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As global urbanization continues to accelerate, so does the amount of harm to the

natural ecological environment caused by excessive resource extraction. In several

Chinese cities, haze and excessive greenhouse gas emissions have become crucial

to the development of an ecological society. To break the previous energy-

intensive development model, the data element has emerged as a key driver of

the new cycle of high-quality development. Therefore, additional investigation into

the synergistic influence of the digital economy as a new factor on air pollution and

CO2 emissions is warranted. This study examines the effects, spatial effects, and

transmission mechanisms of the digital economy on the synergistic control of

carbon and haze using panel data from 30 provinces in China from 2013 to 2019.

The study concludes that the digital economy has an overall significant inhibiting

effect on carbon dioxide emissions and haze pollution levels (the regression

coefficients are -1.090 and -0.714 respectively), a significant driving effect on

the efficiency of synergistic carbon and hazemanagement, a spatial spillover effect,

and a positive effect onneighboring regions (the regression coefficient ismore than

0.239). By region, the digital economy in the eastern region has a greater impact on

the effectiveness of carbon and hazemanagement, whereas the digital economy in

thewestern region has a greater impact onCO2 emission reduction, and the digital

economy in the central region has an effect that is more consistent with the overall

situation. Moreover, the digital economy may successfully encourage technical

innovation, which in turn supports synergistic carbon and haze governance, and

technological innovation plays a very important mediating role in this transmission

mechanism, a finding that is resilient to geographical interaction effects.

Consequently, relevant policy recommendations are presented.
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1 Introduction

China has started to pay attention to energy conservation and

environmental preservation since the reform and opening up,

particularly in the 1990s, but for a long time, economic growth

still followed a primitive development model with high energy

consumption and high emissions. Environmental pollution levels

and CO2 emissions peaked in the first decade of the twenty-first

century (Figure 1), and in 2007, China surpassed the

United States as the world’s top carbon emitter (Liu, Z. et al.,

2022). This was the result of a decade of strong economic

expansion and increased industrialization. However, since

2013, different parts of the nation have faced differing levels

of haze pollution (Figure 2), with PM2.5 concentrations in some

places surpassing 1,000 micrograms per cubic meter, more than

40 times the permissible limit1. The Chinese government, at all

levels, has implemented a number of initiatives to “tackle the

haze with an iron fist,” including the adoption of the world’s

strictest ultralow emission limits for flue gases and the

widespread use of “coal-to-gas” (Xu and Ge, 2020) and “coal-

to-electricity” (Xu et al., 2020). Particulate matter (PM) and

sulfur dioxide (SO2) emissions, two of the three common air

pollutants currently under control, have decreased by more than

80% from their pre-2014 peaks, while nitrogen oxide (NOx)

emissions have decreased by 30% from their peaks. Indicators

show that conventional pollutants have been reduced, but actual

haze control is far less successful than anticipated. To maintain a

particular level of air quality in the autumn and winter, the

northern regions had to rely on extensive work stops and output

limitations. Haze still appeared frequently, though. Widespread

and protracted severe haze pollution was nevertheless inevitable

in some locations, especially during the new coronavirus

epidemic’s first emergence in early 2020, when the Chinese

economy was nearly at a stop, seriously harming public health

and the quality of economic growth (Huang et al., 2020), and

even endangering lives (Han, C. et al., 2022).

At this stage, the concept of green, low-carbon and

sustainable development has become a mainstream trend in

the world’s economic development, and the digital economy is

an economic activity that uses data as a factor of production,

using data computing, data sharing and other means3. It can

efficiently increase social production efficiency and optimize the

economic and industrial structure of the economy, acting as a

major force behind the transformation of the traditional model of

economic development and the advancement of the creation of

an ecological civilization. Information components can now play

an innovative role in the value chain because of the digital

economy’s use of information technology to integrate and

deploy resources to increase production efficiency (Miao,

2021). It is specifically suggested to encourage the integration

of digitalization, intelligence, and greening in the industrial

sector in the State Council’s “Action Plan to Reach the

Carbon Peak by 2030.” A crucial step towards attaining

carbon peaking and carbon neutrality (Liu, Z. et al., 2022)

and fostering high-quality economic development is the deep

integration of the digital economy and green development.

However, few studies have been conducted on the digital

economy and environmental pollution management, with

most of the previous studies ranging from economic growth

(Xiong and Xu, 2021), foreign investment (Xu et al., 2019),

FIGURE 1
The total carbon emissions and average annual haze
concentration of China2

1 In 2005, the WHO air quality guidelines set a safe PM2.5 concentration
of 10 micrograms per cubic meter, with a reduction to 5 micrograms
per cubic meter by 2021.

2 Annual average haze concentrations in China only became publicly
available after 2013.

3 There is still disagreement in the current academic community on the
definition of the digital economy, and this study builds on the existing
foundation by referring to China’s National Bureau of Statistics,
“Statistical Classification of the Digital Economy and its Core
Industries (2021)" (China’s National Bureau of Statistics, 2021.
(China’s National Bureau of Statistics, 2021. http://www.stats.gov.cn/
tjgz/tzgb/202106/t20210603_1818129.html. Accessed 21 June 2022),
OECD, 2014. Measuring the Digital Economy: A New Perspective, Pan
et al., 2022. Digital economy: An innovation driver for total factor
productivity. Journal of Business Research 139, 303–311. and Zhang W
et al., 2022. Digital economy and carbon emission performance:
Evidence at China’s city level. Energy Policy 165, 112,927. The digital
economy refers to a series of economic activities that use data
resources as a key production factor, modern information networks
as an important carrier, and the effective use of information and
communication technology as an important driving force for
efficiency improvement and economic structure optimization,
mainly including digital development, digital innovation and digital
application.
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industrial structure (Su et al., 2021; Liu Y et al., 2022),

environmental regulation (Wang et al., 2022) He, 2015),

industrial agglomeration (Zeng and Zhao, 2009; Dong et al.,

2020), technological innovation (Wang and Luo, 2020; Ding

et al., 2022; Li et al., 2022), and other perspectives on the causes of

environmental pollution and the paths of pollution abatement.

Therefore, this study constructs a spatial panel regression

model using interprovincial panel data in China from

2013–2019 to measure the impact of the digital economy on

the efficiency of synergistic carbon and haze management. It also

examines whether technological innovation plays a mediating

role between the two and better identifies the impact effect of the

digital economy on atmospheric environmental management.

The main innovation points are as follows. 1) Based on the

perspective of atmospheric pollution, this study provides

empirical evidence from China to study the pathway of

synergistic management of the digital economy and carbon-

haze, and enriches the research on the relationship between

the digital economy and environmental pollution. 2) An

input–output model is used to evaluate the efficiency of

regional carbon and haze management, taking into account

the differences in economic development between the eastern,

central and western regions, to examine the effects of the digital

economy on the management of two major pollutants, carbon

dioxide and haze pollution, and to identify the similarities and

differences in the effects of the digital economy on both,

providing a feasible method for measuring the efficiency of

environmental management, especially air pollution

management. 3) To comprehensively reflect the true

development of China’s digital economy at the provincial

level, this paper constructs a comprehensive digital economy

index evaluation system for Chinese cities from three aspects: the

level of information infrastructure construction, the level of

digital industrialization and the level of industrial digitization.

4) To improve the study of the transmission mechanism of the

digital economy on the synergistic management of carbon-haze

and to verify the mediating effect of the mechanism of

technological innovation between the two in consideration of

spatial interaction.

The rest of this paper is arranged as follows: Section 2 details

the literature review. Section 3 presents the theoretical analysis

and research hypothesis. Section 4 introduces the model

construction, election and setting of variables, and data

sources. Section 5 presents the spatial agglomeration

characteristics of air pollution, the benchmark regression

results, and the transmission mechanism. A robustness test is

presented in Section 6. Section 7 summarizes the main research

conclusions and discusses policy enlightenment. Figure 3

illustrates the digital economy the graphical abstract of this

research. The abbreviations and terms used in the text are in

Supplementary Appendix SA, while the models and equations

involved are in Supplementary Appendix SB.

