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Introduction
Reducing carbon emission intensity is a crucial element in advancing sustainable development in China. In the context of continuous technological progress, the expansion of the digital economy may provide avenues for emissions reduction.
Methods
This paper constructs an index to measure digital economy progress using the entropy approach, based on data from 30 Chinese provinces from 2010 to 2024. Panel data regression models are then applied to examine the relationship between digitalization and carbon emission intensity, along with the mediating mechanisms involved.
Results
Baseline regression estimates suggest that both the overall digital economy index and its three core sub-components (with coefficients of −1.801, −7.784, −6.904, and −3.165, respectively) are associated with declines in carbon emission intensity, pointing to a potential mitigating effect. Considerable regional heterogeneity is observed, with the eastern and central regions exhibiting a more pronounced and statistically significant negative association, while the effect appears weaker and statistically insignificant in the western region.
Discussion
Further analysis of mediating pathways indicates that improvements in economic structure and innovation capacity may serve as channels through which digital economy development contributes—albeit to varying degrees—to reducing carbon emission intensity.
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1 INTRODUCTION
Since the 1860s, when the industrial revolution occurred, enormous volumes of carbon dioxide have been emitted into the atmosphere by human activity. This has sparked a series of global environmental issues, posing significant challenges to human survival and development (Acheampong, 2018). Firstly, the greenhouse effect has gotten stronger due to the significant rise in carbon dioxide. Secondly, it has led to the frequent occurrence of extreme weather events, including high temperatures, severe cold spells, snowstorms, and typhoons. Thirdly, it has sped up the melting of polar ice, which has caused sea levels to increase steadily and endangering coastal communities and their residents. In response to environmental challenges linked to carbon output, several global entities—including the United Nations Environment Programme (UNEP), the World Meteorological Organization (WMO), and the Intergovernmental Panel on Climate Change (IPCC)—have undertaken efforts aimed at promoting discussions and cooperative engagement among governments regarding potential strategies for emission reduction (Zhang et al., 2024a).
In response to the worldwide movement supporting low-carbon and green transformation, China, being a nation with the highest carbon emissions and the second-largest economy in the world, introduced its “3060” dual-carbon objective at the 75th United Nations General Assembly in September 2020. Reinforcing its previously stated intentions, China announced in December 2020 a goal to lower the intensity of its carbon emissions by more than 65% compared to 2005 levels by the year 2030—a target that, while notable, aligns with broader international trends and expectations (Chen et al., 2022b; Zhu and Lan, 2023). It follows, that accelerating China’s transition to a low-carbon economy is of critical importance to achieving those aims.
China has aggressively implemented successful policies and initiatives to lower its carbon emission intensity (Liu et al., 2022), but encounters a range of obstacles in pursuing its carbon intensity objectives, particularly those related to reaching peak emissions and progressing toward long-term carbon neutrality (Guan et al., 2018; Qian et al., 2022). A promising strategy for balancing environmental objectives with economic growth is the development of the digital economy (Li et al., 2023). The acceleration of industrial digitalization and digital industrialization has become essential in the digital age. One crucial method for nations to secure a competitive edge in the global market is by advancing their digital economies (Nathan and Rosso, 2015; Wang and Chen, 2023). Emerging as a new economic form, digital economy has become a new growth point, new driving force, and novel opportunity for China’s future economic development (Pan et al., 2022). The environmental impact of the digital economy has sparked considerable debate within the academic community. At the micro level, the digital economy can enhance the diffusion of low-carbon digital technologies, accelerate the adoption of green and clean energy solutions, and foster the transformation and development of green, low-carbon enterprises, thereby contributing to a reduction in carbon emission intensity. From a macro perspective, it can also reduce carbon emissions at a regional level, supporting green and low-carbon development through various mechanisms such as industrial restructuring, green technological innovation, optimization of resource allocation, and improvements in energy efficiency (Tang et al., 2021). In sum, when compared to traditional economic models, the digital economy offers innovative methods and tools for energy management by integrating advanced information technologies, which ultimately reduce overall energy emissions. In addition, as the largest developing country, China’s efforts and explorations in decarbonization and green transformation can provide meaningful practical experience for other developing countries. All in all, it is essential to study the impact of China’s digital economy development on carbon emission intensity.
