dependent variable and the development of the digi-
tal economy as the core independent variable. We also 
consider other control variables, including economic 
development, industry development, urban and rural dif-
ference, and investment. Specifically, a concrete specifi-
cation revealing the relationship between CI and DED 
can be shown as follows:

where CIit denotes the inequality of carbon emissions, 
and DEDit shows the level of digital economy develop-
ment. Simultaneously, we add economic growth, the ratio 
of tertiary industry output to secondary industry output, 
the urban and rural population structure, and foreign 
direct investment, which are represented by GDPit , SERit , 
URPit , and FDIit , respectively. Notably, subscript i is our 
study sample individual, namely 30 provinces in China, 
while subscript t is the sample period – 2006–2019.

To transform the above relationship into an economet-
ric estimation model, we take the natural logarithm of 
each variable; hence, we get the following formation.

The connotation of the above variables is the same as 
those in Eq.  (1); however, Eq.  (2) shows more informa-
tion about the estimated parameters. Specifically, the 
parameters β1 − β5 are our main focus. Among them β1 
represents the marginal impact of DED on CI, which we 
expect to be negative. In other words, we assume that 
the increase in DED is related to the decrease in CI. In 
addition, β0 is the constant term and εit is the error term. 
Also, we consider both the time fixed effect and the 
individual fixed effect, which are denoted as πi and µt , 
respectively.

Furthermore, the level of CI may be hysteretic; put dif-
ferently, the degree of CI in the previous year may affect 
the degree of CI in the current year, and a time series cor-
relation may exist between the two because the carbon 
emissions of a region are closely related to its economic 
and social activities, and the economic and social devel-
opment of a region is difficult to change significantly in 
the short term [88]. Hence, it is reasonable that CI has a 

(1)CIit = f (DEDit ,GDPit , SERit ,URPit , FDIit)

(2)lnCIit = β0 + β1 lnDEDit + β2 lnGDPit + β3 ln SERit + β4 lnURPit + β5 ln FDIit

+πi + µt + εit
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time series correlation. In view of the characteristics of CI, 
this paper selects an econometric model that is suitable 
for dynamic evaluation, namely the generalized method 
of moments (GMM) model [3]. In traditional estimation 
models, such as the Ordinary Least Squares (OLS) and 
Fixed Effect (FE) models, if the lag term is directly added 
to the model, it will cause endogenous problems and then 
lead to biased estimation [89]. Compared with traditional 
static econometric models, the dynamic econometric 
model, namely the GMM model, is an innovative method 
that can provide accurate and efficient estimation results 
by taking the lag terms of the dependent variable as the 
instrument variable to deal with endogenous problems 
[19, 31]. To be more specific, in this paper the system-
GMM (SYS-GMM) method is introduced as the estima-
tion approach, which is used widely in existing research 
on the topics of environmental economics and resource 
economics [4, 100]. Another similar model is the differen-
tial-GMM (DIF-GMM), which also has the ability to get 
accurate estimation results in dynamic series [2], none-
theless, SYS-GMM is preferred to DIF-GMM in that the 
former is more efficient [87].

where CIi,t−1 is the level of CI in the previous year rela-
tive to CIi,t , and the coefficient of CIi,t−1 reveals its hys-
teretic impact. Moreover, we are most concerned about 
the parameter β2 and believe it is negative.

3.2  Variables and data
We calculate the dependent variable using the Theil index 
method, which is a current mainstream method for assess-
ing inequality in the topics of income, expenditure, wealth, 
education, energy, and the environment [5, 13, 15, 24, 25, 
34, 46, 92]. The Theil index is useful for measuring inequal-
ity within a certain region or between rural and urban 
areas. Because China’s dual urban-rural structure is obvi-
ous and is related to unequal economic development, it is 
essential and interesting to explore the inequality of carbon 
emissions between these two areas [93]. Specifically, we 
first get the data on carbon emissions in China’s urban and 
rural areas from the China Emission Accounts and Datasets 
[8]. Referring to Zhao et al. [93], we calculate urban-rural 
carbon emissions inequality using the following equation.

