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ABSTRACT
Green development is an essential requirement for the high-quality devel-
opment. In the context of the new round of technological revolution, the 
digital economy has injected new momentum into China’s high-quality 
economic development. This article aims to clarify the relationships among 
digital economy, green innovation, and green development using 
Westerlund and Edgerton (2007) cointegration test as well as pooled mean 
group (PMG) estimation and utilizing yearly data from 274 cities in China 
from 2011 to 2019. Overall, the results confirm the existence of cointegration 
relationships between green development and green innovation, between 
green development and digital economy, as well as between digital econ-
omy and green innovation, and support that digital economy and green 
innovation can affect the green development in the long-term positively. 
Additionally, while digital economy positively affects the green development 
in the short-run, green innovation cannot affect the green development. 
Furthermore, while the long-run positive impact of digital economy and 
green innovation on green development is generally established among 
eastern, central, and western regions, the short-run impact of such two 
factors on green innovation varies among different regions, seeing as both 
two variables exert no significant impact on green development in western 
region. Empirical findings offer important policy implications for the policy-
makers to attach more importance on the emerging economy model such as 
digital economy or green innovation, which can bring about long-term green 
development.
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1. Introduction

For more than 40 years in China, the traditional economic development model, in which GDP growth 
is the core indicator of economic development, has led to problems such as environmental pollution, 
which has become an important constraint to sustainable development (Wang and Shao 2019; Wang 
et al. 2019). The contradiction between economic development and ecological environment increased 
(Chen et al., 2021; Fu et al., 2023; Hickel 2019; Wang et al., 2022; Wen et al., 2023; Yang et al., 2022; Yin 
et al., 2023a; Zheng et al., 2023a; Zheng et al., 2023b). China’s sustainable development is constrained 
by social problems such as the widening gap between the rich and the poor and the inequality of 
income distribution and environmental pollution. Green development is a way of sustainable devel-
opment that balances environmental friendliness and social inclusiveness, balancing environmental 
protection and social equity in the process of economic growth (World Bank 2012). In the context of 
ecological civilization and the critical period of transformation of social contradictions, economic 
green development is undoubtedly an effective economic growth model to achieve sustainable 
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development under the new normal (Chai et al., 2022; Hao et al., 2023; Long et al., 2022; Peng et al.,  
2023; Ren et al., 2022; Xue et al., 2022; Yin et al., 2022a; Yin et al., 2023b; Zou et al., 2023). Green 
development provides an opportunity and direction for China to seek new ways of growth, making it 
possible to balance economic growth, social equity, and environmental protection. It can provide clear 
solutions to the challenges of environmental sustainability and socio-economic development (Adams  
2005; Chen, 2023; El Hafdaoui, 2024; Motla et al., 2023; Pan et al., 2024; Raihan, 2023b; Shahid et al.,  
2024; Silva et al., 2023; Wilson et al. 1998; Yahaya and Augustine, 2023; Yi et al., 2023; Zheng and 
Wong, 2024). Adams (2019) argued that green growth not only promotes economic development but 
also ensures that the natural environment continues to provide resources for human beings. Wu, 
Wang, and Chen (2019) stated that the construction of green development index model and evaluation 
system is not only conducive to the formulation of rational green development strategy but also to the 
promotion of sustainable development.

At this stage, China needs to deal with the relationship between human and nature in order to 
achieve green development (Harlan 2021). The digital economy can play a key role in transforming 
and upgrading industries, optimizing resource allocation, improving production efficiency, and 
reducing pollution emissions (Kovacikova et al. 2021). Specifically, the development of the digital 
economy has encouraged corporations to use more advanced production technologies and production 
equipment, enabling a shift in production methods from the traditional model to an advanced and 
intelligent one. Litvinenko (2020) suggested that the use of advanced digital technology in the 
production process can contribute to significant increases in productivity. The digital economy not 
only improves productivity but also reduces waste of resources and pollution emissions, helping 
companies to achieve a greening transformation (Chen 2022).

Under the era of sustainable development, the process of green innovation has led to greater reliance 
on technological innovation for economic growth. The new development model replaces the traditional 
economic development driven by cheap labor and energy and achieves the goals of ecological improve-
ment and sustainable development, ultimately leading to an overall green development of society (Awan 
and Yaqoob, 2023; Kalnbalkite et al., 2023; Li et al. 2017; Li et al., 2023; Miao et al. 2017; Mushafiq, 2023; 
Raihan, 2023a; Tchouto, 2023; Yang and Chen, 2023; Yin et al., 2022; Yolcan, 2023). Sun et al. (2020) 
believed that the inconsistency between technological change and green development level hinders 
China’s green development. Therefore, it is necessary for China to coordinate the overall green devel-
opment level from both technical and regional aspects. Furthermore, in recent years, the conclusions that 
digital and information technologies could promote quality economic development and green growth 
have been widely accepted by scholars (Bibi et al. 2022; Chakpitak et al. 2018; Jorgenson and Motohashi  
2005). However, previous studies on green development have mainly focused on the measurement of 
green development level and improved methods (Luukkanen et al. 2019; Ma et al. 2018; Wang et al. 2019; 
Zhang and Liu 2021), and influencing factors (Niebel 2018; Yuan and Xiang 2018). In addition, few 
studies have examined whether there is a co-integration relationship between digital economy, green 
innovation, and green development, and few have empirically tested whether digital economy and green 
innovation have an impact on green development. Scientifically identifying the relationship between 
these three variables can help the government better promote green development based on the current 
development level of China’s digital economy and green innovation. Hence, this article aims to reveal the 
relationship among digital economy, green innovation, and green development in China. Specifically, we 
firstly investigate that whether there exist cointegration among digital economy, green innovation, and 
green development. Once the cointegration is confirmed, we further query that what is the long-term and 
short-term relationship between the digital economy, green innovation, and green development, as well 
as the heterogeneity of in the eastern, central, and western regions of China. Finally, we also conduct the 
causality test to clarify the true relationship among such three factors.

