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The dual carbon target has been the focus of domestic attention since it was proposed. At the same time, the digital economy based on new technologies such as the Internet and big data has become an important engine to boost China’s high-quality economic development. While the digital economy is promoting the development of the urban economy, can it also promote the low carbon development of cities in China? Based on panel data and multiple econometric models of 26 cities in the Yangtze River Delta urban agglomeration from 2006 to 2020, this paper empirically examines the impact of digital economy development on urban carbon emissions. The results show that the development of the digital economy can not only reduce the carbon emission intensity of this region but also effectively reduce the carbon emission intensity of surrounding areas. Therefore, it is necessary to further promote the construction of digital economy in the urban agglomeration, improve the inclusiveness and flexibility of the implementation of digital economy development strategy, and improve the construction of information infrastructure to give full play to the role of the digital economy in improving carbon emissions in urban agglomeration.
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INTRODUCTION
Global warming is a climate problem that all countries in the world need to face together, and it is one of the most difficult challenges that mankind needs to face in history (Lehtonen et al., 2019; Elahi et al., 2022). The increase in greenhouse gas emissions will bring irreversible changes to the climate, which is not conducive to the production, life, and sustainable development of our society (Shan et al., 2018)。 As a responsible country, China has always been committed to exploring effective ways to reduce carbon emissions and has carried out a series of carbon emission reduction measures such as carbon emission trading pilot and promotion. In September 2020, China put forward the double carbon strategy of carbon peak by 2030 and carbon neutralization by 2060 at the United Nations General Assembly, and set targets for China’s carbon emission reduction actions.
The proposal of the double carbon strategy has once again set off a research upsurge on the development of the low-carbon economy. The “Fourteenth Five Year Plan” Comprehensive Work Plan for Energy Conservation and Emission Reduction pointed out that China’s ecological civilization construction needs to focus on carbon reduction as a strategic direction to achieve a fundamental improvement in the quality of the ecological environment. Traditional factors affecting carbon emissions mainly include population size, industrial structure, energy structure, and so on. At present, a large number of studies focus on population size (Dietz and Rosa, 1997; Rahman et al., 2020), industrial structure (Di et al., 2020; Pan et al., 2021; Zhao et al., 2022)、Environmental regulation (Ouyang et al., 2020; Wang and Zhang, 2022; Xu and Xu, 2022)、technological innovation (Cheng et al., 2021; Obobisa et al., 2022; Rahman et al., 2022) on carbon emissions. Cities’ emissions account for about 75%–80% of the global carbon emissions, while China’s urban carbon emissions account for more than 80% of the total carbon emissions (Shan et al., 2017; Kai et al., 2020). An urban agglomeration is the advanced stage of urban development and the highest spatial organization of urban development in the mature stage (Tang et al., 2020). Highly integrated urban agglomerations have typical space-time characteristics of carbon emission, and their carbon emission reduction tasks are more severe than those of Ordinary Cities (Cui et al., 2020; Shen et al., 2021; Cheng et al., 2022). The diversity of influencing factors of carbon emissions leads to the economic, financial, and industrial transformation and other risks that China will face in the process of achieving the double carbon goals. Therefore, it is a necessary guarantee for China to achieve the double carbon goal to promote the governance of climate issues in multiple ways (Cai et al., 2022).
The digital economy, as a new economic form (Quah, 2003; Kajtazi, 2010), combined with the real economy, has injected new momentum into China’s economic development. According to the report released by the China Information and Communication Research Institute, the scale of the digital economy has reached 39.2 trillion yuan in 2020, accounting for 38.6% of GDP. The digital economy has become an important driver of economic development and social transformation in China. According to the existing studies, the economic benefit of the digital economy is the main research direction. For example, the role of the digital economy in promoting high-quality development (Ma and Zhu, 2022; Yang et al., 2022), the influence of the digital economy on technological innovation (Cao et al., 2021; Lin and Ma, 2022), etc. Only a few articles discuss the impact of digital economy development on carbon emissions (Chen et al., 2019; Zhang et al., 2022). The research of Xiong Wang (Wang et al., 2022) shows that the development of digital Inclusive Finance is conducive to regional carbon emission reduction. HongliWang (Wang and Guo, 2022) and other researchers found that digital inclusive finance can help reduce urban carbon dioxide emissions, and there is a significant positive spatial spillover effect in China’s urban carbon dioxide emissions.