2 Literature review

In terms of sectors related to the digital economy, Chen and

Yan (2020) explored the impact and working mechanism of

e-commerce development on SO2 air pollution prevention and

control in Chinese cities and found that compared to

e-commerce services, e-commerce development can

significantly reduce the level of SO2 air pollution in Chinese

cities and contribute more significantly to the reduction of SO2

emissions per unit of GDP. Cao et al. (2021) used theMultiperiod

Difference-in-Difference method to examine the impact of the

National E-commerce Demonstration Cities (NEDC) pilot on

green total factor productivity (GTFP) and found that the cities’

GTFP increased by an average of 1.24% after the NEDC policy

shock. The average increase in GTFP after the NEDC policy

shock was 1.24%, which was more effective for western and

resource-based cities, providing new evidence on the relationship

between e-commerce and green development. Yang et al. (2021b)

verified that there is an inverted U-shaped curve relationship

between the development of the Internet industry and haze

pollution in China and that haze pollution can be curbed

through technological innovation in communication.

In fact, the ICT (information and communication

technology) industry, the predecessor of the digital economy,

has been studied in relation to the effects of environmental

governance for much longer. Toffel and Horvath (2004) make

a distinction between the two-way effects of ICT development on

energy consumption. On the one hand, ICT development makes

it possible to replace the capital-driven model with a drive to

replace the costs of traditional trading, production and

distribution processes, increasing the efficiency of energy and

FIGURE 2
The changes in Chinese Air quality Index of Four typical cities
from 2013 to 2019.
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reducing the intensity of energy consumption. On the other

hand, the increased efficiency of distribution stimulates market

consumption demand, which in turn can lead to a sudden

increase in energy consumption and exacerbate environmental

pollution. There has been a great deal of debate around this idea,

with some scholars arguing that ICT can improve the efficiency

of companies in organizing production management, making

production planning better and thus avoiding wasted energy. In

addition, ICT itself is characterized by technological advances

that can effectively eliminate redundancies in the production

process and increase output efficiency (Moyer and Hughes,

2012). ICT at scale can drive changes in manufacturers’

production automation, reducing production costs and

improving energy efficiency. In contrast, other scholars have

argued that in addition to the increased energy consumption

associated with the expansion of consumption, the development

of the ICT sector requires a large amount of energy to keep it

functioning and that the electricity consumption-driven nature

of China’s economic development has become more pronounced

as the ICT sector continues to grow (Peng, 2013), a finding that

also holds true in emerging market economies and developed

regions such as the United Kingdom, United States and Korea

(Sadorsky, 2012; Kim and Heo, 2014). This also suggests that

while the ICT sector can drive technological advances in

production through factor substitution, it can also trigger new

consumption growth and generate significant energy rebound

effects.

At the same time, the issue of global warming caused by

greenhouse gases has received widespread and sustained

attention. The factors contributing to excessive CO2 emissions

are complex and involve urbanization (Zhao and Wang, 2022),

industrial production, human life and even transportation, with

the burning of fossil fuels for electricity generation being themost

important influence (Xu et al., 2017). It is generally accepted that

the main way to control carbon emissions from industrial

electricity use is to reduce the use of fossil fuels or to seek

new alternative energy sources (Minx et al., 2011). Thus,

increasing the efficiency of existing energy use or improving

production technologies can, to some extent, mitigate or curb the

increase in the greenhouse effect (Lorenzoni et al., 2007).

However, there is a certain path dependency for the

production technology factor, and the tendency of

manufacturers to make technological progress is implicit

(Acemoglu et al., 2012). In the absence of external constraints,

technological progress can in turn increase CO2 emissions (Jaffe

et al., 2002). Thus, the digital economy, as a development model

with innovative technologies, has a similar dual effect on CO2

emissions.

FIGURE 3
The digital economy and the synergistic management of carbon-haze.
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Finally, a large number of studies have been conducted on the

synergistic reduction of air pollutants and carbon dioxide. Qian

et al. (2021) constructed a data set of over 170,000 observations

and used a scenario simulation approach to reveal the huge

potential for synergistic air pollutant and CO2 emission

reduction in China’s industrial sector from the perspective of

microenterprises and suggested that continuous improvement of

energy efficiency, rationalization and restructuring of production

in the existing industrial sector, accelerated electrification and

vigorous development of non-fossil energy generation are

important ways to achieve synergistic emission reduction

benefits. Yang et al. (2022) used a pilot policy-oriented

approach to empirically analyse the impact of haze pollution

in the pilot provinces of the Emissions Trading System (ETS) and

its surrounding provinces by using the difference-in-difference

(DID) and propensity score matching-DID (PSM-DID) methods

based on data from 2000 to 2017 from 31 provinces in mainland

China. They found that the ETS in the pilot areas could alleviate

regional haze pollution and achieve a win–win situation of

controlling haze pollution and promoting CO2 emission

reduction. In provinces adjacent to the pilot areas, it played a

spillover effect, but the impact on PM2.5 concentrations was

weaker than in the pilot areas, and there was a lag period. Zhang

Q-Y. et al. (2022) argue that most studies have focused on the best

measures or pathways for co-control, but there is a lack of studies

that have assessed multiple cities comparatively. Only Li et al.

(2020) analysed the co-control performance of Chinese cities in

terms of the spatial distribution of CO2 and PM2.5

concentrations.

In conclusion, most studies have only explored the digital

economy and environmental governance from one aspect or

discussed the path of synergistic management of CO2 emissions

and haze, without exploring the synergistic management of CO2

and haze from the perspective of the digital economy. This paper

will focus on the construction of an evaluation index system for

the digital economy, study the spatial effects of the digital

economy and synergistic carbon-haze governance, and

propose pathways for the synergistic governance of carbon

and haze.

3 Theoretical analysis and research
hypothesis

A review of the above literature reveals that the effect of the

digital economy on environmental pollution is uncertain, and the

relationship between economic development and the governance

of haze and carbon emissions is inconclusive. However, some

studies suggest that the development of the digital economy can

play a role in the synergistic management of CO2 and haze.

Unfortunately, relatively little literature has been published on

the transmission pathways of this effect, and the underlying

mechanisms of the digital economy’s influence on the synergistic

management of CO2 and haze have not been systematically

clarified. This paper therefore discusses this mechanism based

on the questions raised above and proposes the following

research hypothesis.

First, the digital economy runs on Internet technology, and

data, as its main production factor, have fewer negative effects on

the ecological environment in the process of circulation,

exchange and storage, and the output side does not cause

direct pollution to the environment. Compared to traditional

industrial manufacturing, it has strong technological attributes

and a green production model (Zhou et al., 2021). Again, the

relatively high threshold of the digital economy industry means

that digital enterprises need to meet the conditions of diversified

business capabilities, mature structure and management, and

focus on sustainable development. To enhance the visibility of

enterprises and form positive social demonstration effects, policy

makers will pay more attention to public opinion monitoring, to

ecological and environmental benefits, and to optimize the

industrial structure of enterprises when developing enterprises

(Li, X. et al., 2021). The digital economy will bring a new round of

production innovation driven by technological innovation. To

improve factor productivity, enterprises will strengthen

technological information cross-collaboration and cooperation

through industrial digitization and mobile internet, ensure that

the production behavior of enterprises is consistent with the

objectives of digital governance, use digital technology to

combine enterprise resources to achieve technological

innovation and improve the digital level of enterprises, thus

improving the efficiency of factor use and reducing unnecessary.

This will improve the efficiency of factor use and reduce

unnecessary resource loss, thus laying the consciousness and

material foundation for the transformation of production

methods to scale and green in the future (Liu, Y. et al., 2022).

To break the dilemma of private data and fragmented

information between departments, cutting-edge technologies

such as big data, blockchain and cloud computing will be

further promoted and applied in the dynamic environmental

monitoring system, accelerating the transparency of data

resources with the help of the Internet platform, enhancing

the data collection capacity of government departments,

improving the accuracy of data analysis and prediction, and

improving the environmental monitoring system. This will

enable the government to introduce reasonable control

measures to regulate the green production of manufacturers

(Su et al., 2021). Based on the above analysis, Hypothesis 1 is

proposed.

H1: Digital economy development has a positive spatial effect on

the efficiency of synergistic CO2 and haze management.