The relationship among digital economy, green innovation, and green development in China can 
be interpreted as follows. On the one hand, the digital economy can boost economic openness and 
upgrade the industrial structure in order to improve green innovation levels (Dai et al. 2022). Savina 
(2018) stated that full digitalization and the introduction of information and communications 
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technology is a natural and inevitable process. Awan et al. (2021) suggested that the digital economy is 
developing rapidly. Its in-depth integration with different industries in the economy and in society 
promote an economic model driven by innovation (Anser et al. 2020). On the other hand, with the 
rapid development and continuous innovation of information and communication technologies, the 
way people work, learn, and communicate is changing by the digital revolution (Kehal and Singh  
2005). Su et al. (2021) pointed out that the digital economy promotes green innovation by building 
a clean and intelligent industrial chain through technological innovation. It will help shape a new 
pattern of dual-cycle development at home and abroad and achieve high-quality and sustainable 
economic development in China.

The potential contributions of our study mainly lie at following three aspects: First, this article 
empirically examines the relationship among the digital economy, green innovation, and green 
development. It also analyses the long-term impact of the digital economy and green innovation on 
green development at the level of comprehensive panel data, providing deeper insights into green 
development pathways, which is essential for building a theoretical system focusing on the digital 
revolution and green development from the perspective of green innovation. Second, we further 
construct studies in different regions to study whether there are differences in the relationship between 
digital economy, green innovation and green development. Third, this article can provide detailed 
advice on the digital economy and green innovation from the four oversight of policymakers, 
investors, regulators, and corporate sectors, as well as policy references for green development 
practices in China and other developing countries.

The remaining parts of our article are displayed as follows. The second one mainly briefly 
summarize the relevant studies, while the third one provides more details about methodology. The 
fourth part presents the empirical results and potential explanations, whereby the final one concludes 
and offers some useful suggestions.

2. Literature Review

2.1. The Impact of Digital Economy on Green Development

The existing literatures mainly focus on the influencing factors of green development. For instance, Gu 
et al. (2021) argued that environmental regulation has a multi-dimensional impact on green develop-
ment, including the direct policy-economy effect, the mediating effect of the neighbor-friendly model, 
and the moderating effect of the good-neighborly approach through media attention. Zhu and Ye (2018) 
showed that the foreign direct investment (FDI) is conducive to promoting inclusive green total factor 
productivity in China. He and Du (2022) argued that improper allocation of land resources is not 
conducive to improving the efficiency of green development in China. Sun et al. (2022) argued that 
China’s Western Region has limited local green development due to lower levels of economic output, 
green production and consumption, and larger income disparities. In addition, the more developed 
economies and higher population concentrations in the eastern and central regions posed challenges to 
ecological resource endowments and environmental management, thus inhibiting green development 
(Cheng et al. 2021). According to Miao (2021), the digital economy could bring more benefits than the 
traditional economy and generate stronger impetus for other development directions. Liu et al. (2022) 
argued that digitalization represented by the digital technologies is a central driver of green development 
in cities. Yuan et al. (2021) proposed that digital economy was entrusted with the mission of driving the 
global economy. Information technology is considered the core of the digital economy, helping to reduce 
energy consumption and boost economic growth (Usman et al. 2021). Digitalization brings more 
opportunities for sustainable development (Ghobakhloo et al. 2021). Ma and Zhu (2022) clarified the 
impact and mediating effect of digital economy on green development by employing Chinese data and 
suggesting that there exists nonlinear impact of digital economy on green development.

However, there are also some contrary views, Ren et al. (2021) believed that at different significance 
levels, the Internet has different impacts on the scale of energy consumption. At certain significance 
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levels, the Internet has a negative effect on the structure or intensity of energy consumption. Nguyen et 
al. (2020) pointed out that information and communications technology (ICT) is a driver of environ-
mental degradation. It increased carbon emissions and led to waste of technology and redundancy of 
labor.

2.2. The Impact of Digital Economy on Green Innovation

Green innovation is the output of technological innovation that integrates environmental burdens and 
draws on new ideas and technologies to reduce environmental pollution and the use of raw materials 
and energy (Albort-Morant et al. 2017). The term digital economy makes extensive use of information 
technology and includes two core areas: digitalization of industry and digital industrialization (Bukht 
and Heeks 2017). Some scholars investigated the role of digital economy in green innovation and 
argued that the digital economy has brought significant enabling effects for green innovation, driving 
changes in products, business models, and industrial patterns, and opening up new development paths 
and viable spaces for effective breakthroughs in innovation activities (Bressanelli et al. 2018; Luo et al.  
2023).