Managing a gradual decline in carbon emission intensity presents an ongoing difficulty amid efforts to balance peak emissions, long-term neutrality goals, and the pursuit of higher-quality economic growth (Lange et al., 2020; Yuan et al., 2021). This paper investigates the possible role of digital economic development in moderating carbon emissions, providing a comprehensive analysis of the mechanisms via which digitalisation may affect emission intensity. Additionally, variations in attitudes and initial conditions for digital economy development among regions, coupled with pronounced spatial disparities in China’s economic, lead to notable regional divergences in the relationship between the digital economy and carbon emissions and their reciprocal influences (Liu X. et al., 2024; Sun et al., 2025). A thorough examination of carbon emissions in the Chinese digital economy, including regional heterogeneity analysis, is essential for a more profound knowledge of the subject.
The global economic landscape is experiencing gradual adjustments and structural shifts in the context of ongoing scientific innovation and industrial evolution. Luo et al. (2023) assert that the digital economy is increasingly pivotal in transitioning from conventional growth drivers to new sources of economic dynamism. Currently, a lot of nations are giving this shift priority by designating the digital economy as a national strategic project and stepping up measures to support its growth (Zhao et al., 2022; Han et al., 2022). China is turning its attention from merely encouraging economic growth to boosting development, and the digital economy is becoming a significant approach (Wang et al., 2022).
This research aims to investigate the potential correlation between the expansion of the digital economy and fluctuations in carbon emission intensity. Firstly, in-depth understanding of the development overview of the digital economy plays an important role in the construction of a comprehensive evaluation index system. Based on the constituent elements of the digital economy, we disaggregate the indicator into three components, mainly including the foundation, the scope of application and the prospects for development of digital economy, to form an integrated and comprehensive evaluation framework, which helps to comprehensively understand the composition and extension of the digital economy. Secondly, this study examines the possible impact of a composite digital economy development index and its three sub-components on carbon emission intensity, while conducting a series of robustness checks to evaluate the stability of the findings. Thirdly, it examines regional differences by comparing how the digital economy may relate to emission intensity across eastern, central, and western areas, offering preliminary insights that could assist local policymakers in considering region-specific strategies for low-carbon development. Lastly, the investigation examines potential pathways via which the digital economy may influence carbon emission intensity, taking into account mediating factors such as energy composition and innovation capacity.
The structure of the paper is arranged as follows. Section 2 offers a concise review of relevant literature. Section 3 outlines the theoretical foundation and introduces the proposed hypotheses. Section 4 details the data sources and the criteria for variable selection. Section 5 discusses the empirical findings based on the analysis. Finally, Section 6 summarizes the key observations and reflects on their broader implications.
2 LITERATURE REVIEW
2.1 Review of previous studies
Given the rising significance of environmental issues, scholarly interest in the possible environmental consequences of the digital economy has consistently increased. Existing research has addressed a range of issues, including the determinants influencing carbon emission intensity (Marbuah et al., 2021; Li et al., 2021; Rodríguez and Pena-Boquete, 2017; Li and Zhou, 2024), as well as the underlying mechanisms through which such impacts may occur (Zhang et al., 2022; Wang X. et al., 2023; Yang et al., 2022; Xu et al., 2022). Additionally, several studies have explored spatial spillover dynamics, further enriching the understanding of regional interactions (Yi et al., 2022; Bai et al., 2023; Yu et al., 2023; Cheng et al., 2023; Tao et al., 2023).
With regard to economic determinants, in addition to the traditionally emphasized role of overall economic development (Murshed et al., 2022; Adebayo and Ullah, 2023), a growing body of research has begun to explore how digital transformation may be associated with carbon emission outcomes. Some studies indicate that improvements in digital infrastructure and related technologies may contribute to reductions in carbon emission intensity, though the extent of this relationship varies across contexts (Yu et al., 2024b; Li and Zhou, 2024; Khan and Hou, 2021). Moreover, certain findings suggest that the mitigating influence of the digital economy on emissions appears more evident in parts of central and western China (Gao and He, 2024; Liu X. et al., 2024). In parallel, international trade and financial development have also been examined for their dual roles, potentially acting either in support of or as alternatives to digitalization in limiting emissions (Ibrahim, 2018). In addition, previous research has established a unidirectional causal link from energy use to economic growth, further complicating the dynamics between development and environmental performance (Acheampong, 2018).
