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In order to clarify the coordinated development status between the digital

economy and the ecological environment in the context of rapid development

of the digital economy and frequent ecological environment problems, we

constructed an evaluation system using data related to the digital economy and

the ecological environment in China from 2011 to 2019. And the level of

coordinated development is calculated with the help of entropy method and

the Coupling CoordinatedDevelopment (CCD)model. Further, we analyzed the

spatial and temporal evolutionary trends of their coordinated development

levels with the kernel density analysis and the Dagum Gini coefficient

decomposition. The results of the entropy method and CCD show that both

the level of digital economy, the level of ecological environment and the level of

coupling coordination between the two have increased. And the level of

coordinated development shows regional heterogeneity, with the highest in

the eastern region, followed by the central region, and the lowest in thewestern

region. The results of the kernel density analysis show that there is

heterogeneity in the development process of CCD scores over time across

regions. The results of the DagumGini coefficient decomposition show that the

overall inter-regional differences, as well as intra-regional differences, are

fluctuating and decreasing. And the overall imbalance mainly comes from

the differences in development levels between regions. The analysis of the

above methods provides a basis for understanding the spatial and temporal

evolution characteristics of the coordinated development of China’s digital

economy and ecological environment. And it also provides relevant policy

recommendations for promoting coordinated and sustainable development

among regions.
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1 Introduction

With the global outbreak and spread of COVID-19, the

economic system has suffered a serious blow all over the

world. Based on this background, the rapid expansion of

online activities such as online trade, online office, and online

education during the epidemic period has been extremely

effective in alleviating the heavy impact of the rampant

epidemic on economic development. And it has solved the

problem of production and life stoppage to a certain extent

while ensuring effective control of the epidemic. In addition, this

form of Information and Communications Technology (ICT)-

based economy has also played an important role in the growth

of the world economy. 2019 China Academy of Information and

Communication Research estimates show that the value added of

the digital economy in 47 countries reached USD 31.8 trillion, an

increase of USD 1.6 trillion over last year. And the digital

economy in China alone has reached $5.2 trillion, becoming a

key component of GDP (Park et al., 2018). The growth of the

digital economy is a testament to its potential to drive economic

development. In addition, as of March 2020, the number of

Chinese Internet users reached 904 million, ranking first in the

world, and the Internet penetration rate reached 64.5% (Ren

et al., 2021). The digital economy has become the most

inseparable part of the social life of Chinese residents.

However, the impact of economic development on the

environment is evident. The results of previous studies

showed that along with the continuous growth of economic

scale, a series of environmental problems such as environmental

pollution, over-exploitation of resources, and excessive

greenhouse gas emissions (Yang X. et al., 2021; Wu et al.,

2021; Ren et al., 2022) cannot be ignored as well. The conflict

between economic development and environment conditions has

intensified, despite the increased awareness of environmental

protection and the introduction of relevant environmental

policies in various countries, environmental problems are still

prevalent around the world (Fan et al., 2019). The sloppy and

rapid growth pattern of the traditional economy relies on the

massive input of production factors (Li and Yi, 2020), and the

economic growth brought by this pattern is at the cost of the

deterioration of the ecological environment, without achieving a

harmonious development between the economy and the

environment. However, the effective combination of digital

technologies and traditional industrial production activities,

which the digital economy relies on, has led to significant

improvements in production efficiency and higher levels of

energy resource use (Melville, 2010; Chun et al., 2015). And it

has an important role in achieving sustainable development

(Kunkel and Matthess, 2020; Wen et al., 2021). In addition,

the emergence of social platforms has enabled the public to

provide better feedback on environmental conditions and

alleviate information asymmetry. Various digital technologies

have also been widely adopted by governments to address

environmental regulation problems (Li Z. et al., 2021).

However, the digital economy can also lead to more energy

consumption and therefore more pollution (Li Y. et al., 2021).

And If we take into account the embodied carbon emissions of

the digital economy, its negative impact on the ecological

environment is even greater. Therefore, clarifying the

relationship between the digital economy and ecological

environment is an important issue that we should address

now. Whether the growth of the digital economy and the

ecological environment is contrary to each other or

complementary? How to maintain the coordinated growth of

the digital economy and the ecological environment to achieve

sustainable development? The answers to the above questions not

only help to understand the relationship between the digital

economy and ecological environment and promote the

coordinated development of both, but also make effective use

of digital economy to alleviate environmental problems and

achieve sustainable development.

The marginal contributions of this paper are as follows. First,

the coupling coordinated development (CCD) of the digital

economy and ecological environment is measured in the

context of the increasing global digitalization trend. It

enriches the content related to the study of the digital

economy and ecological environment. Second, we expanded

the measurement perspective of the digital economy and the

ecological environment, making the evaluation results more

accurate and reliable. Third, the spatial and temporal

differences in the CCD of the two are analyzed by the Dagum

Gini coefficient method and the Kernel density method. The

above in-depth analysis provides a full understanding of the

coordinated development status and regional heterogeneity of

the digital economy and ecological environment in China. And it

also provides relevant policy recommendations for promoting

the overall and inter-regional coordinated and sustainable

development in China.

The rest of the study is organized as follows. A review of the

relevant literature is presented in Section 2. Section 3 provides a

description of the research area overview, indicator construction,

research methods, and data sources. Section 4 analyzes and

discusses the empirical results. Section 5 provides conclusions

and proposes relevant policy implications.

2 Literature review

The concept of the digital economy first emerged in the 1990s

with the publication of The Digital Economy: Promise and Peril

in the Age of Networked Intelligence by Don Tapscott (1996).