(3)lnCIit = β0 + β1 lnCIi,t−1 + β2 lnDEDit + β3 lnGDPit + β4 ln SERit + β5 lnURPit

+β6 ln FDIit + πi + µt + εit

(4)
Inequalityit =

CEijt

CEit
· ln (

CEijt

CEit
)/(

POPijt

POPit
)

=
CEiat

CEit
· ln (

CEiat

CEit
)/(

POPiat

POPit
) +

CEibt

CEit
· ln (

CEibt

CEit
)/(

POPibt

POPit
)

where i represents the province, and t the year. j rep-
resents an urban area when j equals a, and a rural area 
when j equals b. In this regard, CEiat denotes the carbon 
emissions in urban areas in province i and year t , and 
CEibt denotes the carbon emissions in the rural areas 
in province i and year t . Similarly, POPiat denotes total 
population in the urban areas in province i and year t , 
and POPibt denotes total population in the rural areas in 
province i and year t . Hence, the CI of 30 provinces in 
China is obtained.

Subsequently, we draw the corresponding figure to 
present the level of CI during the period 2006–2019 (see 
Fig. 1). On the one hand, there is a clear declining trend 
in CI over time, indicating that this negative phenome-
non has eased. On the other hand, although the presence 
of significant disparities in CI between various provinces 
in China is evident, the gaps have diminished and con-
verged, showing successful advancement of coordinated 
regional development.

With regard to the independent variable (i.e., DED ), 
evaluating the digital economy from the perspectives of 
both the supply side and demand side provides a com-

prehensive understanding of its development and social 
impact. Examining the supply side involves consider-
ing factors such as the development of the software and 
information technology sector, infrastructure, employ-
ment, wages, and business volume. This assessment helps 
gauge the progress of the digital economy, reflecting the 
transformative effect it has on industries and its contri-
bution to social production. On the demand side, it is 
crucial to analyze how people utilize and engage with 
the digital economy. The widespread adoption of digital 
payment methods, for example, significantly enhances 
convenience in people’s daily lives. The penetration rate 
of mobile phones and the internet indicates the extent to 
which the digital economy is integrated into society. The 
number of internet users directly reflects the demand 
for digital economic services. A strong demand for the 
digital economy not only creates a larger market but also 
stimulates further innovation and application. Therefore, 
considering both the supply and demand sides provides 
a holistic view of the digital economy, encompassing its 
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development, impact, and potential for growth. Based 
on the above analysis, we construct a comprehensive 
framework to assess the level of DED in China. We select 
nine indicators from each side to measure DED, and the 
framework of a comprehensive digital economy indica-
tion system is shown in Table 1.

After constructing a comprehensive indicator system, 
we use the entropy weight method to calculate the score 
of the DED. Figure 2 shows the specific level of DED in 
each province in China during the period 2006–2019. 
There are different degrees of DED in the various prov-
inces of China. Specifically, the level of DED in the devel-
oped eastern coastal provinces such as Beijing, Shanghai, 
and Guangdong is high, while in the western regions, 
such as Gansu and Qinghai, the level of DED is relatively 
lower. In addition, it is obvious that as time goes by, the 
level of DED in China shows a significant upward trend.

We also consider four control variables which are con-
nected not only with our dependent variable, but are 
also linked with the core independent variable. They are 
economic growth (denoted by GDP ); industrial struc-
ture transition (denoted by SER ), which is measured by 
the proportion of added value in tertiary industry to that 
in secondary industry; the population structure between 
the urban and rural areas (denoted by URP ), which is 
measured by the proportion of the urban population 

to the rural population; and foreign direct investment 
(denoted by FDI ). Notably, we get the above data on the 
control variables from the China Statistical Yearbook 
[14]. Therefore, by employing a panel dataset of prov-
inces in China (we do not include Hong Kong, Macao, 
Taiwan, and Tibet due to inaccessible data) during the 
period 2006–2019, we empirically investigate the possi-
ble CI-reduction effect brought by DED. Specifically, we 
list a detailed summary of these variables in Table 2. We 
also show the distribution characteristics of each vari-
able in Fig.  3. Obviously, the dependent variable shows 
a decreasing trend over time, while all five independent 
variables increase over time.

4  Results analysis
4.1  Panel cointegration test
A panel cointegration test can help determine whether 
a linear combination of non-stationary variables is sta-
tionary or not. Before conducting baseline regressions, 
we first use the Westerlund ECM Cointegration pro-
posed by Westerlund [73], and present the results in 
Table  8 in Appendix. The null hypothesis of this test is 
of no cointegration [27, 98]. Specifically, the statistics of 
Gt and Ga mean that rejecting the null hypothesis should 
be considered as evidence of cointegration in at least one 
cross-sectional unit, and the statistics of Pt and Pa mean 

Fig. 1 The level of CI in China during the period 2006–2019
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Table 1 The framework of comprehensive digital economy indication system

Side Measurement Property

Supply side Number of employees in software and information technology services industry positive

Salaries of employees in software and information technology services industry positive

