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With the proposal of “Carbon Peak and Carbon Neutrality” goals, China is facing a more serious carbon emissions reduction situation, and how the booming digital economy effectively helps China’s carbon emissions reduction is one of the most urgent things that should be solved. To study the impact of the digital economy on carbon emission intensity, this paper is based on the panel data of 30 provinces in China (excluding Tibet, Hong Kong, Macao, and Taiwan) from 2011 to 2021, and applies the double-fixed effect model and the threshold effect model to study the impact of the digital economy on carbon emission intensity and the mechanism of its action, as well as to analyze the mechanism of the digital economy’s action on carbon emission intensity from the perspective of technological innovation. The results of the study show that: i) The digital economy can reduce the intensity of regional carbon emissions; ii) The carbon emission reduction effect of the digital economy is non-linear, and its carbon emission reduction effect gradually increases with the level of development of the digital economy; iii) In addition to the direct impact of the digital economy on carbon emission intensity, it also has an indirect impact on carbon emissions through technological innovation; iv) There is regional heterogeneity in the carbon emission reduction effect of the digital economy, and the carbon emission reduction effect is more significant in the central and western parts of the country and regions with a high level of human capital development. Based on the conclusions obtained, this paper suggests: i) The rational integration of the digital economy and regional development should be strengthened; ii) Strong provinces in the digital economy should be encouraged to help weaker provinces, to narrow the “digital divide” between provinces; iii) Differentiated development strategies should be formulated in accordance with local conditions, to give full play to the optimal effect of the digital economy in carbon emission reduction.
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1 INTRODUCTION
In recent years, the digital economy has become a new driving force for China’s economic development and an important hand in constructing new national competitive advantages. With the rapid development of the digital economy, the environmental effects of the digital economy have gradually attracted the attention of scholars (Xue et al., 2022; Yu et al., 2022). While the digital economy is driving the economy to multiply, the operation of data centers and other infrastructures also has a multiplier effect on energy consumption, bringing about a large amount of carbon emissions. Therefore, in the context of the rapid development of the digital economy, many countries and regions are facing the problem of how to balance the growth of the digital economy and carbon emissions. China’s 14th Five-Year Development Master Plan, released in 2022, explicitly states that “the digital economy should be made one of the key pillars of China’s efforts to achieve the goal of carbon neutrality”. The development of the digital economy has been closely integrated with China’s carbon emission reduction process. Scientific assessment of the carbon emission reduction effect of the digital economy is not only an objective need to comprehensively accelerate the development of the digital economy but also a necessary way to sustainably promote China’s carbon emission reduction process.
The digital economy can be seen as a product of technological development in the new era, and the development of the digital economy cannot be separated from the support and innovation of technology. In turn, technological innovation plays a role in China’s carbon emission reduction process, so technological innovation is a key path to harmonize the development of the digital economy and carbon emissions. On the one hand, the technological changes brought about by the digital economy have eased the information asymmetry in the development of the energy system and played a positive role in reducing energy consumption and promoting carbon emission reduction (Ghisetti and Quatraro, 2017). On the other hand, the digital economy affects carbon emission intensity by weakening the constraints on the flow of factors of production and reducing the resources required per unit of output value through the construction of a digital governance system pathway (Cao et al., 2023). Therefore, the study of the role of technological innovation in the process of the digital economy affecting regional carbon emissions is crucial for China to realize the goal of “Carbon Peak and Carbon Neutrality”. Against this background, the motivation of this paper is to analyze the impact of the digital economy on regional carbon intensity and the role of technological innovation in the process of the digital economy’s impact on regional carbon emissions, and ultimately to propose targeted policy recommendations based on the results obtained.
This paper empirically examines the impact of the digital economy on regional carbon emissions using the provincial panel data of China from 2011 to 2021 as a sample. The double-fixed effect model and threshold effect model are used to test the mechanism by which the digital economy affects the intensity of regional carbon emissions. The mediating effect model is used to test the role of technological innovation in the process of carbon emission reduction by the digital economy. This paper has four marginal contributions: Firstly, the article examines the impact of the digital economy on carbon intensity from a holistic perspective. Existing studies have focused on examining the impact of the digital economy on carbon emission intensity in terms of one aspect of the digital economy, such as digital finance (Wang et al., 2022) or digital economic infrastructure (Song et al., 2021). Secondly, compared with the direct regression of the digital economy and carbon emissions in previous studies (Yu et al., 2022), this paper takes into account the possible heterogeneity of the role of the level of development of the digital economy on carbon emissions at different stages. The threshold effect model is used to test the long-term role of the digital economy on carbon emissions. Thirdly, considering that there may be a causal relationship between the digital economy and technological innovation, to avoid endogeneity problems (Wang and Hu, 2022), this paper adopts a combination of theoretical analysis and empirical tests to examine whether the influence mechanism of “digital economy - technological innovation - carbon emission intensity” is established. Fourthly, considering the heterogeneity of the carbon emission reduction effect of the digital economy (Yang and Jiang, 2021), the article analyzes the heterogeneity of the carbon emission reduction effect along with the digital economy from the perspectives of human capital and geographic location. The research in this paper provides a powerful decision-making reference for China to better deal with the relationship between the digital economy and carbon emissions, and to help the formulation and implementation of carbon emission reduction policies.
The remaining sections of this paper deal with the following: Section 2 is the literature review, Section 3 is the research hypothesis, Section 4 is the research design, Section 5 is the empirical analysis, and Section 6 is the conclusion.
2 LITERATURE REVIEW
The new round of scientific and technological revolution and industrial change is accelerating the evolution, and the flourishing rise of the digital economy has received continuous attention from the academic community. The earliest studies on the digital economy were mainly focused on the connotation of the digital economy, which is defined as a mode of economic development in which information is exchanged in a digitized form (Tapscott, 1966). As human society has gradually entered a new stage marked mainly by digitization, the connotation of the digital economy has been enriched. According to Modern Energy System Plan for the 14th Five-Year Plan, the digital economy is defined as an emerging economic form in which “data resources are the key elements, modern information networks are the main carriers, and information and communication technology is the main driving force”. With the continuous development of the digital economy, research on the digital economy has begun to gradually expand to study the economic effects of the digital economy, including the positive contribution of the digital economy to the upgrading of industrial structure (Chen and Yang, 2021) and the improvement of production efficiency (Yang and Jiang, 2021), and further focus on the environmental effects of the digital economy.
2.1 Relationship between the digital economy and carbon emissions