Second, urban agglomerations, as the main strategic form in

the current evolution of China’s urbanization, have led to

economic exchanges between localities and neighboring cities,

promoting cooperation and coordinated development between
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various types of cities. However, there are still problems with the

uneven distribution of resources and regional economic

differentiation among cities. In addition, waste pollutants

from factories and enterprises located in the upper reaches of

cities may cause additional pollution in the downstream areas

along rivers, while air pollution caused by factories and

enterprises located at the edges of cities may easily lead to

cross-border cross-pollution along with atmospheric

dispersion, resulting in the spatial aggregation effect of

environmental pollution and leading to an increase in

government pollution. The spatial agglomeration effect of

environmental pollution has led to increased costs and

pressure on governments to control pollution (Li, Z. et al.,

2021; Sun et al., 2021). The rise of the digital economy, with

its fast, convenient and highly permeable characteristics, has

broken the traditional geographical boundaries and transcended

spatial and temporal limitations, with the Internet as its main

information transmission tool, linking regions together and

making the exchange, collection and processing of

information more convenient, open and transparent (Li

and Liu, 2021). Furthermore, because the production

activities of enterprises are closely related to the level of

their own production technology, for example, resource-

based enterprises, which mainly consume natural

resources, cause far more damage to the environment

than green enterprises, and thanks to the convenience of

the economic model, the digital economy can play a role in

promoting the exchange and promotion of green

manufacturing technology among enterprises, enhancing

the efficiency of enterprise learning, and urging

enterprises to monitor each other. It also helps to reduce

the average amount of emissions and the cost of managing

polluting waste (Han C et al., 2022). Once again, the

reusability and non-zero sum nature of the data itself lead

to a minimal marginal cost of natural resources consumed in

the process of acquisition and exchange, and its low-input,

high-yield nature perfectly suits the current government’s

requirements for green development. This will accelerate

cross-regional cooperation and the outreach of the digital

economy, which is conducive to improving regional

collaborative governance policies and enhancing

environmental quality (Wang et al., 2021). Based on the

above analysis, hypothesis 2 is proposed.

H2: The digital economy can promote the efficiency of

synergistic carbon-haze management in neighboring regions

through spatial spillover effects.

Third, the literatures have pointed out that the development

of the digital economy can significantly promote technological

innovation, leading to changes in production models. In the

context of the digital economy era, the emergence of new

technologies such as big data, blockchain, cloud computing

and artificial intelligence has accelerated the high-speed flow of

technological information between enterprises, stimulating

them to constantly learn to imitate new technologies and

actively use the latest advanced intelligent equipment to

optimize their production processes to maximize the use of

natural resources, reduce waste per unit of production, provide

a competitive advantage in the marketplace, and help reduce

the amount of polluting waste and final emissions generated

during the production process (Li et al., 2022). For example,

enterprises will combine new digital technologies with

traditional industrial and manufacturing industries to

analyse whether there is avoidable waste of resources or

excessive emissions in the last round of production by

looking at the various types of data collected during the

production process, seeking the most rational allocation of

resources and optimizing the efficiency of the combination

of production factors (Meng and Wang, 2021; Ding et al.,

2022). In addition, the digitalization of industries can

contribute to the change of traditional production models

and the optimization of industrial structures, gradually

transforming resource-intensive enterprises into knowledge-

and technology-intensive ones while fostering new industries,

new business models and new economic growth points. The

digital economy, as a new development model, can provide a

driving force for economic development and industrial

upgrading. The establishment of an information technology

sharing mechanism through blockchain attracts corporate

investment and accelerates the integration of enterprises

with the ecosystem, with economic benefits as the core and

environmental benefits as a supplement, thus achieving

innovative management of the ecological environment and

promoting environmental awareness in related fields (Pan

et al., 2022). Based on the above analysis, Hypothesis 3 is

proposed.

H3: The digital economy influences the synergistic management

of carbon-haze through technological innovation.

4 Methodology and variable selection

4.1 Econometric methodology

To test whether Hypothesis 1 holds, a two-way fixed effects

panel data model is constructed (Ding et al., 2022).

Yit � γ0 + γ1 ln deit + γ2Cit + ui + vt + εit (1)

where i is individual, t is time, Y is the explanatory variable, and

the three variables selected in this paper are carbon haze co-

governance efficiency (lncsce), carbon dioxide emissions (lnCO2),

and haze concentration (lnsmog); lnde is the level of development

of the digital economy; C is other control variables; u and v

denote individual and time effects, respectively, and εis a

stochastic error term.
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Furthermore, a spatial Durbin model is constructed on the

basis of (1) considering spatial interaction effects to test whether

hypothesis 2 holds.

Yit � ρ∑
n

j�1
wijYit + α0 + β1 ln deit + β2Cit + λ1∑

n

j�1
wij ln deit

+λ2∑
n

j�1
wijCit + ui + vt + εit (2)

where ρdenotes the spatial autocorrelation coefficient, reflecting

the degree of correlation between the geographical unit and the

surrounding area; wij is the spatial weight matrix; α0 is the

constant term; β is the regression coefficient of the explanatory

variable; and λ denotes the spatially correlated regression

coefficient of the explanatory variable.

Finally, to examine whether technological innovation acts as

a mediating variable in this process, the paper constructs a

mediating effects model to test hypothesis 3.

Yit � ρ∑
n

j�1
wijYit + φ0 + η1 ln de + η2Cit + χ1∑

n

j�1
wij ln tecit

+ χ2∑
n

j�1
wijCit + ui + vt + εit (3)

ln tecit � ρ∑
n

j�1
wij ln tecit + φ0 + η1 ln deit + η2Cit + χ1∑

n

j�1
wij ln deit

+ χ2∑
n

j�1
wijCit + ui + vt + εit

(4)
Yit � ρ∑

n

j�1
wijYit + φ0 + η1 ln deit + η2 ln tec + η3Cit

+ χ1∑
n

j�1
wij ln deit + χ2∑

n

j�1
wij ln tecit + χ3∑

n

j�1
wijCit + ui + vt

+ εit

(5)
where lntec is the mechanism variable technological innovation,

η is the regression coefficient of the explanatory variable, χ

denotes the spatially correlated regression coefficient of the

explanatory variable, and the rest of the items are the same.

Here, we refer to Baron and Kenny (1986) and test the equation

coefficient method sequentially to examine the mechanistic role

of technological innovation in the synergistic role of the digital

economy and carbon-haze governance. The testing process is

divided into three equations. First, we examine the role of the

direct effect of the digital economy on the efficiency of the

synergistic management of carbon-haze with Eq. 3, which is

the same as Eq. 2; second, examining the role of the digital

economy on technological innovation, with Eq. 4. Finally,

incorporating technological innovation into Eq. 2 and

examining the effect of technological innovation and the

digital economy on the synergistic management of carbon

haze in combination, with Eq. 5, with all models using a two-

way fixed effect under the spatial Durbin model.

4.2 Variable selection and description

4.2.1 Explained variable
To comprehensively examine the effect of the digital

economy (lncsce) on carbon dioxide emissions as well as haze

governance, a super-efficiency SBM model (Supplementary

Appendix SC) is used to construct an input–output system

(Tone, 2001; Li et al., 2019). Among the input indicators, the

total investment in environmental pollution control in each

province is selected for measurement in this paper, and this

indicator can reflect the overall level of environmental pollution

control in the region in that year. Among the expected outputs,

the air quality index is chosen for measurement, and there are

two kinds of indicators for evaluating air quality, API and AQI,

with the latter being more commonly used by meteorological

observation stations in China, so the AQI index is chosen in this

paper.

As the AQI is daily data, it is necessary to first find the annual

average air quality index of each city, and then weight the sum

according to the share of the area of the city and the sum of the

cities as weights, and then obtain the annual average air quality

index of the province for the year, and finally inverse the data

after dimensionless processing. For the undesirable output, the

provincial CO2 emissions and the provincial haze averages were

selected, and the calculation used for provincial CO2 emissions

was consistent with the national emission inventory accounting

method (Shan et al., 2017). To further refine the impact of the

main pollutant PM2.5, the annual average PM2.5 values for the

30 Chinese provinces assigned by the Atmospheric Composition

Analysis Group (ACAG) at Dalhousie University on the basis of

NASA raster data were chosen for this paper, while the statistical

years for the main pollutants of the haze are limited. These data

are relatively more current than the publicly available data from

Columbia University and provide a more refined count of the

major pollutants (Southerland et al., 2022). At the same time, a

nonnegative treatment is applied to the efficiency of the carbon

and haze co-governance. In addition, carbon dioxide emissions

(lnCO2) and mean haze (lnsmog) are also considered as

explanatory variables (Yang. et al., 2022a; Yang et al., 2022b).