Kohli and Melville (2019) proposed that the gradual improvement of digital infrastructure has 
a positive impact on the increased frequency of innovation, the diffusion of technological innovation, 
the nurturing of high-end production factors, and the optimization of changes in the production 
chain. The digital economy promoted the harmonization of economic activities with resources and the 
environment (Teece 2018). In the process of increasing the efficiency of resource allocation, high- 
quality development with green and innovation as the key stimulated the green innovation momen-
tum of the digital economy (Zhang et al. 2021). Li and Wang (2022) pointed out that the knowledge 
spillover effect of the digital economy forced the optimization and reduction of manufacturing costs 
within the industrial system and enhanced the linkage and responsiveness to the external environ-
ment, thus achieving the goal of eco-environmental governance and resource conservation in the 
process of technological innovation. Thompson et al. (2013) similarly argued that with the help of 
digital technologies, information knowledge can be generated, shared, and exchanged in innovation 
networks in a cost-effective, rapid, and real-time manner. The increasingly innovative digital tech-
nologies in the digital economy are powerful in reducing inefficiencies and unnecessary loss of 
resources in the process of allocating resources (Ding et al. 2021). Digitalization has the effect of 
economies of scale and network economies, which not only helps resource-based companies to reduce 
the cost of information search and the consumption of resources in the industry chain but also helps to 
access innovation resources in the value network and achieve green innovation. Dai et al. (2022) 
believed that digital economy can improve regional green innovation capacity by effectively improving 
scientific research funding and human resource. Luo et al. (2023) examined the spatial impact of 
digital economy on green innovation by utilizing the city-level data of China and supported that the 
digital economy would promote the green innovation through economic openness, industrial upgrade, 
and the digital economy also exerts a spillover effect on green innovation. Ferraris et al. (2018) argued 
that the penetration of information technology into micro-enterprises could help alleviate agency 
problems and enhance the effectiveness of decision-making, potentially leading to a shift toward 
a greener development path.

2.3. The Impact of Green Innovation on Green Development

To achieve the common goal of sustainable development, innovation must be promoted, which will 
provide the basis for sustained growth and bring about new economic opportunities (Fleming et al.  
2017; Halati and He 2018). Many scholars have studied green innovation from different perspectives 
(Kunapatarawong and Martínez-Ros 2016). The results and recommendations of previous studies 
have been positive (Song et al., 2019).
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For instance, Aghion and Howitt (1992) argued that if a continuous flow of innovation is main-
tained through technological innovation so that the productivity of innovation is greater than the 
discount rate of time, it is possible to drive the economic equilibrium point outward in a new 
development phase, to obtain more economic output, and ultimately to achieve sustainable economic 
and social development. That is technological innovation is the core driver of green development. 
Wurlod and Noailly (2018) pointed out that green technology can enhance the digitalization, infor-
matization, and automation capabilities of manufacturing enterprises by providing cleaner production 
technologies. The use of the Internet had increased the intelligence of equipment and supported new 
industries and new energy to streamline processes (Ren et al. 2021). Albort-Morant, Leal-Millán, and 
Cepeda-Carrión (2016) suggested that green innovation can promote the development of green 
technology, control, and prevent pollution. In other words, green technologies could reduce or 
eliminate environmental pollution and damage at the source of production and the end product. 
Ulucak and Khan (2020) proposed that green technologies could be used to develop efficient, clean 
renewable energy sources, facilitate the transformation of pollution-intensive businesses, help encou-
rage green growth, and promote green development. Saunila (2017) argued that the green innovation 
not only helps companies to differentiate themselves competitively, but also has a green, low-carbon 
clean value. Compared with non-green technology, green technology innovation can reduce pollution, 
effectively manage environmental externalities, and finally realize the purpose of ecological improve-
ment of economy and green development. Therefore, only by speeding up the breakthrough of green 
innovation can we provide technical guarantee for the realization of green development, so as to 
realize green growth (Albort-Morant, Leal-Millán, and Cepeda-Carrión 2016).

Through browsing the abovementioned literatures, we find that previous studies have provided 
a solid foundation for our research, but there are still some limitations and research gaps in the 
existing literatures. First, many studies only focus on the unidirectional causal relationship from 
digital economy and green innovation to green development from the static perspective, but rarely 
examine the cointegration among these three variables. Second, there is also no empirical evidence in 
the literatures to test the long-term impact of the digital economy and green innovation on green 
development. To offer more clearer path to achieve sustainable development, according to the yearly 
data of 274 cities in China from 2011 to 2019, we try to answer such issues to fill the potential gap 
among existing literatures.

3. Methodology

3.1. Variables and Data

3.1.1. Definitions and Source
3.1.1.1. Green economy (GEI). To construct production possibility set (PPS) is the first prerequisite 
for green economy efficiency analysis. When measuring the efficiency of green economy, many studies 
usually regard the frontier of each period as independent, which leads to the intertemporal compar-
ability of the measured efficiency of green economy. Therefore, this article draws on Pastor and 
Lovell’s (2005) global reference method to solve the comparability problem of green economy 
efficiency in different periods. 
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where, x1o; x2o; . . . ; xmoð Þ is the optimal solution of the model. x is the input factor, y is the 
expected output, z is the undesired output. and λ is the weight variable, If λ=1, the constraint 
condition that the weight variable and if 1 is considered, it represents the technical assumption of 
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variable return to scale (VRS). Then, it represents the technical assumption of constant return to 
scale (CRS). On this basis, the global super-efficiency EBM model considering undesired output 
can be written as follows: 
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Among them, s�i represents the non-zero relaxation of input factors, namely, the input redun-
dancy variable, sþr represents the non-zero relaxation of output factors, namely, the variable of 
insufficient expected output, sz�

q represents the non-zero relaxation of non-expected output, 
namely, the non-expected  
output redundancy variable. w�i , wþr , wz�

q , respectively, represent the weights of input factors, 
desired output and undesired output. εx, εy, εz are the key parameters in EBM model, which 
represent the combination degree of radial and non-radial relaxation variables, and their values 
range between [0, 1]. If all three values are 0, the EBM model will degenerate into a general radial 
model; if all three values are 1, then EBM model will degenerate into an SBM model. Based on the 
global super-efficiency EBM model considering undesired output, we measure the green economy 
efficiency of 274 prefecture-level cities in China from 2011 to 2019, denoted by GEI.

3.1.1.2. Green innovation (GI). In accordance with previous literatures, we chose to utilize the total 
number of applications of green inventions and green utility models that focusing on environmental 
management to capture the level of green innovation, which considers the economic and environ-
mental dimensions simultaneously (Zhao et al. 2021; Zheng et al. 2021), which is derived from the 
patent search and data analysis website of the State Intellectual Property Office of China (Zhao et al.  
2022).