There is an academic consensus that the growth of the digital economy will cause changes in carbon emissions (Feng et al., 2023; Sun and Zhou, 2022; Xie, 2022). Table 1 summarizes relevant studies on the relationship between the digital economy and carbon emissions. However, there is still disagreement in the academic community about the specific effects of the development of the digital economy on carbon emissions. Most scholars believe that the development of the digital economy can reduce carbon emissions (Jiang and Jing, 2023; Lee et al., 2022; Xu et al., 2022; Yang and Shi, 2023). This part of the scholars believe that, on the one hand, the development of the digital economy can not only significantly reduce the emission of various types of pollutants (Deng and Zhang, 2022), but also through the extrusion effect of compression of the development of high-energy-consuming and high-carbon-emission industries space, forcing the green transformation of industrial structure (Han et al., 2022). On the other hand, the development of the digital economy mainly relies on the development of a large amount of data resources and powerful digital technology. Compared with the traditional industrial economy, the development of the digital economy can effectively reduce the consumption of fossil energy, and can optimize production methods and processes, and reduce carbon emissions by improving energy efficiency (Zhang et al., 2022). However, some scholars have pointed out that although the application of information technology can improve the efficiency of energy utilization, it will also further expand the energy demand, triggering a rapid growth in electricity consumption (Haseeb et al., 2019; Salahuddin and Alam, 2015). Based on the above two views, another viewpoint has been derived from the research on the impact relationship between the digital economy and carbon emissions: The relationship between the digital economy and carbon emissions is non-linear. The digital economy does not always have an inhibitory effect on carbon emissions, but only when the digital economy develops to a certain level will its carbon emission reduction effect come to the fore. Before that, the development of the digital economy will lead to an increase in carbon emissions, and when the development of the digital economy continues to improve, its impact on carbon emissions may become a positive contribution (Li et al., 2021; Liao et al., 2022; Xiangyan and Jinye, 2022; Wang et al., 2022). This part of scholars believes that the digital economy itself has high carbon-negative externalities, and the construction of digital technology facilities necessary for the development of the digital economy is precisely the source of carbon emissions from the digital economy (Wang and Wang, 2022). However, it is not yet known whether the resource-saving effects of the digital economy will outweigh its high-carbon negative externalities, making the long-term impact of digital technologies on carbon emissions unpredictable. Because of the controversial aspects of existing studies, this paper examines the effects of digital economic development on regional carbon emissions in the long run by using double-fixed effects model and panel threshold model based on data from 30 provinces in China from 2011 to 2021.
TABLE 1 | Summary literature review of the relationship between the digital economy and carbon emissions.
[image: Table 1]2.2 Relationship between the digital economy and technological innovation
The digital economy is a product of technological innovation, the digital economy is an economic model and mode of operation based on numbers and the Internet, and the continuous updating and application of digital technology has promoted the development of the digital economy. Table 2 summarizes studies related to the digital economy and technological innovation. Emerging technologies such as Big Data and Artificial Intelligence provide technical support for the digital economy and new opportunities and platforms for innovation. There are relatively few studies on the relationship between the digital economy and technological innovation. Most of the existing studies start from one aspect of the digital economy, such as ICT and digital finance, and study its impact on technological innovation. Wang and Qin (2022) used the system GMM model to examine the relationship between ICT and technological innovation in the cities of Chengdu-Chongqing region of China, and the study found that the relationship between ICT and technological innovation in Chengdu-Chongqing region of China is mutually reinforcing. Using a panel vector autoregressive model, Wang and Hu (2022) investigated the role of the relationship between digital financial development and technological innovation in Chinese provinces and found that the relationship between digital finance and technological innovation in Chinese provinces is mutually reinforcing. Chen et al. (2022) used the spatial durbin model and the threshold effect model to study the relationship between ICT and scientific and technological innovation in Chinese cities and found that ICT is conducive to enhancing the level of scientific and technological innovation in cities, and the innovation enhancement effect has the nonlinear characteristic of marginal increment. Liu (2023) used the panel effect model to study the relationship between the impact of digital finance on the innovation level of China’s manufacturing industry chain and found that digital finance can significantly promote the innovation level of the industry chain. Because of the above research status, this paper intends to construct the measurement system of the digital economy development level from three dimensions of digital economy technical facilities, digital industry development, and digital technology application, to get the digital economy development index, and to test the relationship between digital economy and technological innovation.
TABLE 2 | Summary literature review of the relationship between the digital economy and technological innovation.
[image: Table 2]2.3 Relationship between technological innovation and carbon emissions
Currently, academic research on technological innovation and carbon emissions is relatively mature, and most scholars believe that technological innovation can significantly enhance carbon emission reduction and effectively curb carbon emissions (Gao et al., 2022; Khattak et al., 2022). Table 3 summarizes studies related to the impact of technological innovation on carbon emissions. Huo and Sun (2017) found that the enhancement of low-carbon technological capabilities can effectively curb carbon emission intensity. Tian, Sun, and Li (2018) found that technological innovation can effectively reduce and curb carbon emissions from resource-consuming industries by improving energy yield. Liu (2019) split technological capability into two dimensions, R&D intensity, and energy intensity, and found that both R&D intensity and energy intensity in Jiangsu Province can significantly inhibit CO2 emissions in the region. Wang and Xia (2020) used energy intensity as a proxy indicator for measuring local technological innovation capacity and found that energy intensity is an important factor influencing carbon emission intensity in Anhui and Henan Provinces. Yin et al. (2020) found that low-carbon technological advances can achieve carbon emission reductions by both carbon and energy intensity pathways. Hao et al. (2020) examined the impact of technological innovation on environmental pollution using panel data from 30 provinces in China from 1998–2016, and found that an increase in the level of technological innovation effectively reduces carbon dioxide equivalent. Using an autoregressive distributed lag model, Zhang X. et al. (2021) found that technological innovation significantly reduced CO2 emissions. By summarizing the relevant studies, it can be seen that there are more academic studies on the relationship between technological innovation and carbon emissions, and a consensus has been reached that technological innovation can significantly reduce regional carbon emissions.
TABLE 3 | Summary literature review of the relationship between technological innovation and carbon emissions.
[image: Table 3]3 RESEARCH HYPOTHESIS
The digital economy is centered on digital technology, which is deeply integrated with energy, electricity, transportation, and other key areas of carbon emissions, deriving new business forms and accelerating the low-carbon transformation of society. The digital economy drives the transformation of residents’ lifestyles through the use of digital technologies. The application of digital technologies such as e-commerce platforms and mobile payments based on Big Data and Artificial Intelligence can effectively reduce unnecessary human activities and bring great convenience to people’s daily lives (Yu et al., 2017). Compared with the traditional mode of living, residents in the context of the digital economy live more efficiently, greatly reducing energy consumption in the course of human activities and reducing carbon emissions from the source. Another notable effect of the digital economy on carbon emissions is the realization of efficient resource allocation (He and Xu, 2020). On the one hand, the connectivity function of the digital economy itself can effectively alleviate information asymmetry and break down information exchange barriers. It turns cumbersome data into useful resource information, improves the output of information boundaries, and reduces the gap between factor supply and demand. Then it can allocate the means of production more accurately in different parts of production and improve the allocation efficiency of resources (Bingtao et al., 2023). The efficient flow and sharing of data among different subjects through the network infrastructure can effectively reduce the cost and time of factor searching, trading, copying, and matching. It provides great convenience for government enterprises and the public to adjust factor holdings in real-time, which helps enterprises formulate effective and reasonable production plans and avoid wasting resources (Goldfarb and Tucker, 2019). On the other hand, supportive policies and dividend subsidies in the process of digital economy development can produce a siphon effect. It helps to attract more highly sophisticated and innovative talents and realize the reconfiguration of talent, capital, and other resource elements (Song et al., 2021). It promotes the effective integration of traditional enterprises and new technologies, gives rise to new industrial development models, eliminates high-energy-consuming and high-polluting enterprises through the substitution effect, and effectively improves regional carbon emission pollution. Based on the above analysis, the following hypothesis is proposed.