Postal Business volume positive

Telecommunications business volume positive

Number of domain names positive

Number of websites positive

Number of web pages positive

Number of enterprises with e-commerce transaction activities positive

Software business export positive

Demand side Mobile phone penetration rate positive

Internet penetration rate positive

Number of internet users positive

Number of broadband internet port positive

Number of broadband internet users positive

Mobile internet access traffic positive

Number of computers used per hundred people positive

Software business revenue positive

Information technology service revenue positive

Fig. 2 The level of DED in each province in China during the period 2006–2019
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that rejecting the null hypothesis can be considered evi-
dence of overall panel cointegration. Our results indi-
cate that the P-values in Gt and Pt are both significant; 
thus, this test verifies that the independent variables are 
cointegrated with the dependent variable in all sample 
provinces.

4.2  Baseline regression results
In this section we analyze the impact of DED on CI based 
on our preferred estimation model (i.e., SYS-GMM). 
To be more specific, we add the control variables step 
by step, and it is obvious that all these control variables 
we chose are significant (see Table  3). The coefficients 

Table 2 Descriptive statistics of the variables

Mean refers to the average value of the variables, Std. Dev. represents standard deviation, Min, Median, and Max indicate the minimum, median, and maximum values 
of the variables, respectively

Variable Mean Std. Dev Min Median Max Unit Definitions

CI 0.0518 0.0797 0.0000 0.0186 0.5443 / Inequality of carbon emissions between urban and rural areas

DED 0.0953 0.1116 0.0062 0.0530 0.8511 / The development level of digital economy

GDP 1.91e + 04 1.78e + 04 585.2000 1.33e + 04 1.08e + 05 100 million yuan Gross national product

SER 1.1877 0.6627 0.5271 1.0360 5.2340 % The proportion of added value in the tertiary industry 
to that in the secondary industry

URP 1.6285 1.6173 0.3784 1.1332 8.6230 % The proportion of urban population to rural population

FDI 1.37e + 05 2.36e + 05 2000.0000 4.84e + 04 1.95e + 06 100 million yuan Foreign direct investment

Fig. 3 The distribution characteristics of each variable
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of the lag term of CI are all significantly positive, imply-
ing that CI in the previous year exerts a positive impact 
on CI in the current year, which verifies our selection of 
the estimation model. Moreover, as for the most impor-
tant variable, namely DED, we find that the coefficients 
of DED in these four columns are all significantly nega-
tive, showing that DED is negatively related to CI. Put 
differently, the development of the digital economy con-
tributes to the inhibition of CI. Notably, with the gradual 
increase of control variables, the coefficients of DED do 
not change much and remain stable. In column (4), the 
coefficient of DED is -0.6310, which means an increase of 
DED by 1% can trigger CI to decrease by about 0.6310%. 
DED helps to reduce people’s high energy consumption 
lifestyle during their daily life, especially while commut-
ing. By establishing a big data service platform, transpor-
tation infrastructure and facilities become more energy 
efficient and environmentally friendly. At the same time, 
people can reduce some unnecessary travel and produc-
tion activities [50, 51], thus reducing carbon emissions 
in urban areas. In addition, the digital economy is more 
embedded in tertiary industry and the service industry, 
so digitization can help promote their development [30, 
66, 81]. On the other hand, the high permeability char-
acteristic of digitization can significantly improve the 
industrial integration of agriculture, manufacturing, and 
the service industries. From this perspective, DED plays 
a significant role in upgrading the industrial structure in 
the rural areas, optimizing the rural development mode 
[17, 45]. Hence, DED reduces the imbalance of original 
energy and production factors allocation, thus promoting 
the balanced development of the urban and rural areas 
within provinces.

When it comes to the control variable, it is notable 
that GDP, SER, and FDI all positively and significantly 
influence CI, which is not conducive to mitigating CI. 
The urban areas have a sounder foundation of economic 

development, a perfect industrial structure, and com-
plete infrastructure; in contrast, economic conditions 
in the rural areas are not as advanced as those in the 
urban areas [60, 61, 99]. Therefore, economic develop-
ment may widen the urban-rural gap, instead of promot-
ing the balanced and coordinated development of urban 
and rural carbon emissions when resources are not sig-
nificantly tilted to rural areas. The same goes for indus-
trial structure. FDI tends to be concentrated in urban 
areas, particularly in first-tier cities because these cities 
have a greater presence of foreign-funded enterprises 
and transnational corporations, which are more likely to 
attract investment. As a result, there is a higher level of 
provincial investment in these areas compared to other 
regions within the province [39]. However, the urban 
and rural population structure does not exacerbate CI, 
which may be because CI is not only related to popula-
tion numbers in the urban and rural areas, but also to 
the age structure [43].