Since then, the term digital economy which has been frequently

mentioned by governments and scholars has been studied and

interpreted extensively, producing a wealth of results. In terms of

the scope of the digital economy, Moulton (1999) argues that the

digital economy encompasses not only e-commerce but also the
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information technology on which it is based. Kling and Lamb

(1999) expands this further by arguing that the digital economy

includes information and communication infrastructure, the IT

industry, and the wholesale and retail of goods based on digital

transmission and information technology. Bukht and Heeks

(2018) considers any economic output based on digital goods

or digital services, whether they are wholly or partially dependent

on digital technology, to be part of the digital economy. He

defines this as the broadest and most real digital economy. Miao

(2021) views digital as a factor of production from a value chain

perspective and argues that the digital economy is a value chain

innovation formed based on data as a factor of production and

that each value-added link in the value chain of the digital

economy creates new value. In summary, scholars do not fully

agree with the definition of the digital economy due to the

different perspectives and ways of perceiving it. In the

determination of digital economy measurement indicators,

international standards have not yet been unified either.

Among them, the European Union has proposed the Digital

Economy and Economic Society Index, or DESI for short; the

United Nations International Telecommunication Union (ITU)

has proposed the ICT Development Index; the Digital Economy

Index of the China Academy of Information and

Communication Research; the Global Digital Competitiveness

Index of the Shanghai Academy of Social Sciences and the

Internet Plus Digital Economy Index published by Tencent,

etc. Although there is no consensus on the definition of the

digital economy and its measurement index, most of the

literature on ecological environment measurement adopts the

pressure-state-response (PSR) model proposed by OECD in

1994 to measure the state of the ecological environment from

three perspectives. And this model has good results in exploring

the relationship between ecological environment and

socioeconomic development (Yuan et al., 2014).

Our study is related to two streams in the literature. The first

stream pertains to the effect of the digital economy on the

environment. And previous scholars have conducted in-depth

studies about this. Some of the findings suggest that the digital

economy has a positive effect on the improvement of

environmental quality. First, the adoption of various advanced

digital technologies has led to a significant increase in the

production capacity of enterprises, which in turn reduces

pollution emissions (Li Z. et al., 2021; Zhu et al., 2022).

Secondly, the application of digital technology also improves

the level of environmental regulation, broadens the channels of

environmental regulation (Granell et al., 2016), and enables

effective maintenance of ecological and environmental quality.

Moreover, the digital economy can improve environmental

quality by encouraging the digital transformation of

enterprises and promoting financial development as well as

industrial structure upgrading (Kunkel and Matthess, 2020;

Wen et al., 2021). However, due to the rebound effect, the

development of the digital economy can reduce environmental

quality if energy prices are not regulated. In addition, the ICT

sector can produce large amounts of carbon emissions through

its requirement for carbon-intensive intermediate inputs from

non-ICT sectors (Zhou et al., 2019). Therefore, the indirect

effects of the digital economy will also lead to the

deterioration of the ecological environment. Some scholars

have also found that the relationship between the digital

economy and the ecological environment is non-linear.

Krueger (Grossman and Krueger, 1992) found an inverted

U-shaped curve between the ecological environment and

economic development, i.e., the environmental Kuznets curve.

Subsequent scholars have also confirmed this hypothesis by

empirical analysis. They found that at the beginning of

economic growth, the quality of the ecological environment

decreases due to disorderly and crude development (Yueting

et al., 2019) until an inflection point is reached, and then the

quality of the ecological environment gradually improves as the

level of economic development increases (Yongda and Boqiang,

2019). In general, different conclusions have been drawn about

the relationship between the digital economy and environmental

performance due to different research methods as well as

research regions and research periods. And the second stream

pertains to the coordinated development. In terms of coordinated

development, the most applied is the CCD model, which is

originally a concept belonging to physics and is mainly used

to represent the phenomenon of interaction and mutual

influence between multiple subsystems belonging to the same

parent system (Fan et al., 2019). Since the coupling coordination

degree is a good measure of the degree of synergistic and

consistent development among the subsystems under the

parent system (Dijkema and Basson, 2009), most related

studies have used this method to measure the level of

coordinated development among different systems. And then

some scholars have also used this model to study the multi-

system coordinated coupling relationship within the social

science field. Among them, Fan (Fan et al., 2019) selected

Chinese provincial capitals as the subject of study and

explored the degree of CCD of social economy and ecological

environment in these cities in the context of rapid urbanization.

Subsequently, more factors were introduced into a system and

explored the trend of CCD of resources, environment, and

economy (Dongjie et al., 2011); urban and rural areas (Zhu

and Tong, 2009); rural resources and environment (Lu and Guo,

2017); energy and economy (Qingguo and Yang, 2010);

urbanization and ecology (He, 2012); population, society,

economy, resource, ecology, and environment (Zhang et al.,

2021; Elahi et al., 2022; Ji et al., 2021). However, both streams

of related literature have certain limitations and shortcomings.

The limitation of the first stream literature is that they only

analyzed the impact of the digital economy on the ecological

environment through econometric models. And it can not give a

solution to promote the coordinated development of ecological

environment and digital economy without measuring the
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TABLE 1 Measurement system of the digital economy and ecological environment.

Target layer First-level index Sceond-level index Index description Index
direction

Digital Economy Foundation of digital
economy

IPv4 Addresses Obtained from the statistical yearbook (million) +

Number of domains Obtained from the statistical yearbook (million) +

Number of websites Obtained from the statistical yearbook (million) +

Length of fiber optic cable lines per capita Length of fiber optic cable lines/total population
(km/million people)

+

R&D funding Obtained from the statistical yearbook (Billion
yuan)

+

Digital industrialization Total telecom business Obtained from the statistical yearbook (Billion
yuan)

+

Fixed investment of IT and software Obtained from the statistical yearbook (Billion
yuan)

+

Software business revenue Obtained from the statistical yearbook (Billion
yuan)

+

Proportion of enterprises with e-commerce
trading

Obtained from the statistical yearbook (%) +

Digitalization of industry Number of websites per 100 companies Obtained from the statistical yearbook +

Proportion of villages with Internet broadband
service

Obtained from the statistical yearbook (%) +

E-commerce transaction volume Obtained from the statistical yearbook (million
yuan)

+

Number of rural Internet access users Obtained from the statistical yearbook (million
households)

+

Digital Financial Inclusion Index Obtained from the Institute of Digital Finance of
Peking University

+

Digital economy
penetration

Telephone penetration rate Number of telephones/population (Department/
100 people)