Hypothesis 1. The digital economy can reduce carbon emission intensity.
According to the environmental Kuznets curve theory, environmental pollution will show a trend of increasing and then decreasing with economic growth (Yilanci et al., 2022). The digital economy, as an emerging economic form, may also have non-linear characteristics in terms of its impact on carbon emissions at different stages of development. The development of the digital economy is highly dependent on the operation of data infrastructure. The power consumption of digital infrastructure represented by data centers, 5G base stations, etc. during operation is huge. In the early stages of the digital economy, the rapid increase in the rate of energy consumption of digital economy infrastructure cannot be quickly offset in the short term due to slow growth in energy efficiency (Fang and Wang, 2022). In addition, due to the reform of the electricity system, the promotion of the bulkhead power sales model has been slow and the operation of data centers relies on non-renewable energy sources for power supply due to the cost pressure on companies to use renewable energy sources, at a time when the dampening effect of the digital economy on the intensity of carbon emissions may not be obvious (Junbo et al., 2022). With the development of the digital economy, the infrastructure required for its development has been perfected, and the development of the digital economy has gradually entered a “mature phase”. The digital economy has formally released the “dividend effect” of carbon emission reduction, reducing the intensity of carbon emissions by efficiently integrating factor resources and improving the efficiency of resource utilization. Based on the above analysis, the following hypothesis is proposed.
Hypothesis 2. There is a threshold effect of the digital economy on carbon emission intensity, and the carbon reduction effect of the digital economy shows a marginal incremental effect.
The digital economy impacts technological innovation by way of the penetration of digital technology applications. The impact of the digital economy on technological innovation is reflected in the following areas: First, the information and communication technology (ICT) industry in the digital economy is itself a highly knowledge-intensive industry with abundant innovation resources, and it is easier to produce innovations due to the frequent exchange of internal innovation information (Zhang et al., 2020). When these innovations are involved in the production and R&D process of real enterprises as intermediates, new supporting products will be derived, and innovations will be produced in the process. For example, when artificial intelligence, high-end sensors, and other digital technologies are put into the production of enterprises, it can realize the re-innovation of the production process of enterprises, and then transform some high-energy-consuming, low-output equipment, improve the utilization rate of resources to achieve energy saving and emission reduction (Zhang T. et al., 2021). Second, the application of Big Data, Cloud Computing, and other digital technologies can search, integrate, analyze, and make decisions on technological innovation information, help enterprises make judgments on the direction of innovation, innovation paths, etc., and prompt enterprises to carry out innovative activities so that they can be transformed from empirical judgments to data judgments, and realize effective technological innovation decisions (Yi et al., 2020). Technological innovation is the key channel to influence regional carbon emissions (Xinxin and Ning, 2021). The relationship between the roles of the digital economy, technological innovation and carbon emissions is shown in Figure 1. Based on the above analysis, the following hypothesis is proposed.
[image: Figure 1]FIGURE 1 | Mechanisms of the digital economy’s impact on carbon emission intensity.
Hypothesis 3. The digital economy reduces regional carbon emissions by promoting regional technological innovation.
4 RESEARCH DESIGN
4.1 Model construction
4.1.1 Baseline regression model
Based on prior research, this paper develops a double-fixed effects model as a baseline regression model to experimentally examine the influence of the digital economy in influencing carbon emission intensity. The baseline model is set up as follows:
[image: image]
Where [image: image] denotes the carbon emission intensity of province i in year t, which is logarithmized to reduce the effect of heteroscedasticity. [image: image] denotes the digital economic development index in province i in year t. [image: image] denotes a series of control variables in province i in year t. [image: image] and [image: image] denote province-fixed effects and year-fixed effects, respectively, and [image: image] denotes random error term.
4.1.2 Mediating effect model
In previous studies, some studies chose to use the mediating effects model for mechanism analysis, a process that requires the simultaneous identification of three equations and is likely to generate multiple endogenous variables, so the use of the mediating effects model for mechanism analysis remains to be considered. To avoid the above problems, this paper draws on the practice of Ting Jiang (Jiang, 2022) to use regression models to test the role of explanatory variables on the mediating variables, while the effect of the mediating variables on the explanatory variables is mainly explained through theoretical statements. In this paper, model (2) is developed to test the relationship of the explanatory variables to the mediating variables.
[image: image]
where [image: image] denotes the mediator variable, [image: image] is a series of parameters to be estimated, and the meanings of the rest of the parameters are consistent with Eq. 1.
4.1.3 Panel threshold model
According to the previous theoretical analysis, it can be seen that the impact of the level of digital economy development at different stages on the intensity of carbon emissions may have non-linear characteristics. This paper draws on Hansen (Hansen, 1999) to construct a panel threshold model as shown in Eq. 3:
[image: image]
where [image: image] is the threshold variable-digital economy development level. [image: image] is a schematic function that takes the value 1 when the condition in parentheses is satisfied and 0 otherwise. [image: image] is the nth threshold value of the threshold variable. [image: image] is the parameter to be estimated. Other variables have the same meaning as in Eq. 1.
4.2 Variable selection and data description
4.2.1 Variable selection
4.2.1.1 Explained variable: carbon emission intensity
Currently, the main methods used in academia to measure CO2 emissions are the emission factor method, the actual measurement method, and the material balance method. Tsinghua University’s MEIC database measures carbon emissions based on sub-sectoral energy consumption using the emission factor method. This paper uses this data as the basis for the carbon emission intensity calculated from the ratio of carbon emissions to GDP as an explanatory variable.
4.2.1.2 Explanatory variable: digital economy
The digital economy is an emerging economic form, and although the academic community has not yet fully agreed on the measurement of its level of development, there are still some common indicators. Existing studies have mostly measured the level of development of the digital economy from the aspects of digital economic infrastructure, Internet development, digital industrialization, and industrial digitization. Referring to the research of Liu and Xu (Liu and Xu, 2023), this paper constructs the evaluation index system of the development level of the digital economy from the three aspects of digital economy infrastructure, digital industry development, and digital technology application, and the specific indexes are shown in Table 4. Digital economy infrastructure is the foundation and guarantee for the development of the digital economy, providing a solid underlying architecture for all kinds of digitalization scenarios. The development of the digital industry is the root and driving force of the digital economy, especially the most representative information and communication industry, whose development level will directly determine the research and development and application of key technologies. The application of digital technology is an important part of the digital economy and can accurately reflect the degree of integration between the digital economy and the real economy. To ensure the scientific objectivity of the evaluation results, this paper adopts the entropy value method to measure the digital economy development index.