3.1.1.3. Digital economy (DE). PCA is used to bring out significant information from a complex 
dataset by converting the data into a compact set of new variables while it controls the issue of 
multicollinearity. This method is significantly useful for examining a compound index that envelopes 
several dimensions. According to Hosseini and Kaneko (2011), the specified procedures followed to 
construct an index using PCA are: data matrix building, variables standardization, correlation matrix 
calculation, the eigenvectors determination, principal components selection, and results from inter-
pretation. Thus, we follow the work of Ofori and Asongu (2021) and Alderete (2017) to construct an 
index for digital economy. We select the digital finance, revenue from telecommunications services, 
number of people employed in information transmission computer services and software, number of 
Internet broadband access users and number of mobile phone users to construct such indicator, 
denoted by DE.
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We take the log of such three variables to conduct appropriate empirical test, the balanced panel 
covers 274 prefecture-level cities in China from 2011 to 2019, with the data sources being Digital 
Finance Research Centre, Peking University and the China City Statistical Yearbook.

3.1.2. Data Description
Table 1 briefly gives the basic description of such employing variables. For all sampled cities, the GEI 
owns a mean value of 0.234 and possesses a standard deviation of 0.076. Referring for the variable of 
green innovation, the mean value and S.D of GI is 6.275 and 1.676 for all sampled cities, respectively. 
Referring for the digital economy, we can find that that the mean value and S.D of DE is 4.669 and 
0.623 for all sampled cities, respectively.

Considering the differences in different regions, for GEI, the mean value and S.D of GEI is 
0.249 and 0.087, respectively in the Eastern sub-sample, whereby the mean and S.D of this 
variable and is 0.229 and 0.062 in the Central sub-sample, as well as 0.220 and 0.075 in the 
Western sub-sample. Considering GI among the different regions, we can find that the mean 
value and S.D of GI is 7.060 and 1.627, respectively, in Eastern sub-sample, whereby the mean 
and S.D of this variable and is 6.041 and 1.484 in the Central sub-sample, as well as 5.590 and 
1.570 in the Western sub-sample. Considering the digital divide among the different regions, 
we can find that the mean value and S.D of DE is 4.977 and 0.602, respectively, in Eastern 
sub-sample, whereby the mean and S.D of this variable and is 4.552 and 0.542 in the Central 
sub-sample, as well as 4.432 and 0.589 in the Western sub-sample. This comparison indicates 
that the levels of green development, green innovation, and digital economy are on average 
higher in eastern regions than that in the central and western regions.

3.2. Methodology

3.2.1. Cross-Sectional Dependence
Since the question of cross-section dependence (CSD) is generally found in empirical inves-
tigation that utilizing panel data (Baltagi and Pesaran 2007; Wang et al. 2022a) and the 
existence of CSD would bring about biased results of traditional panel estimations that 
suppose that all cross-units are independent with each other. It is thus necessary to test 
that whether the CSD is existed. Followed by previous literatures, we also chose to employ the 
method provided by Pesaran (2004) and (Pesaran 2015) to do this examination, the Pesaran’s 
(2004) test is given as follows. 

CD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2T

NðN � 1Þ

s
XN� 1

i¼1

XN

j¼iþ1
ρij (3) 

where ρij is the corresponding correlations of errors for the individual i and individual j.

Table 1. Summary of descriptive statistics.

Variable N Mean SD Min Median Max

Full GEI 2466 0.234 0.076 0.099 0.221 0.693
GI 2466 6.275 1.676 0.000 6.089 11.086
DE 2466 4.669 0.623 2.609 4.619 6.880

Eastern GEI 882 0.249 0.087 0.134 0.231 0.693
GI 882 7.060 1.627 0.000 6.948 11.086
DE 882 4.977 0.602 3.444 4.937 6.880

Central GEI 873 0.229 0.062 0.119 0.224 0.693
GI 873 6.041 1.484 2.708 5.811 10.478
DE 873 4.552 0.542 3.054 4.549 6.191

Western GEI 711 0.220 0.075 0.099 0.213 0.693
GI 711 5.590 1.570 0.000 5.472 10.787
DE 711 4.432 0.589 2.609 4.419 6.694
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In addition to the strong CSD, Pesaran (2015) also proposed a weak CSD test in 2015, which can 
incorporate the heterogenous slope to a small sample. In Pesaran’s (2015) test, the ρij in equation (3) is 
calculated as follows: 

ρij
^
¼ ρji
^
¼

PT

t¼1
uit
^

ujt
^

PT

t¼1
uit
^ 2

� �1=2
PT

t¼1
ujt
^ 2

� �1=2 (4) 

In this equation, u represents the estimating residual obtained by the traditional panel estimation.

3.2.2. Panel Unit Root Test
Due to that we prefer to include the CSD question into consideration, thus the traditional panel unit 
root tests such as ADF and LLC unit root are invalid, we chose to utilize the second-generation unit 
root test. According to previous study such as Wang et al. (2022a) and Zhang et al. (2022), we chose to 
utilize the Pesaran’s (2007) CIPS method to test that whether these variables are stationary or not, the 
model is given as follows: 

_yit ¼ δi þ #iyit� 1 þ ϕi�yit� 1 þ
Xρ

j¼1
λij_yit� 1 þ

Xρ

j¼0
νij_�yt� j þ dit þ εit (5) 

In this equation, �yt ¼
1
N
PN

i¼1 yit , _yit is the first difference of yit , yit� 1 is the first lag term of yit and # is 
the estimating coefficient of it; ϕi stands for the individual effect, λij denotes the linear trend of 
individual, while the νij represents the time effect; in this equation, # is utilized to analyze that whether 
there is unit root in the variable.