Regarding institutional factors, previous research has identified structural components, such as industrial composition (Liao and Liu, 2024; Chang et al., 2023) and the energy structure (Gigova et al., 2019; Wang and Chen, 2023; Li et al., 2025), as significant determinants of carbon emission intensity. Numerous scholars have shown that alterations in industrial structure and enhancements in the energy mix can substantially reduce urban carbon emissions (Chen et al., 2022a; Zhang et al., 2024b). Nevertheless, the magnitude of this effect significantly differs across various geographies (Zhang et al., 2022). For instance, Jiang et al. (2023) noted that the more economically advanced eastern regions incur higher abatement costs for the same level of emissions reduction than the less developed central and western provinces. Moreover, Liu M. et al. (2024) suggested that government involvement may reinforce the influence of digital economic development in moderating carbon intensity, potentially contributing to the broader process of transitioning toward lower-carbon urban systems.
Additionally, technological innovation is also a focus of attention in the established literature. Relevant studies have shown that innovation capacity has a direct and significant carbon intensity suppression effect (Mngumi et al., 2024; Wang Q. et al., 2023; Adebayo et al., 2023; Ahmed et al., 2022; Ren et al., 2021). For example, Ma et al. (2022) discovered that investment in research and development (R&D) not only lowers carbon emissions but also acts as a moderating factor between digitization and CO2 emissions, with technological advancement playing a similar role. Acheampong and Boateng (2019), by developing an artificial neural network to analyse the factors influencing carbon intensity, identified R&D expenditures as the most influential factor on carbon emission intensity in certain countries. Utilizing the quantile autoregressive distributed lag model, Wang et al. (2025a) demonstrated technological innovation is a more influential catalyst for promoting sustainability at most quantiles. Similarly, Wang et al. (2025b) proved that artificial intelligence contributes to an uptick in carbon emissions on account of the necessary digital infrastructure, while playing a pivotal role in aiding the realization of carbon neutrality over long term.
2.2 Research gap and contributions
Through a synthesis of the existing literature, it is evident that substantial research has been conducted on digital economy, carbon emissions, and the impact of the digital economy on carbon emissions, providing a solid theoretical foundation for this study. However, current research still faces several limitations: (1) There has been no uniformity index system in the quantitative research literature, and it is important to measure the current state of digital economy development through an appropriate index. (2) Past studies analyzed the role of energy structure and innovation capacity in the impact of digital economy development on carbon emission intensity separately, lacking integrated assessment of their complex mechanisms. (3) Although some studies have explored the spatial spillover effects of the digital economy, regional variations in this effect remained understudied, with insufficient recommendations for sustainability development strategies.
Against this backdrop, this study seeks to address the following three gaps in the existing literature: (1) Based on the constituent elements of the digital economy, we establish the digital economy index from three dimensions: the digital foundation, the digital technology development, and the digital industry development, providing a comprehensive evaluation framework for measuring digital economy development. (2) This study incorporates digital economy, carbon emission intensity, energy structure and innovation capacity into a unified research framework, exploring the mediating role of energy structure and innovation capacity, and clarifying them on the effects of digital economy development on carbon emission intensity, which enriches the mechanism study. (3) This study examines heterogeneous impacts across Chinese provinces, focusing on the regional coordination effects of the digital economy in facilitating carbon reduction, which provides empirical evidence to support collaborative mitigation strategies, as well as a valuable reference for the scientific formation of carbon emission reduction policies.
3 THEORETICAL ANALYSIS AND HYPOTHESIS FORMULATION
3.1 Digital economy and carbon emission intensity
As an emerging component of economic activity, the digital economy has gradually contributed to revitalizing aspects of China’s economic growth and has been increasingly recognized for its potential relevance to advancing low-carbon development efforts (Song et al., 2022).
From a macroeconomic perspective, the digital economy—propelled by emerging technologies such as big data and artificial intelligence—has been linked to initiatives aimed at advancing the digital transformation of urban infrastructure (Yang et al., 2021). This transition may contribute to more coordinated energy use and, potentially, to reductions in overall carbon emission intensity.
At the meso level, advancements in the digital economy may contribute to adjustments in the industrial structure, potentially supporting a shift toward greater efficiency and sustainability. In this context, digitalisation may enable the progressive transformation of conventional sectors and promote the expansion of nascent low-carbon industries, and thereby play a role—albeit indirectly—in moderating carbon emission intensity.
At the micro level, firms may utilize digital platforms to improve resource allocation, which can potentially enhance operational efficiency and reduce the likelihood of energy misallocation, thereby contributing to lower carbon intensity. Additionally, the digital economy may support the diffusion of technologies across industries, indirectly encouraging upgrades in equipment and gradual improvements in energy efficiency (Freire-González et al., 2017).