4.3  Robustness tests
We change some of the control variables and re-estimate 
Eq.  (3) (see Table  4 for the results). To be more spe-
cific, we replace the urban and rural population struc-
ture with the urban and rural consumption structure. 
We also change the original control variables of FDI 
into the transportation turnover rate. From Table  4 we 
can see that the lag term of the dependent variable still 
exerts a positive impact on the current dependent vari-
able. Moreover, increasing DED is essential for reducing 
CI. The coefficient signs of each control variable are also 
consistent with those in the baseline regressions results. 
Specifically, GDP, industrial structure upgrading, and 
transportation show significant aggregating impacts on 
CI, while the urban-rural consumption structure is use-
ful for reducing the inequality of carbon emissions. The 
above results in the robustness checks verify that our 

Table 3 Baseline regression results of the impact of DED on CI

*** and ** indicate statistical significance at the 1% and 5% levels, respectively; the values in parentheses represent t statistics

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

lnCIi,t−1 0.5191*** (83.1572) 0.5081*** (47.5466) 0.5360*** (50.1183) 0.4789*** (43.5007)

lnDED -0.3296*** (-3.0423) -0.7779*** (-8.5472) -0.3628** (-2.2074) -0.6310*** (-2.9258)

lnGDP 0.7945*** (5.6258) 0.9547*** (15.1817) 0.8692*** (4.5032) 1.0553*** (8.4698)

lnSER 1.1764*** (5.1665) 0.9841*** (4.5159) 0.9746** (2.3394)

lnURP -1.0874*** (-9.3007) -1.3403*** (-5.8747)

lnFDI 0.3598*** (2.8497)

Constant -10.4948*** (-6.6909) -13.2750*** (-16.0637) -11.0463*** (-4.9314) -17.5607*** (-11.8244)

AR(1) 0.0109 0.0122 0.0108 0.0137

AR(2) 0.2531 0.2546 0.2462 0.2621

Sargan 0.9986 0.9972 0.8008 0.9996
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primary findings in the baseline regressions are reliable 
and accurate.

4.4  Heterogeneous effect analysis
To investigate whether the impact of DED on CI is het-
erogeneous in various provinces in China with differ-
ent levels of capital, we conduct a heterogeneous effect 
analysis. To be more specific, some provinces may have 
massive enterprises with a great demand for labor, and 
simultaneously the welfare of the labor force is better; in 
such a case, these provinces have a higher level of human 
capital. On the contrary, some provinces may have com-
paratively lower and insufficient human capital. The 
level of human capital is related to balanced urban-rural 
development and the inequality of carbon emissions. 
Government fiscal expenditure is also a crucial factor 
for coordinating development within a certain region. 
Government finance expenditure can help alleviate the 
imbalance of development among provinces and between 

urban and rural areas. Hence, we consider the heteroge-
neous effect in terms of human and social capitals.

In Table  5, the coefficient of DED is insignificant in 
higher human capital areas, but significant and nega-
tive in lower human capital areas. Moreover, situation of 
social capital is similar. The coefficient of DED is signifi-
cant in column (4), but insignificant in column (3), indi-
cating that developing DED is effective in reducing CI 
in areas endowed with lower social capital, but ineffec-
tive in mitigating CI in areas endowed with higher social 
capital. DED helps to promote the optimal allocation of 
resources, which makes a part of labor, capital, and tech-
nological elements diffuse from the urban to the rural 
areas [80, 103]. The provinces with lower capitals are usu-
ally located in the central and western regions, where the 
digitization level is not high, and the differences between 
the dual urban-rural structure are large. Therefore, in 
these regions, the role of digital economy in reducing CI 
is obvious. Conversely, provinces with high human capi-
tal and social capital have a strong digital economic foun-
dation. DED breaks barriers and opens a digital channel 
for factor flow [11, 38]. However, developed areas tend to 
have high capital stocks and own a high level of produc-
tion factors aggregation. Then the scale effect of capital 
and factor aggregation weakens the impact of DED on CI.