4.2.2 Explanatory variables
The Digital Economy Index (lnde), to measure the level of

development of the digital economy, is divided into “level of

information infrastructure”, “level of digital industrialization”

and “level of industrial digitization” (Supplementary

Appendix SD).

Information infrastructure reflects the level of demand for

information services and the capacity of information services in
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the region, mainly in terms of the construction of

communication hardware facilities, so the length of fiber-optic

cable lines and the number of mobile internet users and 4G users

are taken into account (Han D et al., 2022).

The level of digital industrialization refers to the scale of ICT-

related industries involving e-commerce and software business;

therefore, the number of e-commerce transaction enterprises,

e-commerce sales, software business revenue, software product

revenue, and electronic information manufacturing assets are

included in this section (Wang et al., 2021).

The digitalization of industry is mainly reflected in the

process management and automated production of enterprises

through digital technology, and this series of digitalization

processes are all part of technological change. Therefore,

expenditures on introducing technology, expenditures on

technological improvement, the number of websites per

100 enterprises, and the number of computers per 100 people

are taken as variables to be investigated in this section (Li et al.,

2022). The weighting of each indicator is based on the entropy

method (Supplementary Appendix SE).

4.2.3 Controlled variables
The level of economic development (lnpgdp), measured as

the natural logarithm of regional GDP per capita, is a variable

that reflects the level of regional economic development and

the overall level of consumption of the population. In general,

regions with a high level of economic development will have

cleaner production technologies by manufacturers, which can,

to some extent, reduce the pollution of the regional

atmosphere from production (Meng and Wang, 2021).

However, an increase in consumer demand can also

contribute to energy consumption by inducing an increase

in the scale of production, which in turn exacerbates pollutant

emissions, a factor that potentially affects the efficiency of

carbon haze control; therefore, this variable should also be

taken into account in the model (Ding et al., 2022).

Population density (lnpd), measured by the natural logarithm

of the ratio of the number of permanent residents at the end of

the year to the area of the built-up area in that year, is a variable

that affects the efficiency of CO2 and haze control through scale

and agglomeration effects (Pan et al., 2022). Agglomeration

effects can lead to pollution reduction through cost savings

and technology spillovers (Zeng and Zhao, 2009; Dong et al.,

2020). However, as the size of the economy continues to increase,

the scale effect may diminish when production activities exceed

the carrying capacity of the environment, thereby exacerbating

pollutant emissions and inhibiting the efficiency of carbon haze

management. Therefore, the effect of population density on the

efficiency of carbon haze management depends on the relative

size of the scale and aggregation effects.

The level of external openness (lnfdi) is measured here as the

natural logarithm of actual foreign investment utilized in the

year. There are two classical opposing hypotheses on the

relationship between foreign investment and environmental

pollution control: the ‘pollution haven’ hypothesis (Copeland

and Taylor, 1994) and the ‘pollution halo’ hypothesis (Dean,

2002). The pollution haven hypothesis suggests that foreign

investors prefer to invest in countries or regions with low

environmental access standards to avoid the costs of pollution

control, thereby increasing environmental pollution in the host

country. The halo hypothesis, on the other hand, suggests that

green technologies have a spatial spillover effect and can improve

environmental governance in host countries. Given these two

contrasting accounts, the direction of the impact of foreign direct

investment (FDI) on the level of carbon-haze governance is to be

determined (Zhao and Wang, 2022).

The level of finance (lnfl), measured here by the natural

logarithm of the Digital Inclusive Finance Index from the Digital

Finance Research Centre of Peking University, is chosen to show

that financial capital has an expansionary effect on energy

consumption by stimulating market consumption and

manufacturers’ production (Ge L. et al., 2022). However,

given the externalities of environmental pollution control, the

environmental standards set by regions for manufacturers are

becoming more stringent, and therefore, manufacturers need to

invest more in R&D in the technology factor, which in turn

increases desired output (Mesagan et al., 2022). Therefore, the

direction of the impact of financial development on the efficiency

of carbon-haze governance is also undetermined.

Environmental regulation intensity (lner), at this stage, is

usually assessed through government pollution control costs

and environmental taxes, which has the advantage of

integrating informal and formal environmental regulation

(Shan et al., 2017; Wang et al., 2022). Thus, by using the

logarithm of the total investment in environmental pollution

control in the current year as a proxy variable, manufacturers’

willingness to emit pollutants will be discouraged when the

total investment in environmental control tends to be

stringent, thus improving the efficiency of environmental

control.

4.2.4 Mediator variable mechanism variable
Technological innovation (lntec) is measured by the total

number of patent applications granted in the year, as the digital

economy itself has a certain technological threshold and is highly

knowledge intensive, it is more likely to produce some

innovations than other industries, and these achievements can

play a catalytic role in the production process, thus improving the

overall production efficiency. In addition, the development of the

digital economy can lead to the development of digital finance,

the promotion of financial technology can also effectively

improve the efficiency of enterprise financing, and enterprises

can invest more capital in technology factors, while technological

innovation is also an important path to reduce pollution
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emissions, so this indicator is used as a mediating variable (Ma

et al., 2022).

4.2.5 Data resource
Among the explanatory variables, data on carbon dioxide

emissions are obtained from the provincial energy inventory of the

CEADs database, air quality index and total investment in

environmental pollution control are obtained from the global

warming database and carbon neutral database of the CSMAR

platform, and total investment in pollution control is obtained

from the environmental research database of the EPSDATA

platform. Among the explanatory variables, the data related to the

digital economy index were obtained from the digital economy

database of the CSMAR platform. For the control variables and

mechanism variables, the data are taken from the regional research

database of the EPSDATA platform, and some missing values in the

database are filled in from the public data in the official website of the

National Bureau of Statistics, with no missing values. Descriptive

statistics for the data areshown in Table 1.

5 Empirical results

5.1 Baseline regression

First, a baseline regression was conducted based on Model 1)

to examine the effects of digital economy development on CO2

emissions, haze pollution and synergistic governance efficiency

under individual and temporal two-way fixed effects.

Theregression results are shown in Table 2.

The regression coefficient of the core explanatory variable of this

paper, digital economy (lnde), is negative for both carbon dioxide

emissions (lnCO2) and haze averages (lnsmog), indicating that the

digital economy has a significant inhibitory effect on both, while the

regression coefficient of the digital economy is positive for the

efficiency of synergistic carbon-haze management (lncsce),

indicating that the development of the digital economy has a

significant driving effect, and hypothesis 1 was verified. Further

analysis of the controlled variables shows that three indicators,

namely, the level of economic development, the level of FDI and

the level of finance, are able to suppress carbon dioxide emissions and

haze pollution while improving the efficiency of the region’s

collaborative carbon-haze management. Specifically, with the

development of the economic level, the effect of industrial

agglomeration becomes more obvious, and manufacturers produce

cleaner technology and cause less damage to the environment. In the

case of carbon dioxide and haze pollution, an increase in the level of

external openness does not produce a pollution haven effect, and the

results are more in favor of the halo hypothesis, which is able to

improve the level of environmental governance in the host country

through the introduction of foreign investment. In addition, the level

of finance can likewise have a dampening effect on carbon-haze

management.

The variables different from the digital economy are

population density and environmental regulation intensity.

Population density has a significant positive effect on CO2

emissions, which indicates that the scale effect of industry

formation at this stage exceeds the environmental carrying

capacity, and the innovation compensation brought by the

agglomeration effect has not significantly changed this

situation. The intensity of environmental regulation has a

negative effect on the efficiency of synergistic carbon-haze

management, a significant positive effect on carbon dioxide

emissions, and an insignificant inhibitory effect on haze

pollution, which may be due to the large coverage of

investment in environmental regulation and the small amount

of investment involving carbon dioxide and haze pollution. In

addition, pollution control has a lagging effect, and the effect of

environmental regulations on the current year’s control may not

be obvious. The rising investment in environmental management

is also related to the rising indicators of carbon dioxide, respirable

particulate matter and three wastes in China, which laterally

indicates that there is still room for improving the strength of

environmental management at this stage.