TABLE 4 | Evaluation system for the level of development of the digital economy.
[image: Table 4]4.2.1.3 Mediating variable: technological innovation
Existing studies mostly use the number of patents as a measure of technological innovation. The State Intellectual Property Office of the patent classification has three kinds of patents: invention, utility model, and design patents, invention patents have the highest innovative content, and are more rigorous in the application, this paper invention patent applications to measure the level of technological innovation.
4.2.1.4 Control variables: level of income, government expenditure, density of population, level of foreign trade, and industrial structure
To ensure the reliability and accuracy of the research results, this paper draws on previous research literature and puts other factors that may have an impact on carbon emissions into the regression model, mainly including level of income, government expenditure, density of population, level of foreign trade and industrial structure (Cutcu et al., 2022; Dong et al., 2022; Xie, 2022; Yi et al., 2022; Cheng et al., 2023). The level of income (Incom) is expressed in terms of disposable income per inhabitant. Regional affluence represents the level of regional economic development, which has an impact on the level of regional energy consumption as well as carbon dioxide emissions (Chen et al., 2018). Government expenditure (Gov) is expressed using the ratio of fiscal expenditures to Gross Domestic Product (GDP). The main driver of the third energy transition is government behavior, and the role of government behavior in reducing carbon emissions cannot be ignored. The density of population (Density) is expressed as the ratio of the sum of the urban population and the temporary population of the urban area to the area of the urban area. An increase in population leads to an increase in demand for transportation, housing, etc., and consequently to an increase in carbon dioxide emissions. The level of foreign trade (Trade) is expressed as the ratio of total exports and imports to GDP. Foreign trade affects the division of labor among regions in the international competitive landscape, influences the industrial structure of each region, and has a significant impact on carbon dioxide emissions. Industrial structure (IS) is expressed as the ratio of value added in the tertiary sector to value added in the secondary sector. All of the above variables are summarized in Table 5.
TABLE 5 | Definitions of the main variables.
[image: Table 5]4.2.2 Data description
In this paper, 30 provinces in China (excluding Tibet, Hong Kong, Macao, and Taiwan) are selected as research samples from 2011 to 2021. The data on carbon emissions comes from Tsinghua University’s MEIC database; the digital financial inclusion index comes from the Peking University Digital Financial Inclusion Index published by Peking University’s Digital Finance Research Center; and the rest of the data comes from provincial statistical yearbooks and the National Bureau of Statistics. To avoid the effect of heteroskedasticity in the regression, absolute data such as carbon emission intensity, level of income, and population density were logarithmized. Missing values were added to the data using linear interpolation or neighbor interpolation. Descriptive statistical analysis of the main variables is shown in Table 6.
TABLE 6 | Descriptive statistical analysis of the main variables.
[image: Table 6]5 EMPIRICAL ANALYSIS
5.1 Baseline regression results
To control for the macroeconomic environment and inter-individual differences that do not vary over time, regressions are conducted using a double-fixed effects model with province and year. This paper utilizes stata17.0 to test the impact of digital economic development on carbon emission intensity, and the regression results are shown in Table 7.
TABLE 7 | Baseline regression results.
[image: Table 7]Column 1) of Table 7 is the result of a regression controlling only for year-fixed and province-fixed effects. Column 2) is the result of regression with control variables, controlling for year and province effects. The regression results show that the coefficients of the digital economy development index are −2.317 and −1.457, both of which are significantly negative at the 1% level, indicating that the digital economy can significantly reduce the intensity of regional carbon emissions. Hypothesis 1 is verified.
On the one hand, the development of the digital economy has promoted techno-economic paradigm change, altered China’s traditional concept of energy consumption, and had an important impact on people’s production and lifestyle. The application of digital technology not only provides great convenience for people’s daily life but also effectively reduces the pollution generated by residents outside (Luo and Li, 2015). Shared bicycles based on digital technology have improved the travel experience of residents and significantly reduced the pollution emissions and energy consumption brought about by the previous “one car per capita” mode of travel. At the same time, thanks to the development of digital technology, intelligent mapping systems and other navigation software are becoming increasingly sophisticated. It not only reports road anomalies in real-time but also plans optimal routes for users, thus improving public efficiency. It effectively relieves road congestion and reduces tailpipe emissions, thus effectively reducing carbon intensity. On the other hand, the application of digital technology effectively alleviates the problem of information asymmetry in production life and improves the efficiency of resource allocation. The digital economy, with the modern information network as an important carrier, breaks down the barriers of time and space so that enterprises in different regions can learn from each other’s experiences and effectively allocate resources according to their needs. The reorganization and reallocation of factors of production will greatly enhance the efficiency of energy use and reduce the intensity of regional carbon emissions.
5.2 Robustness test
To further confirm the reliability of the findings and to avoid omitted variables and endogeneity issues from affecting the results, this paper conducts a robustness check on the baseline regression results. The results are shown in Table 8.
TABLE 8 | Robustness testing regression results.
[image: Table 8]In this study, two approaches are used to verify the robustness of the benchmark regression results. The first way is to replace the explanatory variables. Carbon emission per capita is used as a proxy variable for carbon emission intensity. To reduce the impact of heteroskedasticity on the regression, per capita carbon emissions are logarithmized. The regression results are shown in column 1) of Table 8. The regression results show that after replacing the explanatory variables, the coefficient of the digital economy development index is still significantly negative, indicating that the baseline regression results are highly credible. The second way that tests the stability of the baseline regression results is to use the instrumental variable method. Considering that it takes time to build the infrastructure necessary for the development of the digital economy, at the same time, the digital economy to help the development of traditional industries also needs to have a process of integration. Therefore, the current development level of the digital economy also depends to some extent on the level of digital economy development in the previous period. Because of this, this study chooses the digital economy development index with a lag of one period as an instrumental variable to test the robustness of the regression results from the perspective of endogeneity. The regression results are shown in column 2) and column 3) of Table 8. The result of the first-stage regression shows that the instrumental variables are significantly correlated with the explanatory variables at the 1% level, suggesting that the first-order lagged term of the digital economy development index is a suitable instrumental variable. The second-stage regression result shows that the coefficient of the first-order lag term of the digital economy development index is significantly negative at the 1% level, which is consistent with the baseline regression results, again indicating the robustness of the baseline regression results.
5.3 Threshold effect of the digital economy