+

Cell phone penetration rate Number of cell phones/population (Department/
100 people)

+

Internet access users Obtained from the statistical yearbook (million
households)

+

Number of Internet broadband access ports Obtained from the statistical yearbook (million) +

Internet penetration rate Obtained from the statistical yearbook (%) +

Ecological
environment

Pressure carbon emission Obtained from CEADs database (mt) -

Wastewater discharge per capita Wastewater discharge/total population (tons/
million people)

-

SO2 emissions per capita SO2 emissions/total population (tons/million
people)

-

Soot emissions per capita Soot emissions/total population (tons/million
people)

-

Industrial solid waste generation per capita Industrial solid waste/total population (tons/
person)

-

Status Forest cover Obtained from the statistical yearbook (%) +

Greening coverage of built-up areas Obtained from the statistical yearbook (%) +

Response Urban wastewater treatment capacity Obtained from the statistical yearbook (million
cubic meters/day)

+

Harmless disposal rate of domestic waste Obtained from the statistical yearbook (%) +

General industrial waste comprehensive
utilization rate

Obtained from the statistical yearbook (%) +

Investment in industrial pollution control as a
percentage of GDP

Expenditure of pollution control/GDP (%) +

Policy support Percentage of environmental protection
expenditure

Expenditure of environmental protection/
GDP (%)

+

Percentage of wastewater treatment Expenditure of wastewater treatment/GDP (%) +

New afforestation rate Obtained from the statistical yearbook (%) +
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coupled and coordinated development between the two. In terms

of coordinated development, the limitions of existing studies is

that most studies related to the economy subsystem only take

into account the traditional economy and ignored the

importance of the digital economy in the context of rapid

digitalization. The scope of the study is usually limited to a

certain city clusters, (Zhao and Jin, 2018), a certain province (Lei

et al., 2015), or a specific region (Wang and Xiang, 2018).

Compared to the existing literature, our contribution is that

we measured and analyzed the degree of coupled and

coordinated development of the digital economy and the

ecological environment in the context of rapid digitalization.

Moreover, we choose China as the study area, and the findings

are representative. It provides some reference for understanding

the current status of coordinated development of the digital

economy and the ecological environment as well as promoting

the coordinated development between them.

3 Indicator construction, research
methods, research area and data
sources

3.1 Indicator system construction

By summarizing and organizing previous literature, the

indicators selected in this paper are shown in Table 1. The

Digital Inclusive Finance Index published by Peking

University is often adopted as a proxy variable for the digital

economy or digital finance (Li et al., 2020). However, as a part of

the digital economy, it can only measure the extent to which the

development of digital finance benefits people, and cannot reflect

the development status of the digital economy comprehensively.

Therefore, we summarize the research perspectives of previous

scholars (Li Y. et al., 2021; Li and Liu, 2021) and measure the

development level of the digital economy from four perspectives.

The infrastructure development on which the digital economy

relies is the most fundamental factor in its development and

reflects its growth potential. The degree of integration of industry

and digital technology, as well as the degree of digital industry

development, represent the scale of the digital economy. How the

development of the digital economy benefits more people

represents the level of participation of the general public in

the digital economy. So we selected the foundation of the

digital economy, digital industrialization, the digitalization of

industry, and the digital economy penetration as the

measurement perspective of the digital economy. Compared

with the Digital Inclusive Index, the measurement perspective

is richer and the indicators are more comprehensive. As for the

ecological environment, the PSR model is a classical framework

for studying environmental issues, which is developed by OECD

and UNEP in the 1980s and 1990s (Zhang et al., 2014). Three

first-level indicators of ecological stress, state, and response were

selected with reference to the PSR model. But the influence of

government actions on the ecological environment should be

taken into account. Therefore, the indicator of ecological policy

support was added to reflect the current situation of the

ecological environment and the degree of local protection of

the ecological environment in an objective and comprehensive

way. A total of 33 indicators were selected for the digital economy

and ecological environment, of which 19 were selected for the

digital economy and 14 for the ecological environment. The

selection of indicators is based on the principles of scientificity,

hierarchy, accuracy, and accessibility to reflect the status of the

digital economy and ecological environment comprehensively

and scientifically. The selected indicators are shown in Table 1.

3.2 Research methodology and data
sources

3.2.1 Measurement of the digital economy and
ecological environment

Commonly used methods for determining indicator

weights are divided into two categories: subjective and

objective. The entropy method is based on information

theory, and the weights of indicators are assigned by

measuring the entropy value. This property of entropy is

used to determine the degree of randomness and disorder

of events by calculating the entropy value, and also the degree

of dispersion of indicators. The greater the dispersion of an

indicator, the greater its influence (weight) on the

comprehensive evaluation and the smaller the entropy

value (Yang Y. et al., 2021). Using the entropy method to

determine the weights can fully utilize the objective

information contained in the data and avoid the subjective

factors carried by the artificial subjective assignment of

weights. Therefore, in this paper, the entropy method is

used to determine the weights of each index of the digital

economy and ecological environment.

3.2.1.1 Data dimensionless treatment

Let vij be the original data of the j-th indicator in the i-th

evaluation object (i � 1, 2, 3, ..., n; j � 1, 2, ..., m), in order to

make the data of different calibers comparable and eliminate

the difference of the dimension between the indicator data, the

original data is standardized, if the indicator is a positive

indicator then the processing formula is as follows:

xij �
vij −min(vj)

max(vj) −min(vj) (1)

If the indicator is negative, the treatment formula is as follows:

xij �
max(vj) − vij

max(vj) −min(vj) (2)
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where vij(i � 1, 2, 3, . . . , n; j � 1, 2, 3, . . . , m) is the raw data of

the j-th index of the i-th evaluation object, and xij is the

dimensionless value after standardization.