5.2 Spatial regression analysis

To study the spatial structure characteristics of carbon-haze

pollution and considering that the research scope of this paper is

provincial panel data and the administrative area of each province

varies in size, the use of a simple neighboring spatial weight matrix

may increase the error. A geographical distance matrix is constructed

by combining the diffusion transfer effect of atmospheric particulate

matter as well as carbon compounds in the atmosphere. The

geographic distance weight matrix is a matrix constructed from

spatial distances. The use of a geographic distance matrix helps to

distinguish the strength of the interaction between different regions,

and the influence between regions tends to gradually decrease as the

geographic distance increases. The inverse of the geographical

distance between the administrative centers of two provinces

(urban areas) is used here. In addition, China’s economic

development shows a spatially distributed characteristic of high in

the east and low in the west, the level of economic development

between provinces may also have a certain correlation in space, and

the level of economic development of one region is most likely to be

influenced by the spatial dependence of related regions. Therefore, this

paper starts from the regional GDP per capita and simultaneously

constructs an economic distance weight matrix. The economic

distance weight matrix can better describe the economic

development differences between regions; the greater the

development differences between different geographical units are,

the less relevant they are, and the smaller the development differences

are, the greater the correlation. The inverse of the average value of

regional GDP per capita of each province during the period

2013–2019 is used here. In addition, to take into account both the
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economic development level and geographical distance indicators, an

economic-geographic nested spatial weightmatrix is constructed with

the coefficient set at 0.5. Meanwhile, all three matrices involved in this

paper (the adjacencymatrix in the robustness test does not need to be

normalized) are normalized.

Accordingly, the main variables were further tested for

spatial correlation, and the indices were selected from the

classical Moran index. The results are shown in Table 3.

According to Table 3, it can be found that during the period

2013–2019, each of the main variables passed the significance test at

the 10% level conditional on the three spatial weight adjacency

matrices, and the global Moran index was positive, which indicates

that there is a positive spatial correlation between digital economic

development, CO2 emissions and the mean values of haze. Therefore,

spatial spillover needs to be taken into account in the model, and a

spatial econometric regression model is used for analysis.

The SDM can be transformed into a spatial error model

(SEM) or a spatial lag model (SLM) under certain conditions. To

determine the specific form of the spatial econometric model, the

LM test and theWald test were carried out in turn, and the results

showed that both the spatial error model and the spatial lag

model passed the LM test, so the spatial Durbin model could be

chosen. Further Wald tests were conducted, and the results

showed that the original hypothesis was also rejected at the

1% level, indicating that the SDM cannot be reduced to a spatial

error model or a spatial lag model. Therefore, the SDM is the

optimal choice for this study.

In addition, a Hausman test of the model was needed, and the

results showed that both significantly rejected the original

hypothesis at the 1% confidence level; therefore, a fixed effects

model was selected. Finally, an LR test was carried out, and again,

the original hypothesis was rejected, and the estimation results

and significance of the time and individual two-way fixed effects

were selected. In this paper, the individual and temporal two-way

fixed spatial Durbin model with fixed benefits was selected for

estimation. Accordingly, regressions were conducted in the case

of the geographical distance matrix, the economic distance

matrix and the economic-geographical nested matrix, and the

results are shown in Table 4.

From Table 4, it can be found that the regression coefficients

of the digital economy on the synergistic management of carbon-

haze are positive and pass the significance test at the 10% level

under the three spatial weight matrix settings, while the digital

economy has a significant negative effect on both carbon dioxide

emissions and haze, which is not different from the baseline

regression results. The comprehensive results show that the

digital economy can effectively promote the improvement of

the efficiency of the synergistic management of carbon-haze,

which again supports hypothesis 1. Meanwhile, the lag term

coefficients of the digital economy on synergistic carbon haze

management have a positive effect of 10% under the geographic

distance matrix and the economic-geographic nested matrix and

a significant positive effect at the 1% level under the economic

distance matrix, indicating that the development of the digital

economy has a significant effect on improving the efficiency of

carbon-haze management in the surrounding areas, with a

TABLE 1 Descriptive statistics of variables.

Variable type Symbol Average Standard deviation Minimum value Maximum value

Explained variable Lncsce 0.849 0.151 0.385 1.084

lnCO2 5.656 0.788 3.785 7.438

Lnsmog 3.506 0.452 2.293 4.436

Explanatory variable Lnde 1.270 0.372 0.711 2.451

Controlled variable Lnpgdp 1.675 0.410 0.830 2.799

Lnpd 0.948 0.332 0.235 1.617

Lnfdi 6.710 1.343 3.401 9.880

Lnfl 5.451 0.271 4.771 6.017

lner 4.901 0.884 1.960 6.478

Mediator variable lntec 10.813 1.336 7.002 13.609

TABLE 2 Baseline regression coefficients of the digital economy on
the synergistic management of carbon and haze

Variable Lncsce lnCO2 Lnsmog

Lnde 0.231** (2.47) −1.090*** (-3.58) −0.714*** (-3.38)

Lnpgdp 0.541* (1.73) −0.919*** (-3.87) −0.166* (-1.66)

Lnpd −0.698 (-1.55) 0.733*** (3.93) −0.296*** (-2.73)

Lnfdi 0.210*** (3.12) −0.248*** (-4.18) −0.056 (-1.22)

Lnfl 0.873*** (4.57) −1.862*** (-3.41) −0.486*** (-3.81)

Lner −0.251** (-2.28) 0.544*** (9.66) −0.033 (-1.45)

Cons 0.245*** (7.81) 15.093*** (4.96) 6.961*** (11.08)

Year YES YES YES

Province YES YES YES

N 210 210 210

R2 0.5371 0.4294 0.6034

t values in (), *, **, *** indicate significance at the 10%, 5% and 1% levels, respectively.
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significant positive spatial spillover effect. The spatial spillover

effect of carbon dioxide emissions and haze averages on

neighboring regions is obvious, and the spatial spillover

coefficients of carbon and haze collaborative management on

neighboring regions are both positive at the 5%, indicating that

carbon dioxide and haze pollutants emitted in the region will

cause diffuse pollution to neighboring regions with atmospheric

flow. The digital economy will not only benefit the management

of the local ecological environment but also have a positive effect

on other areas within the agglomeration, thus improving the

efficiency of the synergistic management of carbon and haze in

multiple regions, and there is a spatial spillover effect.

As the spatial Durbin model incorporates the

explanatory variables in different geographical units as

well as the explanatory variables, where spatial lags can

produce some bias in the regression results, the

regression coefficients of the explanatory variables do not

explain the true situation well, and it is necessary to

decompose the coefficients into direct effects, indirect

effects and total effects. The direct effect indicates the

influence of the explanatory variables in the region on the

explanatory variables in the region, the total effect indicates

the influence of the explanatory variables in the region and

the surrounding regions on the explanatory variables in the

region, and the indirect effect indicates the influence of the

explanatory variables in the surrounding regions on the

explanatory variables in the region. Accordingly, the

effects of the model were decomposed, and Table 5

demonstrates the results of the effects of the core variable

lnde on each of the explanatory variables.

Analysis of Table 5 shows that the direct, indirect and total

effects of the digital economy on carbon-haze management are

all significantly positive at the 10% level under the three spatial

weight matrices, and the coefficient of the indirect effect is higher

than that of the direct effect, indicating the existence of a spatial

spillover effect. The coefficient of the indirect effect is higher than

the coefficient of the direct effect, indicating the existence of a

spatial spillover effect. In contrast, the development of the digital

economy in the surrounding areas will also lead to the

improvement of the efficiency of the region’s collaborative

carbon-haze control.