However, most of these studies focus on the national level, and there are few studies on urban agglomeration. Therefore, studying the impact of the digital economy development on carbon emissions of urban agglomeration can effectively open up a new perspective. Presenting enormous value for creating a digital urban economy and investigating new avenues for reducing urban carbon emissions. This paper uses the panel data of 26 prefecture-level cities in the Yangtze River Delta urban agglomeration from 2006 to 2020 to calculate the carbon emissions of each city in the Yangtze River Delta and constructs a digital economy indicator system. Then, using a variety of spatial econometric models, the paper empirically tested the relationship between the development of the digital economy and carbon emissions at the level of urban agglomeration. There are possible innovations in this paper: First, it provides a new perspective, that is, from the perspective of urban agglomeration, to study the impact of digital economy development on carbon emissions. The second is to discuss the spatial spillover effect of the digital economy on carbon emission reduction based on the geographical characteristics of cities in the Yangtze River Delta, to help grasp the impact mechanism of the digital economy on urban carbon emissions.
METHODS
Model specification
To explore the impact of digital economic development on carbon emissions in the Yangtze River Delta urban agglomeration, the basic static panel model is constructed as follows:
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Where, i represents the city,t represents the year, [image: image] represents the carbon dioxide emissions of each city, [image: image] represents the comprehensive index of the urban digital economy. Considering other factors affecting urban carbon emissions, [image: image] represents various control variables, [image: image] represents individual effect, [image: image] represents the time effect, [image: image] represents random interference term.
Spatial metrology model
Previous studies have shown that the economic and cultural links between the Yangtze River Delta urban agglomeration are close, which is beneficial to the flow of factors and products. Therefore, the carbon emissions of cities in the Yangtze River Delta urban agglomeration will not only affect themselves but also affect the ecological environment of nearby areas. Based on the spatial correlation of urban agglomeration carbon emissions, this paper uses a variety of spatial models to study the impact of digital economic development on carbon emissions.
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Where, [image: image] is the geospatial weight matrix, [image: image] represents a spatial autoregressive coefficient, [image: image] is the spatial autocorrelation coefficient, [image: image] represents all explanatory variables, [image: image] is the spatial error autocorrelation term, [image: image] is a random interference term.
When [image: image] is not zero, [image: image] and [image: image] are zero, the model is SAR model
When [image: image] and [image: image] are zero and [image: image] is not zero. The model is SEM model
When [image: image] and [image: image] are not zero and [image: image] is zero, the model is SDM model
Data and measurement of variables
This paper selects the panel data of 26 cities in the Yangtze River Delta urban agglomeration from 2006 to 2020. The data mainly comes from the statistical yearbook of Chinese cities and the statistical yearbook of cities at all levels. Some missing values are supplemented by linear interpolation.
Explained variable: carbon emissions
The carbon emission sources of urban agglomerations mainly include gas, liquefied petroleum gas, and electric power. Considering the availability of data and the consistency of data sources, this paper calculates the carbon emissions generated by cities in the Yangtze River Delta Based on the energy statistics and power coefficient of cities in the Yangtze River Delta urban agglomerations and takes the logarithm.
Core explanatory variable: digital economy
Based on the availability of urban agglomeration data, this paper measures the level of digital economy from the perspective of digital industrialization (Table 1). Including the total amount of telecommunication services, the number of personnel in the information transmission computer services and software industry, the number of Internet users, and the number of mobile phone users at the end of the year. Since the index evaluation measured by the entropy weight method is relatively objective, this paper uses the entropy weight method to calculate the digital economic development index.
TABLE 1 | Measurement system of development level of the digital economy.
[image: Table 1][image: image] represents the value of the jth index data of the ith city in the Yangtze River Delta urban agglomeration. The calculation process of the digital economic development index is as follows:
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Where, [image: image] Is the standardized index value, [image: image] is the proportion of the jth index of the ith City, [image: image] is the entropy value of the jth index, [image: image] is the weight of the jth index, [image: image] is the calculation result of digital economic development index.