3.2.1.2 Calculate the entropy value and weight

Let yij be the weight of the j-th indicator in the i-th

evaluation object, ej be the entropy value of the j-th indicator,

gj be the coefficient of variation of the j-th indicator, where the

number of evaluation objects, is the weight of the first evaluation

indicator (j � 1, 2, ..., m). Each coefficient is calculated by the

following formula.

yij �
Xij∑n

i�1 Xij
(3)

ej � − 1
ln n

∑n

i�1 yij ln yij (4)
gj � 1 − ej (5)
wj �

gj∑m

j�1 gj
(6)

3.2.1.3 Calculation of the overall score level based on the

weights

In order to obtain the comprehensive development index of

the digital economy and ecological environment, the scores of

each level index are first calculated by combining the weights of

each evaluation index obtained above according to the entropy

weight method. And the formula is as follows:

DEI (a) � ∑m

j�1 αjaj (7)
EVI (b) � ∑m

k�1 βkbk (8)

where DEI(a), EVI(b) denote the scores of the digital economy

and ecological environment respectively, αj,βk denote the

weights obtained by the entropy method for each indicator in

the digital economy and ecological environment respectively, and

aj,bk denote the dimensionless values of each indicator in the

digital economy and ecological environment respectively.

3.2.2 Measuring the coupling coordinated
development

In order to assess the degree of coordinated development of

the digital economy and ecological environment, this paper

adopts the CCD model to calculate the degree of coordinated

development between them by referring to previous literature

(Wang et al., 2014; Fang et al., 2016). The specific calculation

formula is as follows:

C � ⎛⎝DEI × EVI

(DEI+EVI
2 )2 ⎞⎠ 1

2 (9)

T � λ · DEI + η · EVI (10)
D � 					

C × T
√

(11)

C is the coupling degree, T is the coordination degree, and D is

the coupling coordination degree. λ and η indicate the respective
weight of each, and since the digital economy and the ecological

environment are equally important,λ � η � 0.5 in this paper.

where the coupling degree can only express the degree of

correlation between the digital economy and the ecological

environment, but cannot reflect the synergy between them

(Liu, 2011; Fan et al., 2019). In contrast, the coupling

coordinated degree D can take into account the joint effect of

the degree of correlation and the degree of synergy.

3.2.3 Kernel density model
Kernel density estimation is used to estimate an unknown

probability density function and belongs to nonparametric

statistical methods (Silverman, 1986; Brunsdon, 1995; Shi,

2010). It has the advantages of low model dependence and

high stability. The main idea is to use a smoothing function to

fit the sample distribution data so as to estimate the true

sample probability distribution curve. The use of kernel

density estimation is able to change the kernel density

curve by adjusting the bandwidth, which enables it to

reflect the characteristics of the sample data itself and

avoid the discontinuity of the histogram. The specific

formula is as follows:

Suppose x1, x2, x3, . . . , xn is a set of n sample points with

independent identical distribution, then its probability density

function is:

f h(x) �
1
n
∑n

i�1 Kh(x − xi) � 1
nh

∑n

i�1 K(x − xi
h

) (12)

Where K(.) is the kernel function, the commonly used kernel

functions are Uniform, Triangle, Gauss, Epanechikov, etc. The

integral value of the kernel function is 1, the mean value is 0, non-

negative and in line with the probability density properties. In

this paper, Gauss kernel function is chosen, and its specific

formula is as follows.

1			
2π

√ exp(−1
2
u2) (13)

3.2.4 Dagum Gini coefficient decomposition
The Dagum Gini coefficient decomposition is a method

proposed by Dagum (Dagum, 1997) in 1997 to decompose

inter-regional imbalances by subgroups. Compared with

traditional methods such as the Gini coefficient and the

Theil index, it performs better and more accurately in

dealing with sub-regional disequilibrium. Moreover, the

traditional decomposition methods have strict

requirements for the data between groups. The data in

any group must be completely smaller or larger than the

data in the rest of the groups, and no overlapping values are

allowed in different groups. The Dagum Gini coefficient,

however, solves this problem by not requiring restrictions on
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the data between groups. This decomposition method has

been used widely to analyze differences (Zhang and Wang,

2021; Zhang and Xing, 2021). In this paper, the Dagum Gini

coefficient method can effectively measure the development

inequality between regions, and the total difference can be

decomposed into three parts: intra-regional difference, inter-

regional difference, and super-variable density. The specific

calculation and decomposition formula is as follows:

G �
∑k

j�1 ∑k

h�1 ∑n

i�i ∑nh

r�1
∣∣∣∣∣yji − yhr

∣∣∣∣∣
2n2�y

(14)

Wherej, h represents different regions, i, r represents

provinces or municipalities directly under the central

government in the region, n is the total number of provinces,

and nj, nh represents the number of provinces in different

regions. yji, yhr represents the combined development scores

of the digital economy and ecological environment of provinces i

or r in j or h regions, and �y represents the average composite

score of all provinces and municipalities. When decomposing the

overall Gini coefficient, we need to rank the scores of each region

according to their mean values. Then, the overall Gini coefficient

G can be decomposed into three parts, namely, the contribution

of intra-regional differences namedGw, the contribution of inter-

regional differences named Gnb, and the super-variable density

Gt. The three components satisfy G � Gw + Gnb + Gt, where the

Gini coefficient Gjj of region j and the contribution Gw of intra-

regional differences can be calculated by Eqs 13, 14; the Gini

coefficient Gjh and the contribution Gnb between regions j and h

can be derived from Eq 15, 16, and the formula for calculating the

inter-regional super-variable density Gt is derived from Eq. 17

Gjj � ∑ni

i�1 ∑nj

r�1
∣∣∣∣∣yji − yjr

∣∣∣∣∣
2yjnj

2
(15)

Gw � ∑k

j�1 GijPjSj (16)

Gjh �
∑nj

i�1 ∑nh

r�1
∣∣∣∣∣yji − ylr

∣∣∣∣∣
njnh(�yj + �yh) (17)

Gnb � ∑k

j�2 ∑j−1
h�1 Gjh(pjSh + phSj)Djh (18)

Gt � ∑k

j�2 ∑j−1
h�1 Gjh(pjsh + phSj)(1 − Djh) (19)