3.2.3. Panel Cointegration
To gain a credible conclusion on the cointegration among such three essential variables, we chose to 
utilize the Westerlund and Edgerton’s (2007) cointegration test to conduct empirical examination, 
which can incorporate the potential CSD in the panel data and avoid the bias caused by the 
heterogeneity (Yang et al. 2021). The structure of WE’s cointegration is given as follows: 

yit ¼ #0i þ #1it þ niDit þ ϕi�yit� 1 þ xit
0βi þ ðDitxitÞ

0ςi þ Zit (6) 

where xit ¼ xit;t� 1 þ υit is I (1) progress; in this test, they provided four statistics such as Gt, Ga, Pt, and 
Pa. the first two statistics can provide the evidence on that whether the whole panel is cointegrated or 
not, while the latter two provide some evidence on that whether at least one unit is cointegrated.

3.2.4. Panel Long-Run Estimations
Although the cointegration test can offer some insight on the long-run relationship among digital 
economy, green innovation, and green development, we are more willing to understand that what 
impact do digital economy and green innovation exert on green development in the long-term, which 
is essential for the governments to gain sustainable development. To answer such issue, we utilize the 
pooled means group (PMG) estimation to conduct empirical investigation (Balcilar et al., 2019), which 
owns advantages such as allowing for CSD, as well as non-stationarity (Wang et al. 2022b). The 
estimating method is structured as follows: 

ΔGEIit ¼ �0 þ �1ΔGIit þ �1ΔDEit þ d1ðwtÞ þ μit (7) 

wt denotes for the general-purpose procedure which applies to every individual.
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4. Empirical Results

4.1. CSD Test’s Result

We first test that whether there exist CSD in the panel data for such three variables according to the 
CSD method provided by Pesaran (2004) and Pesaran (2015), which can effectively identify the strong 
and weak CSD, respectively, whose results are displayed in Table 2. It can be obtained that all the 
statistics for strong and weak CSD test are significant at 1%, offering strong evidence to reject the null 
that the variables are cross-section independence and supporting that there exists CSD for the panel 
data for these three variables. In addition, the remaining results support that there also exist CSD in 
the three sub-samples. It is thus necessary to utilize the estimations to conduct further empirical 
investigations by utilizing the methods that account for CSD (Abban et al. 2020).

4.2. Panel Unit Root Test’s Result

To take the existence of CSD into account, we then employ the second-generation panel unit 
root test such as panel CIPS proposed by Pesaran (2007) to test the stationarity of such three 
variables, whose results can be found in Table 3. Taken the results for the full sample as an 
example, it is obvious that the corresponding statistics for the level of such three variables are 
all not significant at 10%, suggesting that there exists unit root of these variables. Additionally, 
the statistics for the first difference of such three variables are all significant at 1%, indicating 

Table 2. Cross-section dependence tests.

Pesaran (2004) Pesaran (2015)

Variable CSD-test p-value Corr abs(corr) CSD P

Full GEI 168.94*** 0 0.291 0.534 168.939*** 0
GI 429.67*** 0 0.741 0.768 429.673*** 0
DE 521.02*** 0 0.898 0.899 521.019*** 0

Eastern GEI 55.09*** 0 0.266 0.604 55.095*** 0
GI 161.97*** 0 0.783 0.784 161.968*** 0
DE 181.89*** 0 0.879 0.879 181.889*** 0

Central GEI 90.10** 0 0.440 0.600 90.099*** 0
GI 141.51*** 0 0.691 0.764 141.510*** 0
DE 189.56*** 0 0.926 0.926 189.559*** 0

Western GEI 32.52** 0 0.195 0.472 32.524*** 0
GI 127.47*** 0 0.765 0.767 127.469*** 0
DE 148.80*** 0 0.894 0.895 148.800*** 0

Note: ***, **, and * represent that the corresponding statistic is significant at 1%, 5%, and 10%, respectively.

Table 3. Pesaran (2007) panel unit root test accounting for CSD.

Group GEI ΔGEI GI ΔGI DE ΔDE

Full
CIPS 41.122 −6.577*** 41.001 −13.263*** 41.122 −9.097***

Eastern
CIPS 25.164 −3.536*** 0.205 −7.667*** 25.164 −5.542***

Central
CIPS 25.035 −2.189*** 25.035 −6.543*** 25.035 −5.135***
Western
CIPS 22.593 −2.464*** 22.246 −6.492*** 22.593 −6.400***

Note: ***, **, and * represent that the corresponding statistic is significant at 1%, 5%, and 10%, respectively. The results in this table 
confirm that such three variables all follow I (1) process.
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that there is no unit root for the difference of such three variables. In combination with the 
results for the level and difference of such three variables, we can conclude that all three 
variables such as GEI, GI, and DE follow I (1) process. Besides, the results for the three sub- 
samples provide similar viewpoint as well.

4.3. Panel Cointegration Test’s Result

Given by that there exist CSD of the panel data for such three variables as well as all variables 
follow I (1) process, we further utilized the bootstrap panel cointegration test provided by 
Westerlund and Edgerton (2007), which incorporates potential within and between CSD to 
clarify the long-term relationships among variables, with the results providing in Table 4. For 
the model of GEI V.S.GI for the full sample, we can obtain that the statistics are significant at 
1% except for the Gα statistic, suggesting that the null of no cointegration should be rejected. 
Similar conclusion can be derived for the model of GEI V.S.DE, as well as GI V.S.DE, 
suggesting that the long-term cointegrations among digital economy, green innovation, and 
green development are well established. Most results for the three sub-samples offer similar 
idea; however, there is no cointegration between green development and digital economy in 
western or central regions, neither nor between green development and green innovation in 
eastern or central regions.