Based on the above analysis, this paper proposes research hypothesis 1:
H1
The digital economy has a significant inhibitory effect on carbon emission intensity.
3.2 The regional heterogeneity impacts of the digital economy development on carbon emission intensity
In the context of the digital economy, regional economic theory—which seeks to explain the patterns and drivers of spatial economic development—may offer a useful lens through which to examine strategies aimed at moderating carbon emission intensity across regions.
Firstly, agglomeration economy theory posits that firms and industries with shared characteristics often gravitate toward geographic concentration, enabling the formation of interlinked industrial networks and fostering collaborative dynamics. Such spatial clustering may facilitate efficiency gains and incremental innovation, which can gradually support the modernization of regional economic structures. These developments, under certain conditions, have the potential to contribute to a reduction in carbon emission intensity.
Secondly, modern economic geography theory emphasizes the spatial organization of economic activity, focusing on how trade flows, labor mobility, and regional development patterns shape agglomeration effects across cities and regions. From this perspective, the new economic geography framework suggests that developments associated with the digital economy—particularly those driven by advances in information and communication technologies—may indirectly support improvements in energy efficiency and contribute to more sustainable patterns of urban and regional growth. These dynamics could, under specific conditions, be linked to a moderation in carbon emission intensity.
Thirdly, given the vastness of China’s territory, substantial regional disparities can be found in the economic development levels, resource endowments, and the degree of development of the digital economy. The eastern region is generally more developed than the central and western regions, exhibiting higher levels of industrialization and urbanization. These developmental disparities have resulted in a greater maturity of the digital economy, energy efficiency, and green technologies in the eastern region, which has established relatively advanced infrastructure and innovation systems for the digital economy. Such advancements contribute to enhanced energy efficiency and a reduction in carbon emissions. In contrast, the central and western regions are still in the early stages of digital transformation, and, as a result, the carbon emission reduction benefits of the digital economy are less pronounced compared to those in the eastern regions. Both the digital economy and carbon emission levels demonstrate considerable regional heterogeneity. Consequently, the carbon emission reduction effects associated with the digital economy are also likely to exhibit regional variation.
Therefore, the evolution of the digital economy is intricately linked to a region’s economic framework and developmental status. More developed regions typically exhibit elevated levels of digitisation, hence expediting the expansion of the digital economy, whereas less developed areas often lag behind in this aspect (Shen et al., 2021). Furthermore, the digital economy may indirectly affect carbon emission intensity through various interconnected channels. These include facilitating the integration of renewable energy sources, enhancing energy-use efficiency, and contributing to the gradual refinement of energy management systems (Thompson et al., 2013). Additionally, local governments can introduce a range of policies to support digital economy growth, including encouraging clean energy technologies and strengthening carbon emissions trading systems to foster sustainable regional economic development (Cai et al., 2024). Jiang et al. (2024) also emphasize that subsidizing renewable energy and implementing carbon pricing are among the most effective strategies for achieving carbon neutrality.
Based on the above analysis, this paper proposes research hypothesis 2:
H2
There is regional heterogeneity in the impact of the digital economy development on carbon emission intensity.
3.3 Digital economy, energy structure and carbon emission intensity
The optimization of energy structures is made possible in large part by the digital economy. First and foremost, its advancement provides a framework and technological support for the investigation and application of novel energy sources. Leveraging digital technology enables the efficient management and utilization of renewable energy resources, thereby stimulating their development and deployment. Moreover, the applications of the digital economy enable businesses to improve their energy management practices while promoting energy conservation and enhancing efficiency by optimizing production and transportation processes (Kennedy, 2022). For example, with the use of data analysis and predictive technologies, companies can monitor and fine-tune their energy consumption, ultimately increasing overall energy efficiency.
Additionally, adjustments in the composition of energy sources can contribute to moderating carbon emission intensity. Reducing reliance on coal while gradually increasing the proportion of cleaner alternatives—such as natural gas, nuclear power, and various renewable energies including hydropower, solar, and wind—can support this transition. Expanding the role of these energy types within the overall consumption mix may help lessen dependence on traditional fossil fuels. The incorporation of sophisticated and efficient energy technology can enhance energy conversion and utilisation, potentially reducing overall energy consumption and related emissions.
Based on the above analysis, this paper proposes research hypothesis 3:
H3
The digital economy reduces carbon emission intensity by optimizing the energy structure.