Control variable
There are many influencing factors on carbon emissions. This paper refers to the existing literature and based on the availability of data at the city level, selects the following control variables:
The population is an important influencing factor of urban carbon emissions, expressed by the logarithm of the resident population. Economic growth is measured by the per capita GDP of the city. The improvement of economic development level is often accompanied by an increase in carbon emissions, which is expressed by the logarithm of per capita GDP. Government intervention: The financial input of local governments plays a key role in carbon emission reduction, which is expressed by the proportion of the expenditure in the general budget of local finance to the GDP. Level of foreign trade: foreign capital can bring advanced technology levels, to reduce urban carbon emissions, which is expressed by the proportion of the amount of foreign capital used in that year in the regional GDP. The rise in environmental pollution levels is often accompanied by the increase in urban carbon emissions, which is expressed by the logarithm of the total industrial sulfur dioxide emissions. The impact of Scientific and Technological Development on urban carbon emissions is expressed by the proportion of scientific expenditure in the general budget of local finance. The regional financial development status is expressed by the proportion of the balance of various loans of financial institutions in the regional GDP at the end of the year. The improvement of the urbanization rate is an important column in the urbanization process, which is expressed by the proportion of the urban population to the resident population.
Flowchart
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RESULTS
Regression results
First, the panel model is used to estimate the impact of digital economy development on carbon emissions. This paper conducts the Hausman test on the estimation results of fixed effect and random effect models, and the results show that the p value is less than 0.0001, which means that the fixed effect model should be used.
In the fixed effect model, the estimation coefficient of the core explanatory variable digital economy development level (dig) is negative and significant, which means the urban carbon emissions show a downward trend with the development of the digital economy. Indicating that the development of the digital economy can promote the reduction of urban carbon emissions.
In addition, in the estimation results of fixed effect control variables, population (pop), economic growth (gdp), government intervention (gov), Scientific and Technological Development (sci), regional financial development status (fin), urbanization rate (urb) of each city have a positive impact on the growth of urban carbon emissions (refer Table 2). The level of foreign trade (for) is negative but not significant, which indicates that the increase in a city’s foreign trade volume has not significantly reduced the city’s carbon emissions. It may be because with the increase of foreign trade, the city’s economy will have a “lock-in effect”, which makes the economy stagnate at the stage of processing with imported materials and exporting labor-intensive products, reducing the upgrading speed of the city’s industrial structure and failing to reduce the city’s carbon emissions. Environmental pollution level (env) coefficient is close to zero and is not significant (see Table 3). Urban pollution will not have an obvious impact on urban carbon emissions. This may be because the enterprises with heavy environmental pollution in the city have been included in the stricter environmental supervision system and the emission of pollutants has been strictly restricted, resulting in an unclear relationship between urban pollution and urban carbon emissions.
TABLE 2 | Descriptive statistics of main variables.
[image: Table 2]TABLE 3 | Regression results.
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Spatial correlation of carbon emissions
Carbon emission has a strong diffusivity. As a closely linked economic and geographical urban structure, urban agglomerations can easily lead to the cross-border impact of carbon emission, and then trigger a “tragedy of the commons,” leading to the reverse phenomenon of carbon emission control in some cities in the Urban Agglomerations. Therefore, the carbon emission reduction policy of urban agglomerations should not only take a single city as the optimization target, but also take the urban collaborative governance as the target to effectively reduce urban carbon emissions. In this paper, the global Moran index is selected to test the spatial autocorrelation of the carbon emissions of the Yangtze River Delta Urban Agglomeration (Table 4). The result demonstrate that the Moran index of carbon emissions of most urban agglomerations in the Yangtze River Delta from 2006 to 2020 is significantly positive, indicating that the carbon emissions of this region are positively affected by the carbon emissions of surrounding regions.
TABLE 4 | Global Moran index of carbon emission intensity.
[image: Table 4]Spatial metrology model
The spatial error model (SEM), spatial dobbin model (SDM), and spatial autoregressive model (SAR) are used for estimation (Table 5), and the estimation results all pass the robustness test. In all models, the digital economy development level coefficient is negative, indicating that with the development of the digital economy, the carbon emission intensity of cities in the Yangtze River Delta will continue to decrease. Compared with traditional industries, the development of a digital economy can effectively improve the utilization efficiency of urban resources, promote the recycling of resources, drive the low-carbon development of urban industries, and reduce carbon emission intensity.