5  Further discussion
5.1  Moderating effect analysis
Considerable attention has been directed towards the digi-
tal economy as a pivotal tool for enhancing living stand-
ards, particularly for rural residents. Notably, Qian et  al. 
[55] find that emerging financial services can effectively 
elevate the income and consumption levels of rural resi-
dents. Likewise, Tang et al. [60, 61] demonstrate that the 
development of e-commerce platforms driven by the digi-
tal economy significantly contributes to the improvement 

Table 4 Robustness tests using alternative control variables

*** indicates statistical significance at the 1% level; the values in parentheses 
represent t statistics

Variable (1) (2)

lnCIi,t−1 0.5379*** (46.8711) 0.5373*** (45.7472)

lnDED -0.6814*** (-5.0701) -0.5446*** (-3.3930)

lnGDP 0.8871*** (4.8459) 0.6912*** (3.3471)

lnSER 0.9584*** (5.3801) 1.1384*** (5.0257)

lnURC -0.7519*** (-3.1978) -0.7696*** (-4.3092)

lnTRA 0.2541*** (2.9821)

Constant -11.3830*** (-5.8448) -11.9373*** (-6.0578)

AR(1) 0.0110 0.0110

AR(2) 0.2434 0.2422

Sargan 0.7711 0.8108

Table 5 Heterogeneous results by different capital characteristics of provinces

***, **, and * indicate statistical significance at the 1%, 5%, and 10% levels, respectively; the values in parentheses represent t statistics

Variable High human capital Low human capital High social capital Low social capital

lnCIi,t−1 0.7435*** (8.3170) 0.1305*** (8.6246) 0.6094*** (12.0802) 0.1455*** (3.3315)

lnDED 0.3662 (0.6925) -1.3905*** (-7.7302) 0.5697 (1.5362) -4.5686*** (-10.1446)

lnGDP -0.1355 (-0.2960) 1.7373*** (8.4292) -1.2761*** (-3.4078) 1.8676*** (5.1698)

lnSER -1.5258** (-2.1338) -1.1481 (-0.8313) 0.1894 (0.4237) 1.7613*** (3.4554)

lnURP 0.7696 (0.5549) -1.4230*** (-4.8980) -1.6162*** (-3.4631) 3.8284*** (6.9190)

lnFDI 0.2764 (0.5866) 1.3495*** (3.4307) 0.5497 (1.3734) 2.0061*** (15.0558)

Constant -2.4687 (-0.2863) -36.1704*** (-9.3924) 6.5416 (1.2405) -53.5770*** (-13.6984)

AR(1) 0.0049 0.0639 0.0068 0.0950

AR(2) 0.7046 0.2844 0.6491 0.1162

Sargan 1.0000 1.0000 0.9990 0.9995
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of residents’ living standards and income levels. Further-
more, the income level of rural residents serves as an 
indicator of the development status in rural areas. As the 
income level of rural residents increases, the disparities 
between rural and urban areas diminish significantly. This 
phenomenon correlates closely with the disparities in car-
bon emissions between rural and urban areas [43]. Conse-
quently, the disposable income of rural residents becomes 
a crucial factor that influences the impact of DED on CI.

In this section, we further explore the role of rural 
residents’ disposable income (RRDI) in the relationship 
between DED and CI. We want to check whether the 
RRDI is a moderator in the DED-CI nexus or not, and 
whether the RRDI can strengthen the impact of DED 
on CI. To this end, we employ a moderating estimation 
model and list the following estimation equation.

The results of the three columns in Table  6 corre-
spond to the above three equations. Notably, first, we 
only detect the impact of DED on CI; second, we add the 
variable of rural residents’ disposable income (denoted as 
lnRRDI ); third, we generate the interaction term between 
DED and RRDI, and then evaluate the partial impact of 
this interaction term on CI.

From the second column in Table  6 we can see that 
when adding RRDI, both the coefficient of DED and 
RRDI show negative impacts on CI, which means they 

(5)
lnCIit = α0 + α1 lnCIi,t−1 + α2 lnDEDit + α3 lnGDPit

+α4 ln SERit + α5 lnURPit + α6 ln FDIit + πi + µt + εit

(6)

lnCIit = ρ0 + ρ1 lnCIi,t−1 + ρ2 lnDEDit + ρ3 ln RRDIit + ρ4 lnGDPit

+ρ5 ln SERit + ρ6 lnURPit + ρ7 ln FDIit + πi + µt + εit

(7)

lnCIit = θ0 + θ1 lnCIi,t−1 + θ2 lnDEDit · RRDIit + θ3 lnGDPit

+θ4 ln SERit + θ5 lnURPit + θ6 ln FDIit + πi + µt + εit

play an effective role in accelerating the process of CI 
eradication. Specifically, for a 1% increase in RRDI, CI 
will be reduced significantly by 1.2168%. In addition, the 
coefficient lnDED ∗ lnRRDI in column (3) is also sig-
nificantly negative, which tells us that enhancing RRDI 
is conducive to boosting the CI inhibition effect from 
DED. Therefore, increasing the RRDI, on the one hand, 
is beneficial in decreasing CI; on the other hand, increas-
ing disposable income can generate a synthetic effect and 
enlarge the role of DED in reducing CI. In a nutshell, the 
moderator, namely the disposable income of rural resi-
dents, is a facilitating factor in the DED-CI nexus.