Pj � nj
n ,Sj �

n�yj

n�y .Djh is the relative impact between regions j andh,

djh is the difference in the level of comprehensive development

between regions, denoting the mathematical expectation of all

yji − yhr > 0 in regions j and h, and Pjh is the hypervariable first-

order moment, denoting the mathematical expectation of all yji −
yhr < 0 in regions j and h, calculated as follows:

Djh �
djh − pjh
djh + pjh

(20)

djh � ∫∞

0
dFj(y) ∫

y

0

(y − x)dFh(x) (21)

djh � ∫∞

0
dFh(y) ∫y

0
(y − x)dFj(x) (22)

3.2.5 Research area and data sources
China is the largest developing country in the world, with a

vast land area of 9.63 million square kilometers and a population

of 1.41 billion in 2020, accounting for 18% of the world’s total

population. Mainland China includes 31 provinces, each

province has a great difference in terms of geographical

location, resource endowment, and development status. And

the 30 provinces in mainland China are subdivided into three

parts: East, Central, and West according to their geographical

locations and economic development degrees for analysis and

comparison. The eastern region includes Beijing, Tianjin, Hebei,

Shanghai, Shandong, Jiangsu, Zhejiang, Fujian, Guangdong,

Hainan, and Liaoning, the central region includes Henan,

Shanxi, Hubei, Anhui, Hunan, Jiangxi, Jilin, and Heilongjiang,

and the western region includes Inner Mongolia, Guangxi,

Chongqing, Sichuan, Guizhou, Yunnan, Shaanxi, Gansu,

Ningxia, Qinghai, and Xinjiang. Because of the serious

missing data in the Tibetan province, we selected

30 provinces, cities, and autonomous regions in mainland

China as the research object. China’s digital economy-related

indicators have almost no statistical data before 2011, and the

data after 2019 are not yet publicly available; considering the data

availability, the research period selected in this work is

2011–2019. The data come from the China Statistical

Yearbook, the statistical yearbooks of each province as well as

the CEE database and CEADs database. Missing data for some

provinces are supplemented by interpolation.

4 Empirical results and analysis

4.1 Analysis of the digital economy and
ecological environment score

As can be seen in Figure 1, the level of the digital economy

has grown significantly over time in all provinces, almost all

provinces increased by more than 100% compared to 2011. Our

empirical results further augment the findings of Zhu et al.

(2022). This is mainly due to the Chinese government’s policy

support for the digital economy and its strong infrastructure

capacity. Given the role of the digital economy in driving

economic growth, China’s central government launched the

“Broadband China” strategy as early as 2012 with the goal of

making broadband a strategic national public infrastructure, and

the implementation of this strategy has greatly improved the

digital infrastructure and laid a solid foundation for the
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FIGURE 1
The score of the digital economy and ecological environment. (A) The score of the digital economy; (B) The score of ecological environment.
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development of China’s digital economy. In addition, China’s

opening-up policy has introduced a large number of digital

technologies, and the emerging technologies have been

improved and perfected in the development of China’s vast

digital economy market, making the overall digital economy

level develop greatly in recent years. However, at the same time,

the uneven development of the digital economy in China is also

particularly prominent. The eastern coastal provinces such as

Beijing, Zhejiang, Guangdong, and Shandong have a digital

economy score of more than 0.4 and are far ahead, while the

western regions such as Xinjiang, Gansu, and Qinghai are far

below the rest of the provinces. The main causes of this

unbalanced development phenomenon are as follows. First,

the western region is geographically inferior to the eastern

coastal region, the difficulty of infrastructure construction,

the degree of investment in related resources, and the ease of

technology introduction are far behind the rest of the region.

This geographical location brings the inherent disadvantage

that makes the digital economy development level lower.

Second, because the digital economy has a significant effect

of increasing marginal rewards, once the information

infrastructure and trading platforms and mechanisms are

perfected, subsequent economic behavior based on them no

longer requires large inputs to obtain a higher marginal output

and thus further enhance the digital economy, which in turn

exacerbates this imbalance.

In terms of the ecological environment development, there

are some differences in the performance of provinces. Except

for some eastern coastal provinces such as Beijing, Guangdong,

Tianjin, and Zhejiang, where the quality of the ecological

environment has improved, most regions maintain small

fluctuations in the ecological environment level or show a

decline in development level. The reason for this

phenomenon is that the eastern coastal regions have a

higher level of economic development and their residents

and governments have a higher demand for ecological

environment quality, so these provinces have the will and

ability to invest relevant resources to improve the ecological

environment level. The rest of the provinces, such as Liaoning

and Jiangxi, have a limited economic level and the local

government places more emphasis on economic

development. Therefore, the resources invested in

environmental management are limited, and the ecological

score shows some fluctuations with economic development.

Finally, some central and western provinces such as Inner

Mongolia, Xinjiang, and Heilongjiang are relatively backward

in terms of economic development level and have taken on

some of the highly polluting but local economic growth-driving

enterprises brought about by the transfer of industries from the

eastern coastal provinces, so the short-sighted behavior of local

governments has led to a gradual decline in the ecological

environment level of these provinces along with economic

development.

4.2 Analysis of the coupling coordinated
development

From the heat map of the CCD level in 2011, 2015, and

2019 in Figure 2, it can be found that the overall level of CCD

between the digital economy and ecological environment has

increased. This is consistent with the results of Li (Li Z. et al.,

2021). As can be seen from Table 2, the degree of coordinated

development of the digital economy and ecological environment

in most provinces has steadily increased with the year, while

individual provinces, such as Xinjiang and Qinghai, have

fluctuated in individual years, but still maintain an upward

trend. Among them, the coordination level score is greater

than 0.6 mainly in the five eastern coastal provinces of

Guangdong, Jiangsu, Zhejiang, Beijing, and Shandong. These

regions have a high level of economic development and a good

foundation for digital economy development. The introduction

and application of advanced digital technologies can be well

popularized among local enterprises and residents. Moreover, the

overall environmental awareness of the residents is higher, and

the high standard of the environmental level also forces the local

government to focus on the management and improvement of

the ecological environment. So the coordinated development of

the ecological environment and digital economy is far ahead. The

four western provinces of Xinjiang, Qinghai, Ningxia, and Gansu

all have a coordinated development score of less than 0.45, which

is much lower than that of the eastern region. The main reason

for this is that the western region generally has a large

administrative area and requires more human resources and

capital investment for ecological and environmental

management. And due to the sparse population, the average

cost of environmental management is higher. The level of fiscal

revenue in these provinces is not sufficient to cover the

corresponding public expenditure. At the same time, these

regions have benefited from the sinking of digital technology

and the improvement of digital infrastructure, and the level of

digital economy has increased instead. Therefore, the

coordination between the two has not grown as much as in

the east.