Considering China’s vast territory, the level of economic

development varies greatly from region to region, and the

industrial structure varies. This may lead to a certain

characteristic of digital economy development in spatial

distribution. This paper adopts the kriging interpolation

method, logarithmically processing the digital economy

index of each province in 2013, 2016 and 2019 after

interpolation prediction analysis, considering that the

pankriging interpolation method can be well applied to the

TABLE 3 Moran index coefficients for each of the main variables

Type Variable Year

2013 2014 2015 2016 2017 2018 2019

Geographical distance
matrix

lncecs 0.110***
(2.639)

0.116***
(2.708)

0.108* (1.837) 0.116** (2.394) 0.136*** (2.972) 0.126* (1.799) 0.113* (1.721)

lnCO2 0.236** (1.980) 0.232* (1.849) 0.233***
(2.879)

0.227***
(2.699)

0.222*** (2.677) 0.219***
(2.694)

0.198* (1.747)

lnsmog 0.560***
(2.650)

0.586***
(3.140)

0.502***
(3.268)

0.507***
(3.393)

0.579*** (2.753) 0.470***
(3.741)

0.493***
(3.484)

Lnde 0.185***
(3.352)

0.80*** (3.180) 0.199***
(3.688)

0.196***
(3.631)

0.182 ***
(4.093)

0.173***
(2.977)

0.171***
(2.925)

Economic distance matrix lncecs 0.286** (2.207) 0.224***
(2.979)

0.230** (1.993) 0.317** (2.494) 0.325*** (2.783) 0.242***
(2.756)

0.315** (2.492)

lnCO2 0.108** (1.982) 0.109** (2.435) 0.098* (1.885) 0.096* (1.799) 0.111* (1.954) 0.127* (1.907) 0.121* (1.638)

lnsmog 0.251** (2.364) 0.260** (2.237) 0.204***
(2.685)

0.178** (2.432) 0.226* (1.909) 0.216* (1.812) 0.286* (1.696)

Lnde 0.329***
(3.628)

0.317***
(3.494)

0.322***
(3.518)

0.285***
(3.168)

0.291*** (3.226) 0.277***
(3.097)

0.286***
(3.189)

Nested distance matrix lncecs 0.220** (2.372) 0.257* (1.876) 0.218***
(2.869)

0.256***
(2.674)

0.277*** (2.885) 0.260***
(2.809)

0.235* (1.874)

lnCO2 0.142** (2.426) 0.128***
(2.622)

0.133***
(2.866)

0.118***
(2.740)

0.129*** (2.990) 0.121* (1.785) 0.115* (1.934)

lnsmog 0.406***
(3.619)

0.483***
(4.198)

0.452***
(3.954)

0.467***
(4.095)

0.435*** (3.841) 0.438***
(3.855)

0.441***
(3.827)

lnde 0.379***
(3.843)

0.356***
(3.621)

0.370***
(3.717)

0.325***
(3.319)

0.324*** (3.306) 0.396***
(3.056)

0.302***
(3.093)

Z statistics in () here, *, ** and *** indicate significance at the 10%, 5% and 1% levels, respectively.
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TABLE 4 Spatial regression coefficients of the digital economy on the synergistic management of carbon and haze

Geographical distance matrix Economic distance matrix Economic geography nested distance
matrix

lncsce lnCO2 lnsmog lncsce lnCO2 lnsmog lncsce lnCO2 lnsmog

Lnde 0.239* (1.72) −0.155*
(−1.79)

−0.453***
(−4.34)

0.444***
(2.96)

−0.171*
(-1.73)

−0.227***
(-3.10)

0.333* (1.74) −0.457***
(-3.08)

−0.328***
(-3.07)

Lnpgdp 0.014 (0.79) −0.192**
(−2.06)

−0.081 (−0.92) 0.030* (1.73) 0.107* (1.92) −0.102**
(−1.96)

0.042 (0.95) 0.145* (1.91) −0.163*
(-1.67)

Lnpd −0.178 (-1.55) 0.389***
(2.67)

0.237** (2.45) −0.169
(−1.39)

0.035 (1.41) 0.299***
(2.83)

−0.175**
(−1.98)

0.128 (0.99) 0.287***
(2.77)

Lnfdi 0.217***
(3.04)

0.029 (1.02) −0.244*
(−1.91)

0.124**
(2.13)

−0.154**
(−1.98)

−0.019 (-1.56) 0.003 (0.21) 0.051* (1.85) −0.026 (−0.78)

Lnfl 0.306***
(2.70)

−0.551***
(−2.70)

−0.144 (−0.64) 0.119 (0.88) −1.145***
(−4.26)

−0.583 (−3.33) 0.177 (1.22) −1.221***
(−4.92)

0.197 (0.64)

Lner −0.122**
(−1.99)

−0.070 (-1.48) −0.036*
(−1.75)

−0.029**
(-2.49)

−0.009 (−0.48) −0.150**
(−2.02)

−0.028**
(−2.31)

−0.013 (−0.66) −0.050**
(−1.97)

W×lnde 0.297* (1.73) −0.584***
(−3.83)

−2.782***
(−3.57)

0.434***
(3.52)

−0.129*
(−1.84)

−0.308***
(−2.85)

0.218* (1.94) 0.163 (1.29) −0.626***
(−3.22)

W×lnpgdp 0.049 (0.24) 0.270 (1.18) 0.397 (0.99) −0.178
(−1.48)

−0.502***
(−2.92)

0.172 (0.67) −0.099
(−0.86)

−0.276 (−1.39) 0.125 (0.60)

W×lnpd −0.344**
(−1.98)

0.308 (1.12) 1.700***
(2.72)

−0.101
(−1.22)

0.215 (1.24) −0.025 (−0.14) −0.138
(−1.43)

0.363** (2.22) 0.026 (0.13)

W×lnfdi 0.037 (1.33) −0.262 (−1.33) −0.381*
(−1.75)

−0.053
(−1.33)

−0.006 (−0.78) −0.017 (−0.19) −0.040
(−1.08)

−0.039 (−0.62) −0.057 (−0.73)

W×lnfl −1.671***
(−2.72)

1.292***
(3.07)

−0.529***
(−3.40)

0.096 (0.40) 1.972***
(4.78)

−1.444***
(−2.81)

0.037 (0.16) 1.891***
(4.75)

−0.761 (−1.52)

W×lner −0.111**
(-2.15)

−0.310**
(−2.31)

−0.222 (−1.50) −0.034
(−1.10)

−0.324**
(−2.54)

−0.009 (−0.13) −0.033
(−1.11)

−0.024 (−0.46) −0.031 (−0.50)

Rho 0.769***
(3.37)

0.579***
(2.83)

0.684***
(6.24)

0.227* (1.93) 0.215** (2.13) 0.246* (1.71) 0.293* (1.87) 0.266* (1.70) 0.252* (1.74)

Year YES YES YES YES YES YES YES YES YES

Province YES YES YES YES YES YES YES YES YES

N 210 210 210 210 210 210 210 210 210

R2 0.1237 0.0821 0.3372 0.1901 0.1471 0.5647 0.1375 0.0885 0.5697

Z statistics in () here, *, ** and *** indicate significance at the 10%, 5% and 1% levels, respectively.

TABLE 5 Decomposition of the effects of the digital economy on carbon-haze governance

lncsce Direct effect Indirect effect Total effect

lnCO2 lnsmog lncsce lnCO2 lnsmog lncsce lnCO2 lnsmog

Geographical
distance

0.043* (1.90) −0.038
(−1.42)

−0.737**
(−2.10)

0.212***
(2.78)

−0.356**
(−2.12)

−1.261***
(−4.53)

0.255***
(2.56)

−0.394*
(−1.74)

−1.998***
(−3.54)

Economic distance 0.134***
(2.67)

−0.028
(−1.32)

−0.309***
(−2.88)

0.234* (1.79) −0.134**
(−2.10)

−0.133*
(−1.76)

0.368**
(2.08)

−0.162*
(−1.81)

−0.442***
(−2.78)

Nested 0.035* (1.69) −0.012
(−0.23)

−0.335***
(−2.95)

0.112**
(1.99)

0.123 (1.30) −0.425**
(−2.27)

0.147* (1.77) 0.111 (1.29) −0.760***
(−2.91)

Control YES YES YES YES YES YES YES YES YES

Year YES YES YES YES YES YES YES YES YES

Province YES YES YES YES YES YES YES YES YES

Z-statistics in (), *, **, *** indicate significance at the 10%, 5% and 1% levels, respectively.
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prediction between discontinuous geographical units, so in

the figure, the non-study area of this paper is also taken into

account, and the overall still distribution can be seen in

Figure 4.