The disposable income of rural residents is closely 
related to the living standards and production level of 
rural residents [57]. The disposable income of rural resi-
dents can, to some extent, reflect a situation in which the 
digital economy allocates capital for rural areas. The digi-
tal economy makes the distribution of resources more 
balanced, and simultaneously improves the rural network 
and other necessary infrastructure [18]. In this regard, 
the increase of rural capital stock helps strengthen the 
positive role of the digital economy in the allocation of 
factors. That is to say, the development of rural residents’ 
disposable income and DED facilitate each other, and 
their interaction has a positive synergistic effect on soci-
ety and the environment. Thus, regardless of rural resi-
dents’ disposable income, DED, or their interaction, all 
exert a significant effect in reducing CI.

5.2  Mediating effect analysis
We have already found that a negative relationship 
exists between DED and CI; now we reveal how DED 
can negatively affect CI. In doing so, we use the mediat-
ing effect model to detect the possible internal impact 
mechanisms between the above two variables. Notably, 

Table 6 Results of the moderating role of rural resident disposable income in the DED-CI nexus

***, **, and * indicate statistical significance at the 1%, 5%, and 10% levels, respectively; the values in parentheses represent t statistics

Variable (1) (2) (3)

lnCIi,t−1 0.4789*** (43.5007) 0.5057*** (74.0685) 0.3805*** (18.2142)

lnDED -0.6310*** (-2.9258) -0.4936** (-2.0867)

lnRRDI -1.2168*** (-4.1067)

lnDED ∗ lnRRDI -0.0613*** (-3.4482)

lnGDP 1.0553*** (8.4698) 1.3648*** (6.7739) -0.6119 (-0.8450)

lnSER 0.9746** (2.3394) 1.8319*** (7.0902) 0.1736 (0.3454)

lnURP -1.3403*** (-5.8747) -0.6953** (-2.4882) 2.3787 (1.2925)

lnFDI 0.3598*** (2.8497) 0.2850*** (2.6732) 0.3734*** (4.0639)

Constant -17.5607*** (-11.8244) -8.3923* (-1.8671) -2.7200 (-0.3879)

AR(1) 0.0137 0.0116 0.0153

AR(2) 0.2621 0.2461 0.3441

Sargan 0.9996 0.8855 0.8886
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as a new modern electronic platform, the digital econ-
omy has driven the development of the internet and the 
dissemination of information and knowledge; thus, the 
governance ability of governments and their regula-
tion also become more transparent, which is verified by 
Shahbaz et  al. [59] and Zhang et  al. [82]. Specifically, 
Shahbaz et  al. [59] find a mediating role of govern-
ment governance in their study of the digital economy 
and energy transition. Zhang et  al. [82] also find that 
environmental governance is a primary channel for 
the digital economy in promoting low-carbon devel-
opment. Therefore, we take the government’s environ-
mental regulation as a mediating variable. In addition, 
the development of the digital economy relies on sci-
entific and technological research and development, 
which may contribute to the breakthrough of techno-
logical innovation. And Cao et  al. [7] find that green 
technological innovation is used as a transmission path 
through which digital finance affects energy-environ-
mental performance. Therefore, we choose techno-
logical innovation as another mediating variable. The 
specific mediation model estimation equations are as 
follows:

(8)
ln ERit = ∂0 + ∂1 ln ERi,t−1 + ∂2 lnDEDit + ∂3 lnGDPit

+∂4 ln SERit + ∂5 lnURPit + ∂6 ln FDIit + πi + µt + εit

(9)

lnCIit = δ0 + δ1 lnCIi,t−1 + δ2 lnDEDit + δ3 ln ERit + δ4 lnGDPit

+δ5 ln SERit + δ6 lnURPit + δ7 ln FDIit + πi + µt + εit

where lnER and lnTI denote environmental regulation 
and technological innovation, respectively. The results in 
the first two columns of Table 7 are about environmental 
regulation (i.e., Eqs. (8) and (9)), while the last two col-
umns in Table  7 are about energy technology (i.e., Eqs. 
(10) and (11)).