4.3 Kernel density curve analysis

To further explore the dynamic characteristics of China’s

CCD level, this paper adopts the kernel density estimation

method to analyze the specific characteristics of four aspects

of the distribution location, morphological changes, extensibility,

and polarization of China’s overall and different regional

integrated development levels.

Figure 3A shows the dynamic evolution trend of the CCD of

the digital economy and ecological environment in China as a

whole during the sample period. It can be found that the center

and interval of the overall distribution curve gradually shift to the
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FIGURE 2
The heat map of CCD scores by province. (A–C) indicate the heat map of 2011, 2015, and 2019, respectively
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right, which indicates that the level of coordinated development

between the two shows an increasing trend. The height of the

main peak of the curve gradually decreases, the width of the curve

remains almost constant, and the right trailing phenomenon of

the distribution curve eases over time, which indicates that the

absolute difference in the overall coordinated development level

of digital economy and ecological environment among Chinese

provinces gradually decreases. This phenomenon is consistent

with the results of the above analysis. Inter-provincial differences

decrease with the development of the lagging provinces. The

distribution curve gradually evolves from a multi-peak state to a

single-peak state, and the change of the waveform state indicates

that the absolute difference in the level of coordinated

development among the provinces has decreased and the

development level is more evenly distributed. The main

reason is that at the beginning of the sample observation, the

digital infrastructure in some lagging provinces is not sound, the

digital application scenarios were scarce, and the ecological

pollution problem was prominent due to the weak awareness

of ecological protection, so the absolute difference in the level of

coordinated development among provinces was relatively larger.

And then the backward provinces further improved their digital

layout and developed digital application scenarios by virtue of

policy inclination, which solved the problem of waste of

resources and excess capacity to a certain extent. The digital

economy has also improved the ecological environment by

reducing information asymmetry and transforming the

original rough development method into a refined

development. Moreover, the improvement of economic level

also makes people pay more attention to environmental

issues, so the development of digital economy and ecological

environmental protection promote each other and complement

TABLE 2 The score of coupling coordinated development.

Province 2011 2012 2013 2014 2015 2016 2017 2018 2019

Beijing 0.486 0.527 0.559 0.581 0.580 0.606 0.626 0.638 0.651

Tianjin 0.394 0.392 0.399 0.425 0.443 0.444 0.462 0.461 0.528

Hebei 0.378 0.402 0.442 0.469 0.470 0.493 0.531 0.548 0.568

Shanxi 0.358 0.377 0.409 0.407 0.420 0.419 0.452 0.473 0.489

Inner Mongolia 0.312 0.325 0.366 0.384 0.372 0.378 0.403 0.410 0.420

Liaoning 0.403 0.419 0.447 0.465 0.458 0.443 0.463 0.478 0.486

Jilin 0.316 0.336 0.354 0.377 0.382 0.379 0.402 0.434 0.461

Heilongjiang 0.316 0.333 0.376 0.386 0.400 0.396 0.408 0.420 0.431

Shanghai 0.429 0.463 0.473 0.514 0.544 0.560 0.578 0.573 0.592

Jiangsu 0.513 0.537 0.569 0.583 0.608 0.614 0.628 0.649 0.664

Zhejiang 0.496 0.531 0.544 0.560 0.583 0.595 0.605 0.629 0.653

Anhui 0.339 0.363 0.412 0.423 0.455 0.464 0.476 0.606 0.522

Fujian 0.459 0.489 0.509 0.503 0.524 0.540 0.567 0.576 0.595

Jiangxi 0.337 0.353 0.377 0.376 0.414 0.411 0.436 0.466 0.489

Shandong 0.479 0.503 0.549 0.569 0.569 0.571 0.585 0.616 0.630

Henan 0.371 0.394 0.427 0.457 0.468 0.474 0.502 0.536 0.559

Hubei 0.375 0.394 0.419 0.434 0.457 0.465 0.478 0.504 0.532

Hunan 0.361 0.386 0.403 0.418 0.443 0.460 0.476 0.505 0.532

Guangdong 0.570 0.600 0.629 0.650 0.675 0.684 0.702 0.724 0.746

Guangxi 0.328 0.357 0.381 0.396 0.407 0.413 0.428 0.454 0.482

Hainan 0.311 0.344 0.340 0.358 0.374 0.389 0.394 0.408 0.425

Chongqing 0.361 0.385 0.406 0.416 0.440 0.446 0.463 0.483 0.504

Sichuan 0.365 0.379 0.401 0.427 0.467 0.489 0.512 0.530 0.550

Guizhou 0.257 0.289 0.333 0.345 0.375 0.383 0.431 0.430 0.465

Yunnan 0.307 0.346 0.356 0.366 0.389 0.401 0.403 0.432 0.464

Shaanxi 0.378 0.395 0.411 0.424 0.443 0.449 0.454 0.473 0.504

Gansu 0.266 0.299 0.314 0.330 0.347 0.383 0.386 0.406 0.413

Qinghai 0.277 0.278 0.298 0.332 0.353 0.357 0.341 0.376 0.382

Ningxia 0.327 0.350 0.380 0.421 0.387 0.446 0.408 0.416 0.421

Xinjiang 0.296 0.312 0.336 0.355 0.357 0.353 0.369 0.387 0.387

aThe higher the score, the higher the development level.
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each other. Although there is still a certain gap with the

developed regions, the coordinated development level of some

backward regions has been greatly improved, and the absolute

difference with the developed regions has decreased.