To verify whether there is a threshold effect of the digital economy on regional carbon emission intensity, this paper uses a panel threshold model to test the panel effect. The model regression results are shown in Table 9.
TABLE 9 | Threshold regression results of the digital economy affecting carbon emissions.
[image: Table 9]When the digital economy is the threshold variable, the F-statistic of the single threshold test is 27.17, which is significant at the 1% level, indicating that there is a nonlinear relationship between the digital economy and carbon emission intensity. The threshold value is 0.3809. The marginal carbon reduction effect of the digital economy is 0.681 when the digital economy development index is less than 0.3809, and 0.957 when the digital economy development index is greater than 0.3809. As the level of development of the digital economy increases, the carbon emission reduction effect of the digital economy is gradually increasing.
In the context of the actual situation, when the level of development of the digital economy is low, part of the infrastructure necessary for the development of the digital economy is still under construction, and the digital economy is not yet well integrated with traditional industries. In this process, the power consumption of digital economy infrastructure, mainly 5G base stations and data centers, grows faster, so the carbon emission reduction effect of the digital economy is relatively weak at this time. When the development of the digital economy into a “maturity” period, the carbon emission reduction effect of the digital economy is gradually highlighted. The use of digital technologies accelerates the improvement of energy efficiency in traditional industries, leading to a more pronounced carbon reduction effect.
5.4 Mediating effect of technological innovation
Technological innovation is a key initiative to reduce carbon emissions and plays a positive role in promoting regional carbon reduction (Kahouli, 2018; Mensah et al., 2018; Wen et al., 2021; Gao et al., 2022; Khattak et al., 2022). There are two main reasons why technological innovation can reduce carbon emission intensity. On the one hand, technological innovation reduces carbon emission intensity by improving production efficiency, enhancing energy use efficiency, and developing cleaner energy sources to reduce dependence on traditional patterns of economic development and energy use. On the other hand, it can also change the employment structure of the workforce, the demand structure, and the structure of imports and exports, optimize the allocation of production factor resources, promote the development of the economy from a crude to an intensive mode, and thus promote the reduction of regional carbon emission intensity. Therefore, this paper analyzes the influence mechanism between the digital economy and carbon emission intensity with technological innovation as a mediating variable. The results of the regression of the digital economy on technological innovation are shown in Table 10.
TABLE 10 | Regression results of the mediating effect of technological innovation.
[image: Table 10]The results show that the regression result of the digital economy on technological innovation is significantly positive at the 1% level, indicating that the development of the digital economy can significantly promote the level of regional technological innovation.
On the one hand, the digital economy provides new platforms and opportunities for technological innovation. Through the use of digital technology, innovators can more easily access and share information, making it easier to identify new business models and opportunities. For example, the development of technologies such as cloud computing and big data analytics has provided businesses with more efficient and accurate decision support, driving the generation of innovation. On the other hand, the digital economy provides a broader market for technological innovation. The spread of digital technology has made it easier for people to communicate and transact across geographies and borders. This provides a larger market and potential user base for new product and service innovations, which in turn contributes to the accelerated development of technological innovations. The improvement of technological innovation can change the lifestyle of residents, and the production mode of enterprises and improve the efficiency of resource allocation to reduce regional carbon emissions.
5.5 Heterogeneity test
To more accurately explain the regional differences in the impact of the digital economy on carbon emission intensity, this paper conducts a heterogeneity test in terms of both regional location and human capital level.
5.5.1 Regional heterogeneity
To further explore the heterogeneity of digital economy development on regional carbon emissions, the sample is divided into two regional sub-samples: the eastern region and central and western regions. Then the regressions are performed on the two subsamples. The eastern region refers to regions with a higher level of economic development, while the central and western regions represent regions with a lower level of economic development. The regression results are shown in Table 11.
TABLE 11 | Regression results for regional location heterogeneity.
[image: Table 11]The results show that the coefficient of the effect of the digital economy on carbon emission intensity in the central and western regions is −3.164, which is significantly negative at the 1% level. In contrast, the coefficient of the digital economy’s impact on carbon emissions in the eastern region is not significant. It indicates that the digital economy has a significant inhibiting effect on the carbon emission intensity only in the central and western regions, while the inhibiting effect on the carbon emission intensity in the eastern region is not obvious.
The operation of data centers, 5G base stations, and other digital economy infrastructure require the consumption of large amounts of energy consumption, and currently, more than 60% of the cost of building data centers in China is power consumption (Ding et al., 2022). Due to the early development of the digital economy in the eastern region, Big Data, Artificial Intelligence, and other digital technologies have been fully utilized in the field of production and life (Yang and Xiaodong, 2021), so that the carbon emission reduction “dividend” effect of the digital economy is released in advance. Eastern China, which already needs to carry the electricity consumption of a large-scale population, can hardly bear the huge energy demand of data centers, 5G base stations, etc., and even directly define data centers, 5G base stations, etc., as high-energy-consuming industries and restrict their development. The unique energy resource endowment of the central and western regions offers the possibility of shifting the energy consumption pattern, with greater potential for carbon reduction. The central and western regions are rich in renewable energy and have a low electricity demand. At the same time, China’s “East Counts, West Counts” project guides the arithmetic demand of the eastern region to the western region in an orderly manner, greatly optimizing the construction layout of China’s data centers and making the arithmetic resources in the western region more adequately support the data computing in the eastern region. At the same time, the western region, due to the construction of data centers, has improved the utilization of its green energy sources such as photovoltaic power, wind power, and hydropower, increasing the supply of green power and significantly reducing the intensity of regional carbon emissions.
5.5.2 Heterogeneity in the level of human capital
In this paper, the ratio of the number of students enrolled in general colleges and universities to the year-end resident population of the region is chosen to indicate the level of regional human capital, and the average value is used as the division threshold to divide the sample into two sub-samples, high and low. The regression results are shown in Table 12.
TABLE 12 | Regression results for heterogeneity in human capital levels.
[image: Table 12]The regression results show that the coefficients of the digital economy development index in the regression results of the two groups of samples are negative, but the absolute value of the coefficients of the samples of regions with high human capital is larger and more significant. This indicates that the regional human capital level and the carbon emission reduction effect of the digital economy are positively correlated. The higher the regional human capital level, the more obvious the effect of the digital economy in reducing carbon emission intensity.
The development of the digital economy has given rise to a series of new technology industries, which have higher knowledge and quality requirements for related employees, and the human capital structure has been optimized in the process of the rising number of employees in these industries. From another perspective, an increase in human capital implies an increase in the knowledge, skills, and experience of the labor force, which is manifested in the actual production of innovations in the form of a more rapid ability to learn and apply new knowledge and skills, as well as a higher level of proficiency in the operation of labor skills (Dai and Xiong, 2023). These new changes can accelerate the upgrading and transformation of enterprises’ internal technology, which is conducive to improving production efficiency and cleaner production, and also helps to learn advanced technology from outside, laying down technical support for saving production and reducing carbon emissions.