4.4. PMG Estimation’s Result

Given by the cointegration among digital economy, green innovation, and green development, we 
move a further step to query the role of digital economy and green innovation in green development 
due to that the sustainable development has been a widely accepted global issue. As provided in the 
methodology, we chose to utilize the PMG estimation to examine the long-run and short-run impact 
of DE and GI on GEI. The results shown are in Table 5. Taken the result for the full sample as an 

Table 4. Panel cointegration test Westerlund and Edgerton (2007).

Gτ Gα Pτ Pα

Full GEI V.S.GI −3.877*** −5.754 −34.416*** −5.646***
(−38.801) (4.422) (−9.878) (−4.655)

GEI V.S.DE −3.691*** −4.084 −50.250*** −5.110***
(−35.330) (9.523) (−25.509) (−2.720)

GI V.S.DE −3.261*** −5.349 −36.489*** −5.817***
(−27.324) (5.659) (−11.924) (−5.271)

Eastern GEI V.S.GI −5.925*** −6.633 −30.998** −6.901
(−46.011) (1.039) (−16.189) (−5.491)

GEI V.S.DE −4.655*** −4.501 −42.663*** −7.150***
(−31.869) (4.933) (−27.705) (−6.028)

GI V.S.DE −3.311*** −5.868 −21.623*** −5.352**
(−16.906) (2.436) (−6.935) (−2.150)

Central GEI V.S.GI −2.805*** −5.276 −26.181*** −3.731
(−11.210) (3.500) (1.017) (1.342)

GEI V.S.DE −2.841*** −3.191 −17.428*** −2.869
(−11.607) (7.288) (−2.867) (3.193)

GI V.S.DE −3.332*** −5.851 −20.825*** −5.933***
(−17.051) (2.454) (−6.221) (−3.385)

Western GEI V.S.GI −2.653*** −5.250 −14.729* −5.252**
(−8.594) (3.201) (−1.602) (−1.736)

GEI V.S.DE −3.537*** −4.661 −16.893*** −3.362
(−17.439) (4.166) (−3.738) (1.925)

GI V.S.DE −3.110*** −4.088 −20.416*** −6.073***
(−13.164) (5.107) (−7.216) (−3.325)

Note: ***, **, and * represent that the corresponding statistic is significant at 1%, 5%, and 10%, respectively. Z statistics 
are in parentheses.
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example, we can notice that the coefficient of GI is 0.043, which is significant at 1% and larger than 0, 
indicating that green innovation is usually associated with higher green development. Our conclusion 
is similar with Wang et al. (2022a) who provided that the green innovation would bring about green 
development and Zhao et al. (2023) who suggested that green innovation is critical in green develop-
ment, as well as Zhao et al. (2022) who presented that the green innovation is beneficial for the green 
growth. Additionally, the coefficient of DE is 0.173, significant at 1% with a positive symbol, support-
ing that digital economy would lead to the improvement of green development, which is consistent 
with the Chen (2022) who argued that the digital economy would do some good in reducing the 
carbon emissions, as well as Ding et al. (2021) who supported that the digital economy would promote 
the high-quality economic development.

Referring to the three sub-regions, the results for such three sub-samples in column (2)-(4) support 
the long-run impact of digital economy on green development, which is consistent with the result for 
full sample. However, referring to the role of green innovation, it only promotes green development in 
eastern regions in the long-run, while inhibits the green development among central and western 
regions in long-run.

In addition to the long-run estimating results, PMG estimations also provide the short-run impact 
of digital economy and green innovation on green development. Specifically, the coefficient of ΔGI for 
the full sample is −0.020, significantly negative at 1%, and that of ΔDE is 0.051, significantly positive at 
1%, suggesting that green innovation negatively affects the green development in the short term, while 
the digital economy can improve the green development in the short term. The results for the east 
regions and central regions also support similar idea, except for that of Western sub-sample which 
suggests that both variables cannot affect the green development in the short-run.

4.5. Robustness Test

To test that whether the relationship among digital economy, green innovation, and green develop-
ment depends on the level of digital economy and green economy, we conduct further empirical test 
by setting four sub-samples according to the median value of digital economy or green economy in 
line with Wang et al. (2022a). Specifically, if one city owns a mean level of digital economy which is 
higher than the median level of digital economy among all cities, then it belongs to the high-DE sub- 
sample; otherwise, it belongs to low-DE one. Two another sub-samples such as high- or low-GI sub- 
samples can be built in similar method.

We further re-do the above-mentioned estimations by employing such four samples, the Pesaran’s 
(2004, 2015) results support the existence of CSD for such three variables among such four sub- 
samples, and hence panel unit root test of CIPS provides that all variables follow I (1) process among 
such four samples.1 We hence carry out the cointegration test for these four sub-samples, whose 

Table 5. PMG estimators.

(1) Full (2) Eastern (3) Central (4) Western

GI 0.043*** 0.042*** −0.013*** −0.046***
(26.14) (24.16) (−15.86) (−11.77)

DE 0.173*** 0.174*** 0.102*** 0.126***
(51.67) (49.28) (22.07) (12.65)

CONS −0.155*** −0.283*** −0.091*** −0.024***
(−8.18) (−8.24) (−2.58) (−2.70)

ECM −0.180*** −0.293*** −0.487*** −0.295***
(−8.81) (−8.87) (−2.60) (−5.42)

ΔGI −0.020*** −0.016*** −0.031*** 0.004
(−5.86) (−4.26) (−3.41) (0.94)

ΔDE 0.051*** 0.032** 0.055** −0.016
(4.61) (2.55) (2.19) (−0.84)

Note: ***, **, and * represent that the corresponding statistic is significant at 1%, 5%, and 10%, 
respectively. Z statistics are in parentheses.
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results can be seen in Table 6. We can find that while most models in such four samples support that 
there exist cointegration between green innovation and green development, between digital economy 
and green development, as well as between digital economy and green innovation, but there exists no 
cointegration between green development and green innovation in low-DE and low-GI sub-sample, 
neither nor between green development and digital economy in low-GI sub-sample, as well as between 
digital economy and green innovation in high-DE sub-sample.