TABLE 5 | The impact of digital economy development on carbon emissions.
[image: Table 5]On the other side, the results show that the coefficient of population size is positive, indicating that there is a positive relationship between urban population and urban carbon emission intensity. This is because the increase of population density may further consume urban energy, resulting in the reduction of resource utilization efficiency, generating more unexpected output and aggravating urban carbon emissions. The growth of economic development level will lead to the increase of urban carbon emissions, because the increase of urban economic development level will lead to the increase of energy demand, which will lead to the increase of fossil energy consumption and ultimately promote the increase of carbon emissions.
Spatial dobbin model regression cannot fully reflect the marginal impact of the digital economy and various control variables on carbon emissions, nor can it judge how much spatial spillover effect the digital economy has on neighboring regions. Therefore, to ensure the comprehensiveness of the analysis, the influence of explanatory variables on the explained variables in the spatial econometric model is divided into direct effects and indirect effects for analysis.
Table 6 shows the direct, indirect, and total effects of digital economic development and urban carbon emissions. The direct effect refers to the influence of local explanatory variables on local explanatory variables; the indirect effect refers to the influence of explanatory variables in this region on explanatory variables in neighboring regions. The total effect is the average influence degree of the explanatory variable of a certain place on the explained variable of the whole region.
TABLE 6 | Direct, indirect, and total effects of digital economy development on urban carbon emissions.
[image: Table 6]The estimated coefficient of direct effect and indirect effect of digital economic development on urban carbon emissions are −1.102 and −0.558, which are both significant. This shows that the development of the digital economy can not only reduce the intensity of carbon emissions in the local area but also reduce the intensity of carbon emissions in surrounding areas. Carbon emissions are highly spatially related, therefore, conventional carbon emission control policies cannot efficiently solve the problem. However, the development of the digital economy can reduce the inter-regional transfer of carbon emissions to a certain extent. So the Yangtze River Delta urban agglomeration needs to vigorously develop the digital economy. Improve the economic synergy of the urban agglomeration, and realize the joint prevention and control of urban carbon emissions.
From the perspective of control variables, the direct and indirect effects of population size are significantly positive, indicating that the growth of population size will drive the increase of carbon emissions in surrounding areas. For the level of economic development, the direct and indirect effects of the level of economic development on carbon emissions are significantly positive. This indicate that in the neighboring areas, the increase in the level of economic development will lead to an increase in carbon emissions in the local and surrounding areas. This is aligned with the theoretical analysis of the impact of economic development on carbon emissions. The direct effect and indirect effect of the foreign trade development level are negative but not significant, indicating that the level of foreign direct investment in cities has no significant impact on urban carbon emissions. The direct and indirect effects of scientific and technological development on carbon emissions are significantly positive, which indicates that in the neighboring areas, the increase in scientific and technological expenditure will lead to an increase in carbon emissions in the region and the surrounding areas. This may be because the Yangtze River Delta urban agglomeration is still in the stage of industrial transformation. When the urban transformation is not completed, the scientific and technological innovation investment of green industries in scientific and technological expenditure is still small compared with that of traditional industries. As for regional financial development, the direct and indirect effects of regional financial development on carbon emissions are significantly positive. The increase in regional financial development will lead to an increase in carbon emissions in the region and the surrounding areas. This may be because the loan enterprises in the urban agglomeration have not invested their loans in the emerging green industries. Compared with the traditional industries, the investment return of the emerging green industries is more unstable. The direct and indirect effects of the urbanization rate on carbon emissions are significantly positive, that is, the increase in urbanization rate will lead to an increase in carbon emissions in the region and surrounding areas. With the increase in urbanization rate, energy consumption will gradually concentrate on urban agglomeration, which will lead to an increase in urban carbon emissions, which is consistent with the theoretical analysis of the impact of urbanization on carbon emissions.
The growth of most control variables will not only lead to the increase of local urban carbon emissions but also increase the carbon emissions of surrounding areas, which further illustrates the necessity of multi City collaborative governance of carbon emissions and the importance of developing a digital economy.
ROBUSTNESS TEST
This paper adopts the following two robustness test methods:
(1) Replace the spatial weight matrix. Different weight matrices may lead to different regression results of spatial econometric models. To ensure the robustness of the research results, this paper replaces the geographic distance matrix with a 0–1 matrix to test the impact of digital economic development on carbon emissions.