3.4 Digital economy, innovative capacity and carbon emission intensity
The advancement of the digital economy may facilitate the incremental improvement of regional innovation capacity. The increasing adoption of digital technologies can streamline information acquisition processes within enterprises, potentially improving their ability to respond to shifts in market conditions, industry dynamics, and consumer preferences. In parallel, digital infrastructure may indirectly encourage firms to pursue innovation. Technologies such as virtual reality and artificial intelligence, for example, could lower some of the costs and uncertainties associated with research and development, thus offering new avenues for experimentation. Additionally, the utilisation of digital tools—such as remote work systems and digital documentation—may assist in promoting innovation at the regional level.
On the other hand, increased innovation capacity contributes to reduce carbon emission intensity. Firstly, bolstered innovation capacity can engender more efficient, energy-saving, and environmentally sustainable production and management methodologies. By integrating advanced production technologies, refining production processes, and enhancing product design, it facilitates the more effective utilization of energy and resources, consequently reducing carbon emission intensity. Secondly, innovation capacity stimulates the advancement and adoption of clean energy technologies, thereby diminishing carbon emission intensity through increased clean energy usage. Moreover, it offers enterprises access to lower-cost and more sustainable energy supplies. Finally, innovation capacity encourages cooperation and cooperative innovation across businesses, consequently generating more favorable conditions for the gradual development and commercialization of low-carbon technology and products, which may lead to a moderate reduction in overall carbon emissions and intensity over time.
Based on the above analysis, this paper proposes research hypothesis 4:
H4
The digital economy reduces carbon emission intensity by enhancing innovation capacity.
4 DATA
4.1 Dependent variable
This study examines carbon emission intensity (CEI), defined as the ratio of carbon emissions to GDP, as the principal outcome variable. The carbon emissions are typically categorized into two types: those resulting from direct energy consumption (e.g., oil, natural gas, and liquefied petroleum gas) and those generated from indirect energy sources, such as electricity and thermal energy.
4.2 Explanatory variable
The explanatory variable examined in this paper is the Digital Economy (DIGE). We construct an index system for the digital economy from three dimensions: the digital foundation, the digital technology development, and the digital industry development (Table 1). Employing the entropy approach ensures an impartial evaluation of the stages of digital economic development. Data normalization must be done before moving on to the index selection process. Next, we employ the entropy weight technique to allocate weights to every index, ultimately ascertaining the digital economic development status of every province by means of the cumulative score commensurate with its weight.
TABLE 1 | Digital economy indicators evaluation index system.	Primary index	Secondary index	Index attribute
	The Digital Foundation	The average mobile telephone exchange capacity	Positive
	The average long-distance fiber-optic lines	Positive
	The average fiber-optic line length	Positive
	The average number of cell phone base stations	Positive
	The Digital Technology Development	The mobile internet penetration rate	Positive
	The level of enterprise digital applications	Positive
	The digital Finance Index	Positive
	The number of domain names per capita	Positive
	The number of pages per capita	Positive
	The internet broadband access ports per capita	Positive
	The per capita Internet access traffic	Positive
	The Digital Industry Development	The level of development of the electronic information manufacturing industry	Positive
	The software business income as a share of GDP	Positive
	The IT services as a share of GDP	Positive
	The telecommunications as a share of GDP	Positive


4.2.1 The digital infrastructure
The advancement of the digital economy is significantly dependent on information infrastructure. As key factors, four indicators are typically used to assess this support: the average mobile telephone exchange capacity, the average long-distance fiber-optic lines, the average fiber-optic line length, and the average number of cell phone base stations. The average long-distance fiber-optic lines and fiber-optic line length are used to measure a region’s wired communication capacity, while the average mobile telephone exchange capacity and the number of cell phone base stations assess its wireless communication capability.
4.2.2 The digital technology development
The growth of digital technology has helped to the progressive advancement of the digital economy by encouraging innovation and boosting operational efficiency. Innovations in digital technology have fundamentally transformed traditional economic service models, allowing companies to diversify their operations at lower costs and accelerating overall economic development. To comprehensively assess the development of digital technology, we selected 7 key indicators: the mobile internet penetration rate, the level of enterprise digital applications, the digital finance index, the number of domain names per capita, the number of pages per capita, the internet broadband access ports per capita, and the per capita internet access traffic.