Due to the large number of provinces in China, there are

significant differences in resource endowments and

development levels among provinces. Therefore, in order

to have a comprehensive and detailed understanding of

China’s CCD level, this paper further analyzes the CCD

level of the three major regions in East, West and Central

China. From Figures 3B–D, we can find that the centers and

intervals of the distribution curves of the three regions are

also gradually shifted to the right, which is consistent with

the overall situation of China, indicating that the CCD in

each region also shows an upward trend. From the extension

of the distribution curve, the eastern and central regions

show a more obvious left trailing phenomenon, which

indicates that the difference in the level of coordinated

development among the provinces in the eastern and

central regions is gradually expanding and the unbalanced

phenomenon is prominent. And the left trailing indicates

that the gap of coordinated development within the region

mainly comes from some provinces with faster growth rates,

while the rest of the provinces in the region do not fully catch

up with these faster development provinces, so there is a

phenomenon of gradually expanding difference between

provinces within the region. This is mainly due to the

path dependence of development in some provinces, for

example, the development of some resource-heavy

provinces such as Shanxi relies on the exploitation of

natural resources such as coal mines, and it is difficult to

take into account the quality of the ecological environment

while developing, so the level of coordinated development is

at a backward stage. However, from the overall distribution

interval changes, the level of coordinated development of the

two regions is still growing. In terms of the polarization of

the distribution curve, the eastern, central and western

regions have all remained single-peaked, indicating that

the level of coordinated development in each province

within the three regions is not polarized despite the trend

FIGURE 3
CCD kernel density of national and regional. (A) Kernel density of China; (B) Kernel Densityof eastern region; (C) Kernel Density of central region;
(D) Kernel Density of western region.

Frontiers in Environmental Science frontiersin.org12

Fu et al. 10.3389/fenvs.2022.1006354

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1006354


of expansion. In terms of the distribution pattern, the height

of the crest in the eastern region decreases sharply and then

increases slowly. And the width of the curve increases and

then converges, indicating that the level of coordinated

development in the eastern provinces is diverging at the

beginning but then converges gradually, and the level of

coordinated development in each province tends to be

consistent. This is inextricably related to the improvement

of infrastructure construction among provinces in the

eastern region, and the provinces rely on convenient

transportation and digital technology to enable the

effective dissemination of other information such as

emerging technologies and development concepts among

the regions, and the spillover effect and demonstration

effect also drive the development of surrounding

provinces, so that the level of coordinated development in

the eastern region is converging. The height of the wave in

the central region gradually decreases and the width of the

wave gradually increases. This indicates that the difference in

the level of coordinated development between provinces

within the central region is gradually increasing, as the

level of coordinated development in the central region is

low at the beginning of the research phase, the difference is

small and therefore the development level is more

concentrated. With the development of time, some

provinces, such as Anhui, have succeeded in getting rid of

the development path dependence, introducing high-tech

industries such as BOE, etc., so that their digital economy

development level has been significantly improved and the

development mode has shifted from rough to intensive, and

the quality of ecological environment has been improved.

However, the rest of the provinces have not explored their

own development paths, so the level of coordinated

development is becoming more and more different among

the provinces, with a trend of dispersion. The height of the

curve crest gradually increases in the western region, but

decreases in the last year, and the width of the curve also

increases. This indicates that the level of coordinated

development of the digital economy and ecological

environment in the western region first converges and

then diverges. The difference between the digital economy

and the ecological environment also indicates that the

western region should take into account the maintenance

and improvement of the ecological environment while

focusing on the improvement of the digital economy, and

should not trade the ecological environment quality for the

development of the digital economy.

4.4 DagumGini coefficient decomposition

In order to further reveal the differences in China’s

coordinated development and their sources, this paper

adopts the Dagum Gini coefficient decomposition method

to measure and decompose the differences in their

coordinated development.

4.4.1 Overall and intra-regional variation analysis
The dynamic evolution of the Gini coefficient for the country

as a whole and for the three main regions of coordinated

development is shown in Figure 4, which shows that the

overall level of coordinated development in China is

fluctuating and decreasing. Although the Gini coefficient

increased slightly in 2017, but continued to decrease in the

following years and was always lower than 2011. The main

reason for the fluctuations in 2017 is the inconsistency of

CCD growth between regions. The total CCD growth in

2017 was 0.200, 0.161, and 0.099 for east, central, and west,

respectively. The increase in the absolute difference between the

western region and the other regions increases the inter-regional

Gini coefficient and therefore leads to an increase in the overall

Gini coefficient. This can also be verified in Figures 5, 6. It can be

seen in Figure 5 that the Gini coefficient of east-west and west-

central have increased in 2017. And the contribution of inter-

regional differences to the overall Gini coefficient has increased

in 2017 in Figure 6.

By region, the Gini coefficient of the eastern region is

declining. The provinces in the eastern region are more

closely connected, with the development of the Beijing-

Tianjin-Hebei city cluster effectively driving the level of the

local digital economy and improving the quality of the

ecological environment. The Pearl River Delta city cluster has

successfully nurtured high-tech digital technology companies

such as Huawei, Tencent, and DJI with its superior

geographical location and policy support, and therefore has a

higher level of digital economy. The improvement in the level of

digital economy and ecological environment makes the degree of

synergistic development between the two also gradually tends to

converge, so the degree of difference in coordinated development

between provinces in the eastern region steadily decreases. The

difference in the coordination of the central region is on the rise.

The central region includes provinces with serious development

path dependence, such as Shanxi and Inner Mongolia, which rely

on rich mineral resources to develop their economy while the

quality of ecological environment inevitably declines. The

remaining provinces that do not have such path dependence

can develop their digital economy and improve the quality of

ecological environment at the same time, so the absolute

difference in the CCD between provinces gradually increases

over time. But at the same time, because the CCD is relatively

more balanced in the central region as a whole, it is still lower

than that in the eastern and western regions, although it has

improved. The inter-province differences in the western region

gradually decreased until 2014 and then increased. The main

reason is that the level of coordinated development in the western

region was at a low level before 2014, and the development speed
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was relatively slow, so the inter-regional differences decreased as

the level of coordination increased. Subsequently, there were

large differences in the growth rate and absolute level of

coordination level among the provinces in the western region,

so the degree of difference increased. However, it is worth noting

that the degree of difference in coordination level in 2019 is still

lower than that in 2011. This indicates that the gains from the

increase in the level of digital economy and ecological

environment in the western region outweigh the imbalance

caused by the inter-regional development.