Finally, we also try to clarify the heterogeneity in the long-run and short-run impact of digital 
economy and green innovation on green development from the perspective of different level of digital 
economy and green innovation, whose results can be seen in Table 7. For the long-run impact, all 
results are in line with our earlier finding that both green innovation and digital finance can positively 
affect the green development. Referring for the short-run impact, our earlier conclusion that green 

Table 6. WE (2007) panel cointegration test for sub-samples.

Gτ Gα Pτ Pα

High-GI GEI V.S.GI −4.836*** −6.111 −39.655*** −7.084***
(−40.066) (2.356) (−22.108) (−6.959)

GEI V.S.DE −4.707*** −4.647*** −58.159*** −7.087***
(−38.365) (5.517) (−40.374) (−6.966)

GI V.S.DE −2.816*** −5.045 −20.578*** −5.016***
(−13.470) (4.659) (−3.276) (−1.683)

Low-GI GEI V.S.GI −2.918*** −5.396 −17.022 −4.531
(−14.807) (3.898) (0.235) (−0.446)

GEI V.S.DE −2.674*** −3.520 −17.592 −2.901
(−11.599) (7.951) (−0.328) (3.711)

GI V.S.DE −3.705*** −5.653 −30.811*** −6.459***
(−25.172) (3.344) (−13.377) (−5.366)

High-DE GEI V.S.GI −4.822*** −6.374 −36.046*** −6.887***
(−39.880) (1.787) (−18.545) (−6.456)

GEI V.S.DE −4.685*** −5.246 −46.678*** −7.110***
(−38.074) (4.224) (−29.040) (−7.025)

GI V.S.DE −2.891*** −4.636 −21.133*** −4.730
(−14.462) (5.541) (−3.824) (−0.95)

Low- DE GEI V.S.GI −2.932*** −5.133 −17.89 −4.655
(−14.994) (4.467) (−0.625) (−0.763)

GEI V.S.DE −2.696*** −2.922*** −21.509*** −2.875***
(−11.890) (9.243) (−4.195) (3.778)

GI V.S.DE −3.630*** −6.061 −28.643*** −6.487***
(−24.181) (2.462) (−11.237) (−5.436)

Note: ***, **, and * represent that the corresponding statistic is significant at 1%, 5%, and 10%, respectively. Z statistics 
are in parentheses.

Table 7. PMG estimators for four sub-samples.

GEI

High-GI Low-GI High-DF Low-DF

GI 0.043*** 0.091*** 0.044*** 0.009***
(24.35) (5.68) (24.68) (3.87)

DE 0.174*** 0.465*** 0.173*** 0.184***
(48.75) (8.55) (49.24) (19.94)

CONS −0.190*** −0.168*** −0.221*** −0.095***
(−5.72) (−5.80) (−7.17) (−4.41)

ECM −0.194*** −0.079*** −0.227*** −0.169***
(−5.99) (−5.37) (−7.64) (−4.86)

ΔGI −0.032*** −0.002*** −0.029*** −0.007*
(−6.25) (−0.54) (−5.78) (−1.68)

ΔDE 0.064*** 0.045*** 0.059*** 0.040***
(3.52) (3.64) (3.34) (3.18)

Note: ***, **, and * represent that the corresponding statistic is significant at 1%, 5%, and 10%, 
respectively. Z statistics are in parentheses.
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innovation negatively affects the green development while digital economy exerts a positive impact on 
green development in the short-run is still confirmed in such four sub-samples.

4.6. Causality Test’s Results

We further uncover the direction of long-term causality via Dumitrescu and Hurlin (2012) (D-H) 
causality test, which can be seen in Table 8. D-H causality results support that there exists bi- 
directional process between GEI and GI, between GI and DF as well as between GEI and DF. When 
analyzing the result for whole sample, we can find that there exists bi-directional causal link between 
green development and green innovation, between green development and digital economy, as well as 
between green innovation and digital economy, similar conclusions can be found in the three sub- 
samples.

5. Conclusions

Taking China as the sample, this study mainly empirically queries the long-run relationships 
among digital economy, green innovation, and green development and examines that what 
impact do digital economy and green innovation exert on green development in the short 
term or long term. We carry out empirical investigation by employing several panel estimations 
that allow for cross-section dependence such as CIPS unit root test provided by Pesaran (2007), 
and Westerlund and Edgerton’s (2007) cointegration, as well as the Pooled Mean Group 
estimation based on the panel data covers for 274 cities during the period ranges from 2011 
to 2019.

Table 8. D-H causality.

MODEL W-bar Z-bar P Lag Conclusion

Full
GI GEI 7.432 75.290*** 0.000 1 Two-way
GEI GI 2.684 19.718*** 0.000 1
DE GEI 4.186 37.301*** 0.000 1 Two-way
GEI DE 2.687 19.756*** 0.000 1
DE GI 3.144 25.102*** 0.000 1 Two-way
GI DE 3.824 33.059*** 0.001 1

Eastern
GI GEI 15.455 101.191*** 0.000 1 Two-way
GEI GI 2.155 8.087*** 0.000 1
DE GEI 7.644 46.508*** 0.000 1 Two-way
GEI DE 3.542 17.799*** 0.000 1
DE GI 1.759 5.316*** 0.000 1 Two-way
GI DE 4.493 24.454*** 0.000 1

Central
GI GEI 3.615 18.213*** 0.000 1 Two-way
GEI GI 3.287 15.931*** 0.000 1
DE GEI 1.566 3.945*** 0.000 1 Two-way
GEI DE 1.530 3.695*** 0.000 1
DE GI 2.246 8.680*** 0.000 1 Two-way
GI DE 3.817 19.619*** 0.000 1