Specifically, the impact of DED on environmental 
regulation is significantly positive: when DED increases 
by 1%, environmental regulation increases by 0.0100%, 
proving that developing the digital economy can sig-
nificantly accelerate environmental regulation. Then 
the coefficient of environmental regulation in column 
(2) is -4.3869, illustrating that improving the level of 
environmental regulation by 1% can lead to a 4.3869% 
decrease in CI, which highlights the impact of DED 
on CI through environmental regulation. On the other 
hand, as for the internal impact mechanism of tech-
nological innovation, we can see from column (3) that 
the marginal impact of DED on technological innova-
tion is 0.0846, which means an increase in DED of 1% is 
linked to an enhancement of technological innovation 
of 0.0846%. In the last column, if technological innova-
tion is increased by 1%, CI can be efficiently reduced 
by 0.4176%. Thus, both environmental regulation and 

(10)
lnTIit = φ0 + φ1 lnTIi,t−1 + φ2 lnDEDit + φ3 lnGDPit

+φ4 ln SERit + φ5 lnURPit + φ6 ln FDIit + πi + µt + εit

(11)

lnCIit = η0 + η1 lnCIi,t−1 + η2 lnDEDit + η3 lnTIit + η4 lnGDPit

+η5 ln SERit + η6 lnURPit + η7 ln FDIit + πi + µt + εit

Table 7 The underlying impact channels in the relationship between DED and CI

***, **, and * indicate statistical significance at the 1%, 5%, and 10% levels, respectively; the values in parentheses represent t statistics

Explained variables: lnCI in (2) and (4); while lnER in (1), and lnRET  in (3)

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

lnCIi−1,t 0.4686*** (51.7808) 0.4849*** (84.3798)

lnERi−1,t 0.6106*** (24.4782)

lnRET i−1,t 0.8346*** (81.0994)

lnDED 0.0100** (2.0495) -1.3860*** (-5.2223) 0.0846*** (5.2026) -1.7022*** (-8.4745)

lnER -4.3869*** (-6.2190)

lnRET -0.4176*** (-3.3344)

lnGDP 0.0851*** (7.6446) 2.0927*** (12.7784) 0.3233*** (11.8647) 1.6539*** (9.9519)

lnSER 0.0206** (2.4227) 2.6043*** (8.0254) -0.0744*** (-3.0322) 2.3032*** (6.1920)

lnURP -0.0383** (-2.0150) -1.1510*** (-6.8762) 0.0430 (1.1225) -1.6153*** (-7.2323)

lnFDI 0.0013 (0.6116) 0.3802** (2.0735) -0.0973*** (-8.9068) 0.9800*** (8.5137)

Constant -0.9495*** (-9.6014) -32.1657*** (-14.2872) -0.7618*** (-3.3558) -31.2369*** (-11.9835)

AR(1) 0.0001 0.0134 0.0026 0.0114

AR(2) 0.5286 0.2770 0.5044 0.2131

Sargan 0.7820 0.9997 0.2269 0.2303
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technological innovation are vital mediators, which 
highlights that DED can play an effective inhibitory role 
in CI by boosting the improvement of environmental 
regulation and technological innovation.

The reason for the mediating effect of environmental 
regulation may be that EDE has brought about a digital 
era and a digital society. Information technology charac-
terized by digitalization, networking, and intelligence has 
provided more communication channels for economic 
and social development [63, 64, 82, 86]. Specifically, DED 
promotes the dissemination of information and news, 
reduces the deviation of government decision-making, 
and thus enhances the capacity and ability of govern-
ments’ governance [16, 59]. The development of the 
internet has also enhanced communication, understand-
ing, and trust between the government and the people 
by reducing information asymmetry and information 
costs [53]. In this way, DED is essential for improving 
environmental regulation. Down the line, an increase in 
the intensity of environmental regulation can effectively 
curb the problem of an excessive urban-rural develop-
ment gap, and simultaneously emphasize the importance 
of environmental governance, ecological protection, and 
economic development, which are paramount for coordi-
nated development within provinces.

Regarding the second mechanism of impact through 
technological innovation, cutting-edge digital technologies 
have facilitated the rapid transmission of knowledge and 
technology [62, 65, 83]. Enterprises and scientific research 
institutions can achieve technological upgrading in a short 
period for clean energy research by leveraging advance-
ments in digital infrastructure and the flow of knowledge 

and technology [20, 42]. The digital economy also reduces 
the technological innovation costs for clean energy-related 
enterprises and enhances the efficiency of their energy use. 
Furthermore, the presentation of technological innovation 
in the form of patents greatly expedites its diffusion and 
application. Thus, DED plays a vital role in allocating inno-
vative elements by promoting technology innovation and 
patents [10]. Consequently, the progress of technological 
innovation drives the widespread adoption of renewable 
energy in both urban and rural areas, expedites the trans-
formation of the energy structure, and facilitates access 
to renewable energy for rural residents in their daily lives 
[1, 35]. This, in turn, contributes to the eradication of CI 
between rural and urban areas.