According to Figure 4, there are significant spatial

differences in the regional distribution of the core

explanatory variables in this paper, consistent with the

development characteristics of a high east and low west. It

is therefore necessary to run subsample regressions for

different regions, which are divided into three regions:

eastern, central and western4. This section focuses on

examining the heterogeneity in regional distribution,

whereby a matrix of geographical distance weights is

constructed for the eastern, central and western regions,

and the two-way fixed spatial Durbin model under all

controlled variables is still followed except for matrix

changes, the results of which are shown in Table 6.

According to the results in Table 6, the effect of the digital

economy on the synergistic management of carbon haze is

spatially heterogeneous, with the indirect effect in the eastern

region being significantly positive at the 5% level and the

coefficient being higher than that in the central and western

regions, and the coefficient in the central region passing the

significance test at the 10% level and the regression coefficient

being higher than that in the western region. The effect of the

digital economy on the synergistic governance of carbon-

haze is the strongest in the eastern region, with a gradual

decrease from east to the west in a stepped pattern. This may

be due to the high level of development of the digital economy

in the eastern region, where the cost of imitation is low and

learning efficiency is high. Different enterprises can promote

innovation in their products and production models by

imitating the practices of competing enterprises and at the

FIGURE 4
Digital economy development in 30 provinces and regions in China, 2013 (A), 2016 (B) and 2019 (C).

4 Eastern region includes: Beijing, Tianjin, Hebei, Shanghai, Zhejiang,
Fujian, Shandong, Guangdong, Hainan; Central region includes:
Shanxi, Anhui, Jiangxi, Henan, Hubei, Hunan; Western region
includes: Inner Mongolia, Guangxi, Chongqing, Sichuan, Guizhou,
Yunnan, Tibet, Shaanxi, Gansu, Ningxia, Xinjiang, Liaoning, Jilin,
Heilongjiang (Supplementary Figure S5).
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same time sharing the production methods and innovative

ideas of high-efficiency enterprises with low-efficiency

enterprises through blockchain technology, thereby

improving the allocation of market factors, optimizing the

efficiency of resource use, and driving the transformation of

industrial production intensification. As the level of digital

economy development in the eastern region far exceeds that

of other regions, there are also differences in digital economy

development between the central and western regions,

leading to a gradual weakening of the synergistic effect of

the digital economy on carbon haze management from east to

west, confirming the existence of spatial spillover effects. In

addition, the mean coefficients of the digital economy on CO2

emissions and haze in the three regions are positive, while the

indirect effects are mostly significantly negative at the 1%

level, inferring that the digital economy can suppress air

pollutant emissions through spatial spillover effects across

the region. In summary, it was possible to confirm

hypothesis 2.

5.3 Analysis of the mediating effects

Hypotheses 1 and Hypotheses 2 were tested above, namely,

that the digital economy has a positive impact on the efficiency

of carbon haze governance and has a spatial spillover effect.

However, the transmission mechanism is still unclear. Based

on the previous theoretical analysis, the regression analysis of

Eqs 3–5 in turn is used to examine whether technological

innovation acts as a mediating variable in the transmission

mechanism, and since this part is mainly about the

mechanism of the variable of technological innovation.

Therefore, to facilitate the analysis, only the results of the

analysis under the economic distance weight matrix are

considered. The consideration for this is that the level of

technological innovation tends to be closely linked to the level

of regional economic development, which is more appropriate

compared to the other two matrices, still using the two-way

fixed spatial Durbin model. Table 7 shows the regression

results for each of the three models.

Without considering the coefficients of spatial spillover

effects, the results of model 3) indicate that the regression

coefficients of the digital economy and the mean values of

CO2 emissions and haze are significantly correlated, and the

results of model 4) show that the digital economy can

significantly contribute to the development of

technological innovation. The results of model 5) show

that the sign and significance between the digital economy

and the explanatory variables remain unchanged, and

technological innovation also has a significant effect on the

explanatory variables, so it can be inferred that technological

innovation plays the role of a mediating variable in this

process. Specifically, the total effect of the digital economy

on the efficiency of synergistic carbon and haze management,

CO2 emissions and haze mean are 0.444, -0.171 and -0.227,

respectively, while the direct effects are 0.328, -0.131 and

-0.194, respectively, and the indirect effects are 0.116,

-0.040 and -0.033, respectively.

In terms of coefficients that take spatial spillover effects

into account, the above findings still hold true, with the sign

direction remaining consistent across the board. The

development of the digital economy in the surrounding

areas (in this case based on a matrix of economic

distances) can drive technological innovation in the region,

and the effect is more pronounced, probably due to the

dividends of regional competition. This may be because the

TABLE 6 The effects coefficients of the digital economy on synergistic management of carbon-haze in different regions.

Effect Variable Eastern Central Western

Direct effect lncsce 0.057* (1.89) 0.055** (2.21) 0.076 (1.12)

lnCO2 0.022 (0.70) 0.018* (1.77) 0.031** (1.99)

lnsmog 0.485*** (2.79) 0.276*** (3.09) 0.124*** (2.80)

Indirect effect lncsce 0.289** (2.09) 0.162* (1.80) 0.113 (0.81)

lnCO2 −0.189* (−1.70) −0.160 (−1.02) −0.286*** (−2.66)

lnsmog −1.832*** (−3.41) −1.513*** (−2.68) −0.983*** (−3.11)

Total effect lncsce 0.346** (1.98) 0.217** (2.04) 0.189 (1.31)

lncsce −0.211* (−1.72) −0.178* (−1.87) −0.317** (−2.52)

lnsmog −2.317*** (−4.99) −1.789*** (−3.19) −1.107*** (−3.23)

TheMoran index for all three area matrices was found to be significantly positively correlated at the 5% level, with the Z statistic in (), *, ** and *** indicating significance at the 10%, 5% and

1% levels, respectively.
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diffusion of carbon haze does not follow an economic

distribution spatially, and the effect of distant but similar

economic regions on each other’s carbon-haze pollution is

limited. Similarly, in terms of specific coefficients, all results

are guaranteed to be significant, so it can be inferred that

technological innovation also has a mediating effect in space.

Specifically, the total effect of the surrounding region’s

digital economy on the efficiency of the region’s synergistic

carbon-haze governance, CO2 emissions and haze averages

are 0.534, -0.129 and -0.308, respectively, while the direct

effects are 0.502, -0.102 and -0.251, respectively, and the

indirect effects are 0.032, -0.027 and -0.057, respectively.

Simple multiplication of coefficients may result in

coefficients that are significant but not actually significant,

so a test for mediating effects was conducted using the widely

used bootstrap method, with a set sample of 500, and the

results were still robust and significant at the 1% level. In

summary, hypothesis 3 was tested.

6 Robustness test

6.1 Differences in the spatial weight
matrices

In spatial econometric regression, robustness analysis is

generally carried out by replacing the spatial weight matrix.

Three common matrices are involved in the study of this paper:

the geographical distance weight matrix, the economic distance

weight matrix and the economic-geographical nested weight matrix,

so the regression analysis of Eq. 2 is carried out using the classical

adjacency matrix with the Queen adjacency. Again, all control

variables were included in the model. The regression results in

Table 8 show that the effects of the digital economy on the efficiency

of carbon and haze co-governance, CO2 emissions and haze

averages are unchanged in sign. Although the coefficients and

significance have changed compared to the other three metrices,

they remain convergent overall.