6 CONCLUSION
The wave of digital change has facilitated the convergence of digital technologies and traditional industries, bringing great changes and opportunities to China’s economic development. Against the backdrop of the “Carbon Peak and Carbon Neutral” goals, what is the impact of the digital economy on regional carbon emissions reduction? Based on the above considerations, this paper empirically analyzes the impact of the development of the digital economy on carbon emission intensity and the role of technological innovation in it by selecting the panel data of 30 provinces (excluding Tibet, Hong Kong, Macao, and Taiwan) in China from 2011 to 2021. The results of the study show that: Firstly, the digital economy can reduce the intensity of regional carbon emissions and has an obvious carbon reduction effect. This result still holds after robustness tests such as replacing the explanatory variables and instrumental variable method. Secondly, the carbon emission reduction effect of the digital economy is non-linear, and the carbon emission reduction effect of the digital economy gradually increases with the level of development of the digital economy. Thirdly, the digital economy has an obvious role in promoting technological innovation, and the digital economy can affect regional carbon emission intensity by influencing the level of regional technological innovation. Fourthly, the results of heterogeneity analysis show that the carbon emission reduction effect of the digital economy has obvious regional location heterogeneity and human capital heterogeneity. The carbon emission reduction effect of the digital economy is more significant in the central and western regions and regions with a high level of human capital development.
Based on the above findings, the paper makes the following policy recommendations:
(1) Accelerating the development of the digital economy, consolidating the construction of digital economic infrastructure, and providing new momentum for carbon emission reduction in the provinces. Firstly, it is necessary to accelerate the construction of 5G base stations, data centers, and other infrastructures that carry digital technologies, to improve the level of “new infrastructure” construction. This will provide the basis for digital industrialization and industrial digitization, and thus promote the deep integration of the digital economy and traditional industries in each province. Secondly, accelerate the application of big data, artificial intelligence, and other digital technologies. Promote the penetration of the digital economy and digital technologies into traditional industries, and strengthen the wide application of the digital economy and digital technologies in production, life, and other areas. With digitization and intelligence as the guiding force, improve the level of digital development in various fields, promote changes in energy efficiency, reduce energy consumption, and thus reduce carbon emission intensity. Thirdly, relying on digital technology to accelerate the development of enterprise digital transformation. It will link up all aspects of production, research and development, sales, and other business processes, to realize the role of improving quality and efficiency. Continuously improve the efficiency of resource utilization and optimize the efficiency of energy resource allocation, to continuously reduce the intensity of regional carbon emissions. Fourthly, accelerate the application of intelligent energy construction, promote the intelligent upgrading of the whole process of energy production and utilization, promote the efficient green transformation of the energy industry chain, and effectively reduce the intensity of regional carbon emissions at source.
(2) Strengthen the scientific and technological research of new technologies, make full use of the advantages of data elements and digitization technology to support the development of technological innovation, and enhance the level of technological innovation in each province. Firstly, the government introduces policies and regulations related to technological innovation to create a favorable environment for technological innovation. Improve the laws and regulations system and intellectual property rights system, and create a fair competition environment and policy system in an all-round and multi-dimensional way, to stimulate enterprises to actively carry out activities related to technological innovation. Secondly, a sound data factor market should be constructed and institutional safeguards should be strengthened. Uniform and effective data standards should be established to enhance the smooth interconnection of data between regions, industries, and subjects, and to create a fair and open market. Enhance the market-oriented application of data, and integrate data resources into all segments of society to accelerate the marketization process. Thirdly, enterprises set up special R&D funds, which have greater flexibility and autonomy, enabling them to choose and promote potential technological innovation projects more freely, thus effectively enhancing the level of technological innovation of enterprises. Fourthly, digital platforms are being developed to facilitate the exchange of information on innovation. Task-oriented matching of talents in related fields from different regions using the advantages of algorithms is carried out rapidly. It realizes the efficient exchange of innovation information and improves the level of technological innovation in each region in the process of exchange.
(3) Based on regional differences, formulate strategies for the development of the digital economy according to local conditions and differentiation, to fully release the carbon reduction potential of the digital economy. Firstly, based on the differences in endowments of different regions and the differences in the impact of the digital economy on carbon emissions, adjust the pace of digital economy development in each region. Break down the industry barriers and geographical restrictions on new models and new business forms, and enhance the differences and synergies in the governance of the digital economy in each region. Secondly, the Government should focus on rationalizing the allocation of digital economy resources among different regions. While ensuring that the eastern region continues to maintain a positive trend in digital economy development, it should increase financial investment, infrastructure development, and policy support for the central and western regions. Thirdly, less-developed regions need to take the initiative to strengthen economic ties with developed regions and to catch up through competition, cooperation, and learning. By upgrading their level of digital economic development, they can promote coordinated regional development. Fourthly, developed regions should play the “radiation-driven effect”. Relying on their resources and technological advantages, they can drive the improvement of digital technological innovation in less developed regions and fully release the potential of data elements in less developed regions.
(4) Optimize the structure of human capital by taking the development of the digital economy as an opportunity. Firstly, digital technology should be utilized to cultivate cross-border and composite talents and to promote the transformation and upgrading of traditional industries. Through the systems of “learning by doing” and “industry-academia-research”, the digital literacy and skills of relevant workers will be upgraded, alleviating the current lack of digital talents in traditional employment positions. Secondly, accelerate the degree of integration between the existing education system and the development of the digital economy, enhance the interconnection between digital knowledge and skills and different disciplines and specialties, and lay a solid foundation of talents for the transformation of digital innovation research results and the green development of cities. Thirdly, continuously promote the transformation and upgrading of traditional industries empowered by the digital economy, to improve the level of human capital in traditional industries. The upgrading of traditional industries is forcing practitioners in traditional industries to quickly master new technologies and knowledge, thus promoting the upgrading of human capital levels in all aspects. Fourthly, establish a big data system at the national level. Network interconnection realizes cross-regional human capital sharing. The development of the platform will optimize the allocation of human capital, bridge the regional human capital density divide, and effectively promote the coordinated development of human capital across regions.
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First indicator Secondary Description of indicator Indicator