Western
GI GEI 2.166 7.329*** 0.000 1 Two-way
GEI GI 2.601 10.061*** 0.000 1
DE GEI 3.115 13.296*** 0.000 1 Two-way
GEI DE 3.048 12.874*** 0.000 1
DE GI 5.965 31.210*** 0.000 1 Two-way
GI DE 3.003 12.592*** 0.000 1

Note: ***, **, and * represent that the corresponding statistic is significant at 1%, 5%, and 10%, respectively.
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Once the CSD test of Pesaran (2004, 2015) supports the existence of CSD for digital economy, green 
innovation, and green development and the panel CIPS unit root test which allows for CSD confirms 
that all variables follow I (1) progress, we conduct the panel cointegration in the method similar to 
Westerlund and Edgerton (2007) and conclude that there exist cointegrations among digital economy, 
green innovation, and green development. Additionally, the results of PMG estimation suggest that 
both digital economy and green innovation can positively affect the green development in the long- 
run. Furthermore, green innovation negatively affects the green development while digital economy 
positively affects the green development in the short-run in the whole sample, eastern region, and 
central region, however, green innovation and digital economy cannot affect short-run green devel-
opment in western region. While we consider the heterogeneity in different level of digital economy 
and green innovation, we find that both green innovation and digital economy exert a long-run 
positively impact on green development in four sub-samples such as high-DE, low-DE, high-GI, and 
low- GI sub-samples, and the green innovation negatively affects the green development while digital 
economy positively affects the green development in the short-run in these samples.

As an application research is focusing on the sustainable development, this study can offer some 
insight to policymakers, investors, regulators, and corporate sector on how two pursue green devel-
opment from the view of green innovation and digital transformation.

(1) Referring for policymakers in China and other developing countries who prefer to achieve the 
sustainable development goals, governments should explore new pathways for the coordinated 
development of the green economy and digital economies and develop long-term financial 
investments on digital transformation or green projects over a longer horizon. In order to make 
the digital economy become a sustainable driver for green innovation in cities, a strong digital 
infrastructure should be built to improve the regions’ digital presence and increase the 
integration of digitalization and green innovation. Developing countries should encourage 
free trade to enhance the dynamism of international markets and the openness of the country’s 
economy. It is worth noting that due to more green innovation would lead to the long-run 
green development, the governments in developing countries should evaluate the role of green 
innovation in a long-term perspective and be patient to it despite that it cannot promote green 
development immediately. Additionally, local governments should use networking, informa-
tive technology, intelligence, and other means to catch the opportunities led by the revolution 
of information technology and engage into the development of digital economy, which is 
critical to achieve the green development and bring about more green innovation.

(2) For investors: Investors should deepen the concept of green and sustainable investment and 
fully integrate with major data platforms to translate the advantages of massive amounts of data 
into more accurate behavioral decisions and more efficient investments, and investors should 
evaluate the project on digital economy or green innovation from a long-term perspective. 
Therefore, there is a case for institutional investors to invest more in research and development 
of green technologies that promote green development. In addition, investors should seize the 
opportunity to place more emphasis on the process of digital transformation by investing into 
the infrastructure of information and communication technology or investing on the firms 
which carried out digital transformation and green innovation.

(3) For regulators: China and other developing countries should move Intellectual Property into 
the digital age by updating its concepts and ensuring that traditional areas of Intellectual 
Property are modernized to meet the needs and address the problems of our global knowledge 
economy. Therefore, regulators should clearly define data property rights, prevent information 
leakage and other security risks, and lead the healthy development of the digital economy with 
security at the technical level and regulation at the institutional level. Regulators should further 
enhance the control of technology innovation and digital economy industries, prevent and 
resolve possible systemic risks during the development of the digital economy, and provide 
a good market environment for green development.
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(4) For corporate sector: due to that there exist cointegration among digital economy, green 
innovation and green development, corporates should spur the process of digitalization to 
take advantage of the digital platform and digital network, which can do some good to 
improving the level of green innovation and green governance, which can eventually improve 
their own competitiveness facing the background of low-carbon development. Corporations in 
developing countries should attract more foreign capital to participate in their own green bond 
markets and continue to promote innovation in green financial services such as green bonds in 
their own countries with the aim of attracting more specific capital and promoting the 
advancement of green technologies. Additionally, more talents and green industries should 
be introduced. Corporations should enhance staffs’ ability to use digital technology and actively 
make use of digital technology to promote the level of technological innovation in the 
production and consumption process, continuously enrich the types of green products and 
green services, and guide the green consumption trend in the market with quality products and 
services. Corporations should effectively apply the advantages of data elements to the core 
process of manufacturing in order to achieve real-time monitoring and intelligent control of all 
aspects of production, reduce energy consumption.

While this article has examined the relationship between the digital economy, green innovation, 
and green development, it still has limitations. As for the measurement of the digital economy, the 
development of new digital industries such as the communications industry and the aviation and 
satellite industry has become the mainstream of the digital economy, so future research can 
include them in the measurement of the digital economy to improve the comprehensiveness 
and accuracy of the measurement indicators. This study is purely empirical and has not yet 
explored the theoretical mechanisms between the digital economy and green development. 
Therefore, subsequent studies can attempt to develop relevant theoretical models to further 
explore the intrinsic link between them. In addition, this study uses city-level data from China. 
The relationship between the digital economy, green innovation, and green development in 
emerging markets or developed markets deserves more detailed study and our analysis can be 
used as a starting point.

Note

1. Due to the results for such 4 sub-samples are similar to that of full sample, these results are not reported to save 
the space, but are available upon request.
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