Moreover, based on the findings of the moderating 
effect and mediating effect, we present Fig. 4 to show the 
relationship among DED, CI, and the moderating and 
mediating variables.

6  Conclusions
This study is among the first to evaluate the impact of DED 
on CI based on a provincial panel dataset in China for 
the period 2006–2019. We figure out the direct impact of 
DED on CI as well as its heterogeneous impact in terms of 
provinces with different levels of human and social capital. 
Then, in the moderating effect analysis, we pay attention 
to the role of disposable income in rural residential areas. 
Finally, we examine the two internal impact mechanisms in 
the DED-CI nexus. We thus get the following main results.

(1) The baseline regression results reveal that restricted 
CI can be achieved by enhancing DED because 

Fig. 4 The relationship among DED, CI, moderator, and mediators
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DED plays a crucial role in inhibiting the inequality 
of carbon emissions in urban-rural gaps. And this 
primary finding is robust when using other control 
variables to re-conduct the estimation.

(2) Heterogeneous effect analysis shows that in areas 
with a comparatively lower level of social and 
human capital, the CI mitigation effect brought by 
DED is more prominent and remarkable.

(3) Moderating effect analysis highlights the role of 
rural residents’ disposable income: rural residents’ 
disposable income is negatively associated with CI. 
Furthermore, rural residents’ disposable income 
can significantly enlarge the negative impact of 
DED on CI, which means rural residential dispos-
able income is a good moderator.

(4) Mediating effect analysis presents that environmen-
tal regulation and technological innovation are the 
two mediating variables, which means that the indi-
rect impact of DED on CI is through environmental 
regulation and technological innovation.

Corresponding policy implications are as follows. First, 
as the digital economy has a significant effect in promot-
ing the reduction of CI, governments should pay close 
attention to DED. To be more specific, from the tech-
nology perspective, we should vigorously promote the 
breakthrough of key core technologies related to digiti-
zation, and achieve the transformation and upgrading 
of existing technologies. In particular, departments and 
enterprises related to energy exploitation, processing, 
and transformation should take advantage of DED to 
improve their productivity. To reduce CI, governments 
must pay attention to the differences and inclusion of 
digital infrastructure supply. For rural residents and low-
income groups, financial resources should be invested to 
facilitate access to basic digital resources. Policymakers 
should also improve the participation of these groups in 
digitization and the application level of digitization.

Second, in provinces with different human capital and 
social capital, the relationship between DED and CI is 
different. In other words, DED plays a different role in 
CI in provinces with various capital endowments. And in 
provinces with lower human and social capital, the role 
of digitization is more obvious. Therefore, governments 
should increase the investment intensity of research 
and development (R&D) funds and provide more finan-
cial support for the development of digital equipment 
and technology. The governments should also increase 
human capital investment, especially in industries where 
digitization accounts for a relatively low proportion. This 
can be achieved by actively cultivating talents related to 
digitization. In addition, DED may have a substitution 
effect on low skilled labor. Therefore, the governments 

should increase investment in various education funds 
and pay attention to less skilled labor.

Third, to reduce CI between the urban and rural areas, 
we need to focus on environmental regulation and tech-
nological innovation. The governments first need to 
understand total carbon emissions as well as carbon 
emissions in the urban and rural areas, respectively. On 
this basis, the governments need to regulate energy con-
sumption and environmental pollution in the urban and 
rural areas. The relevant authorities should pay more 
attention to energy transformation and industrial struc-
ture transformation in the urban areas. On the other 
hand, in the rural areas, consideration should be given 
to the coordinated development of economic growth, 
energy consumption, and carbon emissions. Technologi-
cal innovation also plays a significant role in reducing CI. 
On the one hand, the governments can encourage R&D 
and the promotion of technological innovation through 
financial support and tax reduction. On the other hand, it 
is possible to establish a sharing mechanism and a diffu-
sion mechanism of energy utilization technology within 
regions and provinces to achieve a rational division of 
labor and coordinated development among regions.

Appendix

Table 8 Results of panel cointegration test

Statistic Value Z-value P-value

Gt -2.985 -4.236 0.000

Ga -1.000 7.650 1.000

Pt -12.994 -2.200 0.014

Pa -1.145 4.743 1.000
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