indicator property
Digital Economy Digital economy Number of Internet broadband access subscribers Thousands of +
Development Index infrastructure families
Number of cell phone base stations Ten thousand +
Fiber optic line length Kilometers +
Number of Internet access ports Ten thousand +
Websites per 100 businesses Ps +
Development of the digital |~ Fixed investment in information transmission, software, and information ~ Percentage +
industry technology services (excluding agricultural houscholds)/total fixed asset
investment
Number of persons employed in urban units of the information Percentage +
transmission, software, and information technology services industry/
number of persons employed in urban areas
Application of digital E-commerce sales Billions +
technology
Proportion of businesses with e-commerce activities Percentage +
Digital Inclusive Finance Index - +
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e of the variable = Symbols for variable Description of variable
| Carbon emission intensity a Total carbon emissions/GDP
‘ Digital economy Dig Digital Economy Development Index
‘ Technological innovation Tech Patent applications for inventions
‘ Level of income Incom Per capita disposable income
‘ Government expenditure Gov Fiscal expenditure/GDP
| Density of population Density (Population in urban area + temporary population in urban area)/area of urban area
‘ Level of foreign trade Trade ‘Total import and export trade/GDP

Industrial structure s

Value added of tertiary industry/value added of secondary industry
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Main findings

Wangand Qin | Chengdu and Chongqing,
(2022) China
Wang and Hu 30 provinces of China
(2022)
Chen et al. 268 cities of China
(2022)
Liu (2023) 15 manufacturing industry

chains in China

2010-2019

2011-2019

2013-2018

2011-2021

Chain-year double-fixed effects model,

Gaussian Mixture Model There is a healthy interaction between ICT and technological

innovation.

Panel Vector Autoregression Model Digital finance and STI are causal to each other. ‘

Spatial Durbin Model, Panel
‘Threshold Model

ICT facilitates the enhancement of innovation output in cities,
and the innovation enhancement effect is characterized by
‘marginal incremental nonlinearities.