FIGURE 4
National and regional Gini coefficients.

FIGURE 5
Gini coefficient values by region.
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4.4.2 Trends in the evolution of inter-regional
differences

As can be seen from Figure 5, the differences in the degree

of coordinated development between regions are increasing

and decreasing. Specifically, the difference between the

eastern and western regions is the largest, and the curve

position is always higher than the Gini coefficient curve

between the east-central and central-western regions in the

whole sample interval. The main reason is that there are large

differences between the east and west regions, both in terms of

resource endowment and geographic location, which are

inherent conditions, and in terms of socio-economic

development patterns, population quality, population

density, and infrastructure development, which are

acquired environments. Subject to these conditions, the

digital economy and ecological environment differ greatly

between the two regions, so there is a large gap in the level

of CCD. However, at the same time, the level of difference

between the two regions is fluctuating and decreasing, thus

indicating that the degree of coupling and coordination in the

western region is gradually approaching that in the eastern

region. The central region is at an intermediate level in terms

of digital economy and ecological environment development

levels, so the differences between both the east-central regions

and the central-western regions are smaller than the

differences between the east-west regions. It is noteworthy

that the difference in the CCD between the central and

western regions gradually increases after 2014, a finding

that overlaps with the phenomenon of increasing intra-

regional differences above, suggesting that the increase in

differences between the two major regions stems mainly

from the increase in differences within the western regions,

which is exacerbated by the differences between the central

and western provinces. Although the overall Gini coefficient is

smaller between the central and western regions, the increase

is larger. This also reveals that the Chinese government should

focus more on inter-regional coordination in its development.

4.4.3 Sources of differences and their
contributions

Figure 6 shows the sources of variation in the level of

coordinated development of digital economy and ecological

environment in China and their contributions. The dynamic

evolution of the sources of variation shows that the variation

in the level of coordinated development mainly comes from

the contribution of inter-regional variation, and the

proportion of its contribution far exceeds that of intra-

regional disparity and hyper-variance density. Specifically,

the inter-regional and hypervariance density curves wax

and wane, with symmetric changes around the intra-

regional Gini coefficient curve, while intra-regional

differences fluctuate slightly and remain largely unchanged.

The hypervariance density represents the contribution of the

cross-overlap component present in different regions to the

overall disparity, which increases gradually over time. This set

of characteristics indicates that the overall disparity mainly

originates from inter-regional differences, but the

contribution of inter-regional differences decreases as time

FIGURE 6
Decomposition of Gini coefficient differences and their contribution rates.
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grows. The contribution of hypervariance density gradually

increases, but the contribution rate remains at a low level. And

the contribution rate of intra-regional variation is basically

maintained at 20%.

5 Conclusion and policy
recommendations

Based on the panel data of 30 provinces and cities in

China from 2011 to 2019, this paper measures the

development level of digital economy and ecological

environment using the entropy method, and measures the

degree of coordinated development between digital economy

and ecological environment based on the CCD model. On

this basis, the kernel density model and the Dagum Gini

coefficient model are conducted to analyze and discuss the

distribution dynamics, evolutionary trends, and regional

differences of the coordinated development in China. The

results of the study are as follows: 1) China’s digital economy

and ecological environment have made some progress in

recent years, with the eastern region developing the fastest,

followed by the central region, and the western region

lagging behind. And the status of the digital economy

development is better than ecological environment.

However, there is still much room for improvement in

both the ecological environment and the digital economy

in each region. 2) The level of coordination between the

digital economy and ecological environment has improved

in all provinces, but the level of coordinated development

shows significant regional heterogeneity, with the highest

level of coordination in the eastern region, followed by the

central region and the lowest in the western region. 3) The

overall level of coordinated development in China shows a

slight divergence, with the absolute difference between

provinces increasing over time. 4) By region, the Gini

coefficient of coordinated development between regions

shows a fluctuating downward trend, with the largest Gini

coefficient value between the east and west, followed by the

east-central region, and the smallest in the central-western

region. Moreover, the differences in overall coordinated

development in China mainly originate from inter-

regional differences, followed by intra-regional differences

and hypervariable density.

Based on the above findings, this paper puts forward the

following policy recommendations. 1) Continue to expand the

depth and breadth of digital technology applications, further

enhance the scale of the digital economy, and make the digital

economy a sustainable driver of economic growth. Strengthen

ecological environmental protection and restoration efforts,

set strict environmental standards, actively eliminate

backward production capacity, and improve energy and

resource utilization efficiency to enhance the ecological

environment. 2) Improve the level of digital economy and

improve the level of ecological environment in a parallel

manner. While developing the economy, it should consider

its impact on the ecological environment, avoid the

phenomenon of pollution before treatment, and promote

the coordinated, integrated, and sustainable development of

ecological environment and digital economy. 3) The

government should pay attention to the fairness of

coordinated development among regions to avoid the

undesirable phenomenon of polarization. Strengthen

communication and learning efforts between high-level

regions and low-level regions, and promote the inter-

regional flow of digital technology and ecological

environment governance technology. 4) There are certain

differences among regions and provinces in terms of

resource endowment and development status, and their

heterogeneity should be fully taken into account when

understanding the status of coordinated development, as

well as when setting development targets. Criteria should

be set strictly for the eastern region to avoid a fallback in

the level of coordinated development. The standards for the

provinces in the central and western regions should be

appropriately lowered, and on the basis of stabilizing the

status then steadily seeking progress. Efforts should be

made to improve the level of digital economy and

ecological environment to achieve coordinated and

sustainable development.

Given the availability of data, the research period of this

paper is relatively short, and the development status of

developing countries may be different from that of

developed countries. Subsequent studies can be further

expanded in terms of study period as well as study area to

enrich the relevant studies.
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