6.2 Replacement of explained variables

This paper is about the relationship between the digital

economy and atmospheric respirable particles and CO2, but

TABLE 7 Regression coefficients for the intermediary effects

Lncsce Model (3) Model (4) Model (5)

lnCO2 lnsmog Lntec lncsce lnCO2 lnsmog

Lnde 0.444*** (2.96) −0.171* (−1.83) −0.227*** (−3.10) 0.295** (2.48) 0.328*** (2.96) −0.131* (−1.78) −0.194*** (−2.64)

W×lnde 0.534*** (3.52) −0.129* (−1.84) −0.308*** (−2.85) 0.212*** (2.94) 0.502*** (3.78) −0.102* (−1.75) −0.251* (−1.74)

Lntec 0.396*** (2.62) −0.136** (−2.41) −0.114*** (−2.76)

W× lntec 0.151*** (3.98) −0.131* (−1.79) −0.273*** (−3.00)

Rho 0.165*** (2.78) 0.110*** (2.98) 0.290*** (3.12) 0.246** (2.13) 0.159* (1.72) 0.198** (2.43) 0.272*** (2.89)

Control YES YES YES YES YES YES YES

Year YES YES YES YES YES YES YES

Province YES YES YES YES YES YES YES

R2 0.3644 0.1586 0.6172 0.5901 0.6112 0.1659 0.6222

TABLE 8 Coefficients of the impact of the digital economy on the
synergistic carbon and haze management efficiency, CO2

emissions and haze mean values with adjacency matrix

Variable

lncsce lnCO2 lnsmog

Lnde 0.439*** (4.72) −0.515*** (−7.70) −0.689*** (−7.88)

lnpgdp −0.084 (−0.29) −0.352*** (−4.86) −0.104* (−1.69)

Lnpd −0.278** (−2.15) 0.689*** (5.07) 0.107 (0.96)

Lnfdi 0.120*** (2.74) 0.032 (1.42) −0.299*** (−2.69)

Lnfl −0.570*** (−4.10) −0.208* (−1.70) −0.588*** (−3.60)

Lner −0.301*** (−2.93) −0.070 (−1.48) −0.201 (−1.10)

W×lnde 0.508*** (3.53) −0.400*** (−3.17) −1.778*** (−5.29)

W×lnpgdp −0.049 (−0.24) 0.152 (0.78) 0.209 (0.45)

W×lnpd −0.258** (−2.13) 0.245* (1.72) 1.963*** (5.63)

W×lnfdi 0.007 (0.31) −0.251 (−1.50) −0.414*** (−2.88)

W×lnfl −1.480*** (−5.11) 1.479*** (3.89) −0.103 (−1.20)

W×lner −0.321*** (-2.79) −0.113** (−2.01) −0.019 (−0.05)

Rho 0.872*** (5.35) 0.589*** (6.96) 0.502*** (4.47)

Year YES YES YES

Province YES YES YES

N 210 210 210

R2 0.2178 0.3860 0.2105
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environmental pollution management involves three aspects:

water pollution, air pollution, and soil pollution. Despite the

fact that excessive emissions of carbon dioxide have caused a

serious greenhouse effect, this indicator is still not classified

as an air pollutant. However, the production of industrial

waste gas or wastewater requires a certain amount of energy,

which in turn increases the combustion of fossil fuels,

resulting in the formation of large amounts of CO2 or CO,

and some of the soot and respirable particulate matter are

also emitted into the atmosphere. Therefore, this paper

considers that CO2, respirable particulate matter and

industrial emissions are correlated, so the explanatory

variables are replaced by the logarithm of industrial

emissions, and the parameters are estimated using a two-

way fixed spatial Durbin model by choosing an economic-

geographic nested matrix with no change in the controlled

variables. The regression results are shown in Table 9.

6.3 Changing the length of this study

A phased return to different periods of digital economy

development, taking the “G20 Digital Economy Development and

Cooperation Initiative” proposed at the G20 Summit in Hangzhou in

2016 as the node, classifies the digital economy development before

2016 as the starting stage (2013–2016). At the same time, 2016 was

used as a transition year, after which the full development phase of

the digital economy (2016–2019) was entered. Considering that the

panel is changed to a short panel, only individual effects are fixed,

while all control variables are included and parameter estimation is

carried out in an economic-geographic nested matrix. The results

show that the sign of the coefficients of the digital economy on each

of the explanatory variables does not change, among which the

efficiency of the synergistic management of carbon-haze in the start-

up period fails to pass the test at the 10% level, which may be caused

by the small sample size due to the shortened panel. This may be due

to the small sample size caused by the shortened panel, but overall,

the model is still robust.

7 Conclusion and recommendation

7.1 Conclusion

Using interprovincial panel data in China during

2013–2019 as a sample, this paper explores the impact of the

digital economy on the efficiency of collaborative carbon-haze

governance based on theoretical analysis and empirical research

by constructing a spatial panel regression model, using a two-way

fixed effects model, a spatial Durbin model and a mediating

effects model for empirical analysis, and further examining

whether technological innovation plays an intermediary role

in the spatial transmission process of the digital economy.

The results of the study show that (1) the development of

the digital economy can effectively reduce carbon-haze

emissions in the production process, which has a positive

effect on improving the efficiency of carbon-haze synergistic

management. Specifically, for every 1% growth in the digital

economy, the efficiency of synergistic carbon and haze

management also increases by 0.231%. At the same time,

the suppression effects on carbon dioxide and haze are

stronger, with their regression coefficients of -1.090 and

-0.714 respectively. At the same time, whatever the spatial

matrix used, the digital economy can improve the efficiency

of carbon-haze co-governance in neighbouring regions

through spatial spillover effects. This means that every

1% growth in the local digital economy increases the

efficiency of the surrounding area by at least 0.239%. 2)

For the region itself, the regression coefficient for

technological innovation is 0.295 (p < 0.05). For the

surrounding area, this result is 0.212 (p < 0.01). This

suggests that technological innovation acts as a mediating

variable in the effect of the digital economy on the efficiency

of synergistic carbon haze management, taking into account

spatial effects. 3) Digital economy development has a

significant spatial spillover effect only in the eastern and

central regions (the regression coefficients are 0.346 and

0.217 respectively), with the eastern region having the

greatest effect on improving the efficiency of synergistic

carbon and haze management.

7.2 Recommendation

Based on the above findings, this paper makes the following

policy recommendations.

TABLE 9 Coefficients of the regression of the digital economy on
industrial waste gases

lnso2 Coef. St.Err. Z P>z

Lnde −0.0798 0.0406 −1.97 0.049

lnpgdp −0.0297 0.0084 −3.54 0.000

Lnpd −0.0322 0.0190 −1.69 0.090

Lnfdi −0.6952 0.2070 −3.36 0.001

Lnfl −0.2600 0.1844 −1.41 0.159

Lner 0.1785 0.2150 0.83 0.406

W×lnde −0.1080 0.0475 −2.27 0.023

W×lnpgdp 0.0150 0.2030 0.07 0.941

W×lnpd −0.0220 0.0540 −0.41 0.684

W×lnfdi −0.5920 0.1360 −4.35 0.000

W×lnfl −0.2978 0.0879 −3.39 0.001

W×lner −0.1350 0.0775 −1.74 0.082

Rho 0.1602 0.0449 3.56 0.000

N = 210,Square-R = 0.1176
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First, build an inclusive digital economy and increase the

penetration rate of data elements. The digital economy has

become a new driving force in reducing air pollutant

emissions and curbing the haze phenomenon. Governments

at all levels should increase investment in the internet industry

and effectively promote the construction of digital China,

especially by accelerating the construction of 5G services,

big data technology, artificial intelligence and other related

infrastructure, to further consolidate the advantages of the

information technology dividend and thus achieve the

development of a high-quality green and low-carbon

economy (Yang et al., 2021a).

Second, reduce the digital divide between regions and

breakdown the barriers to digital technology transfer (Ge W.

et al., 2022). At present, the level of development of the

digital economy in China’s various regions is unbalanced,

and geographically, it shows an overall spatial distribution

characteristic of high in the east and low in the west. From a

global perspective, the spatial spillover effect of the digital

economy should be reasonably utilized, and efforts should be

made to narrow the gap in the development of the digital

economy within the region. At the same time, each local

government should introduce relevant policies to actively

guide large high-tech enterprises in the region to help small

and medium-sized enterprises, play a leading role, and urge

leading digital enterprises in the province to provide

technical support to less developed areas of the digital

economy.

Third, create a digital city system and realize information

technology to assist city operations. Transform the government’s

concept of digital governance, attach importance to the value of

digital assets, improve the efficiency of digital operations, and

reasonably revitalize digital dividends. Regional information

sharing systems and emergency management mechanisms

should be established, atmospheric carbon-haze detection and

early warning services should be increased, and highly polluting

enterprises should be digitally controlled through monitoring

means, thereby scientifically bringing into play the scale and

agglomeration effects and improving the efficiency of green

urban development (Yang et al., 2022b).
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