Digital finance can significantly contribute to the level of ‘

Mediating Effect Model innovation in the industry chain.
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Huo and Sun
(2017)

Tian et al.
(2018)

Liu (2019)
Wang and Xia
(2020)

Yin et al. (2020)
Zhang X. et al.
(2021)

Khattak et al.
(2022)

Gao et al.
(2022)

30 provinces of China
11 industrial sectors of China
Jiangsu Province, China
Industrial sector in Jiangsu and
Henan Provinces, China
30 provinces of China
30 provinces of China

G7 countries

30 provinces of China

1994-2014

2000-2016

2003-2017

1999-2018

1998-2016

1990-2018

19902018

2008-2020

Gaussian Mixture Model

STIRPAT model

STIRPAT model

STIRPAT model

Spatial Durbin Model

Panel Vector Autoregression

Model

Panel Vector Autoregression
Model

Province-year double-fixed
effects model

The enhancement of low-carbon technological capabilities can
effectively curb the intensity of carbon emissions.

Technological innovation can effectively curb carbon emissions
from resource-based industrics.

Technological innovation can significantly curb the carbon
emission intensity in Jiangsu Province.

Technological innovation is an important factor influencing
regional carbon intensity.

Technological innovation can effectively alleviate regional
environmental pollution problems.

Technological innovation can significantly reduce regional
carbon emissions.

Green and low-carbon technological innovations can reduce
carbon dioxide emissions.

Green low-carbon technological innovation has a significant
inhibiting effect on carbon emissions.
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(1) InPCO2 (2) First-stage regression (Dig)

(3) Second-stage regression (InCl)

| L.Dig
‘ Dig

‘ Constant

‘ Control variables
 Province-fixed effect
| Year-fixed effect

‘ Number of samples

WithinR*

101376 (0.0233329)
~1.105608** (0.4888878)

2912971 (2.854099) ‘ 03227681*** (0.0770034)

Yes Yes
Yes Yes
Yes ‘ Yes
330 ‘ 330
08584 09736

~2.369705*** (04171777)
7.101977*** (1.565313)
Yes
Yes
Yes
330

06290
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Open 330 0.2654406 0291498 0.0075724 1.548163

1$ 330 1.245646 07045663 0518032 5296818

 Explained variable InCI 330 4.892591 0.6285808 3003252 6476126
‘ Explanatory variable | Dig | 330 [ 03278845 01003372 [ 00945997 0692076
‘ Mediating variable Tech 330 3378942 4476135 0.0204 242551
Control variable InIncom 330 10.3457 03278914 961505 1131969
Gov 330 02487428 01025375 0.1066315 06430112

InDensity 330 [ 7.89973 04038427 6.638568 8669228
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Dig ~2.317236*** (0.7265431)  ~1.456654** (0.6716699)
InIncom 0.1905806 (0.3793802)
Gov 3352431 (0.3669981)
InDensity 0.136182* (0.0795416)
Open 01820168 (0.1499295)
18 0.0070054 (0.0508517)
Constant 5717625 (0.1521236) 1.75194 (3.77858)
Province-fixed effect Yes Yes
» Year-fixed effect Yes | Yes
' Number of samples 330 330
WithinR®* 0.7555 0.8584

Note: "*+", ",

indicate significant at the 1%, 5%, and 10% levels. The parentheses are

robust standard errors. Same as the following table.
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Research methodology

Main findings

Salahuddin and
Alam (2015)

Haseeb et al.
(2019)

Liu (2019)

Xie (2022)

Xu et al. (2022)

Liao et al. (2022)

Wang et al. (2022)

Lee et al. (2022)

Han et al. (2022)

Zhang et al. (2022)

Wang and Li
(2022)

Sun and Zhou
(2022)

Wang and Wang
(2022)

Feng et al. (2023)

Jiang and Jing
(2023)

Yang and Shi
(2023)

Australia

BRICS
economies

190 countries

30 provinces of
China

286 cities of
China

278 cities of
China

278 cities of
China

30 provinces of
China

281 cities of
China

30 provinces of
China
260 cities of
China
285 cities of
China

13 cities of China

30 provinces of
China

1985-2012

1994-2014

2005-2016

2011-2019

2011-2017

2011-2019

2000-2017

2008-2017

2011-2018

2011-2019

2011-2018

2011-2019

2011-2019

2011-2020

Autoregressive Distributed Lag Model

STIRPAT model

Country-year double-fixed effects model

Province-year double-fixed effects model

Spatial Durbin Model, Spatial Difference-in-
Differences Model

Spatial Durbin Model, Mediating Effect Model

City-year double-fixed effects model, Mediating Effect
Model, Random Forest Model

STIRPAT model

‘Theoretical analysis

City-year double-fixed effects model

Province-year double-fixed effects model

City-year double-fixed effects model, Mediating Effect
Model

‘Theoretical analysis

City-year double-fixed effects model, Mediating Effect
Model, Panel Threshold Model, Spatial Durbin Model

City-year double-fixed effects model, Mediating Effect
Model

Province-year double-fixed effects model, Mediating
Effect Model

Internet use and economic growth stimulate electricity
consumption in Australia.

Internet usage and mobile cellular subscriptions (ICTs)
have a significant, adverse impact on carbon dioxide
emissions.

‘The relationship between the digital economy and carbon
emissions is consistent with the Kuznets curve theory.

‘The development of the digital economy can significantly
reduce regional carbon emission intensity, and there is
regional heterogeneity in the effect of the digital economy
on carbon emission intensity.

‘The development of the digital economy has significantly
reduced carbon emissions in Chinese cities.

‘The development of the digital economy shows the effect
of promoting and then suppressing regional carbon
emissions.

‘The effect of digital financial development on regional
carbon emissions is non-linear, showing the effect of no
significant effect first, then inhibition, and finally
promotion.

The digital economy can reduce carbon emissions in the
transportation sector.

‘The digital economy brings growth and industrial
optimization to enterprises through the integration and
precise matching of factors.

‘The digital economy can help to realize reductions in
urban carbon emissions.

The development of the digital economy has an inverted
“U" shaped relationship with carbon emissions, which is
first promoted and then suppressed.

The effect of the digital economy on carbon emissionsis a
non-linear inverted U-shaped relationship.

Digital economy infrastructure development harms
carbon emissions.

‘The digital economy can significantly reduce carbon
emission intensity. The carbon reduction effect of the
digital economy is regionally heterogeneous.

‘The digital economy has maintained a dampening effect
on regional carbon emissions.

‘The growth of the digital economy is helping to reduce
regional carbon emissions and increase carbon
productivity.
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