(2) The second is to replace the explained variables, replacing the logarithm of urban carbon dioxide emissions with urban per capita carbon dioxide emissions. The above robustness test results are shown in Table 7. The sign of the digital economic development index coefficient is consistent with the previous text, and the significance is stronger. The results of this paper are robust.
TABLE 7 | Robustness results.
[image: Table 7]CONCLUSION
This paper selects the panel data of 26 cities in the Yangtze River Delta from 2006 to 2020, and comprehensively analyzes the impact of the development degree of the digital economy on carbon emission intensity in the Yangtze River Delta by using benchmark regression and SEM, SDM, and SAR spatial econometric models.
After passing the robustness test, the conclusions of this paper are as follows:
First, in the SEM and SAR models, the development of a digital economy can effectively reduce urban carbon emissions. Second, through the analysis of direct and indirect effects, the development of the digital economy can not only reduce the carbon emission intensity of the local area but also effectively reduce the carbon emission intensity of surrounding areas.
The Yangtze River Delta urban agglomeration is currently in an important transition period, and the sustainability of urban economic development is a major challenge to be faced during the transition period. The development of the digital economy and carbon emissions are the most representative topics. Therefore, this paper systematically discusses the internal relationship between the digital economy and urban carbon emission intensity. Through empirical research, it is found that the development of the digital economy has significantly reduced the intensity of urban carbon emissions, and this conclusion is still valid after considering endogenous issues and a series of other robustness tests.
At the same time, further analysis show that most urban development indicators have a positive impact on urban carbon emissions in the process of urban agglomeration transformation, such as the degree of urban government intervention, urban science, and technology investment, etc. Therefore, the development of the digital economy should play a leading role in the process of carbon emission reduction of urban agglomeration and offset the increased carbon emissions of other development indicators of urban agglomeration through the energy conservation and emission reduction effects caused by the development of the digital economy.
Policy recommendations
Based on the above research results, the enlightenment is as follows:
First, it is necessary to accelerate the development of the digital economy and promote the development of the digital economy by cooperating in many fields such as big data, cloud computing, the Internet of things, blockchain, artificial intelligence, and 5g communication. The expansion of population scale, the improvement of economic development level, and the improvement of urbanization rate in the Yangtze River Delta urban agglomeration are all contributing to the increase of urban carbon emissions. At the same time, the digital economy should play a major role in the urban development process as soon as possible because it can promote carbon emission reduction in cities and surrounding areas. Cities in the Yangtze River Delta should work together to build a digital economy industrial system of the Yangtze River Delta urban agglomeration, jointly research and develop information technology and build a digital economy industrial cluster, promote the deep integration of the digital economy and the real economy, popularize the digital economy development dividend, improve the awareness of energy conservation and emission reduction of urban residents, promote the connotative growth of the digital economy, and ensure the effective collaborative governance of urban carbon emissions.
Second, reduce the government’s intervention in the development of the digital economy and reduce the government’s investment in science and technology. The development of the digital economy of the Yangtze River Delta urban agglomeration is still in the primary stage. The invisible hand can better stimulate the development potential of the digital economy. The digital economy without government intervention can also improve the resource output capacity of green industries and reduce the intensity of urban carbon emissions.
Deficiency and prospect of research
First, there is a lack of an authoritative framework system for digital economic development to measure the degree of digital economic development at the regional level. We can calculate the digital economy index from the aspects of digital economy infrastructure, economic scale, innovation ability, digital development environment, and build a more accurate digital economy development index system.
Secondly, the calculation of urban carbon emissions in this paper only involves the consumption of natural gas, liquefied petroleum gas, and other resources, but there are still many other ways to generate greenhouse gases in daily life. The follow-up research is based on the data availability of the research sample, and the corresponding energy is added when calculating the urban carbon emissions.
Finally, China has a vast territory and great differences in national conditions. This paper does not analyze the relationship between the development of the digital economy and carbon emissions of other urban agglomerations in China, and cannot obtain a more comprehensive system and detailed research results. The follow-up study can verify whether the development of the digital economy is universal to the carbon emissions of urban agglomerations.
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