4.2.3 The digital industry development
The growth of the digital industry can be viewed as a general reflection of the evolving landscape and performance of the digital economy. Within this framework, the software sector largely embodies the transformation of knowledge into commercial products and services, whereas electronic information manufacturing primarily signifies the material foundation supporting digital infrastructure. Analogously, the industrialization of information processing and communication is reflected in the information technology services sector. Furthermore, the burgeoning information security sector embodies the industrialization of emerging technologies resulting from the maturation of modern information technology. Together, these elements make up the digital industry. This paper evaluates the development of the digital industry in terms of the level of development of the electronic information manufacturing industry, the software business income as a share of GDP, the IT services as a share of GDP, and the telecommunications as a share of GDP.
4.3 Control variables
	1. Population Density (POPD). Cities with higher population densities typically require more residential, transportation, recreational, and other structures that require a lot of resources to create and maintain. At the same time, higher population densities require more water supply and treatment of wastewater, which brings about a large consumption of electricity and chemicals. Population density must therefore be included as a control variable.
	2. Energy Consumption (EC). Energy consumption stands as a primary contributor to carbon emissions, exerting a substantial influence on carbon output. Fossil fuels, constituting a principal source of energy consumption, often result in elevated carbon emissions, particularly in developing nations undergoing rapid industrialization. This trend can be ascribed to a number of things, such as the necessity of industrial progress and technical advancement.
	3. Level of urbanization (URBD). Urbanization exerts a notable influence on carbon emissions, with higher levels of urbanization correlating to increased numbers of automobiles and private transport, thereby amplifying carbon emissions. Moreover, elevated levels of urbanization entail greater demand for public infrastructure, further heightening carbon emission pressures.
	4. Industrial Structure (INDS). The industrial structure delineates the relative proportions and distribution of various industries within a country or region’s economy. As different industries emit varying amounts of carbon, disparities in industrial composition directly influence the efficacy and intensity of carbon emissions across regions. For instance, tourist-centric cities typically exhibit lower carbon emissions compared to their traditional industrial counterparts.
	5. Government intervention (GOVP). Government intervention holds the potential to yield positive outcomes regarding carbon emissions. This can be achieved through the formulation of tailored tax policies, targeting high-carbon emitting enterprises for taxation. In addition, policy measures implemented by the government may assist in directing the development of low-carbon sectors and encourage the emergence of industries such as renewable energy and tourism, both of which have the potential to support carbon emission mitigation efforts.
	6. Environmental regulation (ENYR). Environmental regulation significantly influences carbon emissions. Primarily, it curbs carbon emissions by imposing restrictions on enterprise emissions. Additionally, it establishes compulsory laws, regulations, and environmental emission standards, mandating enterprises to integrate environmentally friendly technologies and equipment to mitigate carbon emissions. For instance, regulations governing automobile tailpipe emissions for manufacturers and fuel producers and initiatives promoting enterprises’ research and development of low-carbon and eco-friendly technologies serve to reduce carbon emissions effectively.

4.4 Descriptive statistics
For the purpose of this analysis, province panel data from China covering the years 2010–2024 are utilised. Carbon emission intensity figures are sourced from the Carbon Emission Accounts and Datasets (CEADs), while indicators representing the digital economy and control variables are primarily derived from the China Statistical Yearbook, the China City Statistical Yearbook, and the Digital Finance Research Center of Peking University. The dataset includes information from 30 provinces, selected based on the consistency and availability of data. Data for Tibet were excluded due to limitations in data accessibility. Table 2 displays the descriptive statistics for the pertinent variables.
TABLE 2 | Descriptive statistics.	Variables	Min	Max	Mean	The standard deviation	Median
	CEI	0.326	8.288	2.316	1.707	1.791
	DIGE	0.020	0.713	0.133	0.108	0.101
	POPD	0.048	13.439	1.305	2.625	0.523
	EC	0.186	1.560	0.489	0.284	0.420
	URBD	0.350	0.896	0.576	0.122	0.555
	INDS	0.162	0.590	0.439	0.086	0.456
	GOVP	0.002	0.036	0.008	0.005	0.007
	ENVR	0.021	9.920	1.187	1.107	0.861
	INAB	0.002	20.010	1.454	2.811	0.418
	ES	0.025	2.461	0.944	0.454	0.846


Table 2 reveals that the explanatory variable CEI exhibits significant variability, characterized by a mean exceeding the median and a slight right-skewed distribution. Similarly, the explanatory variable DIGE displays a right-skewed distribution, with a mean surpassing the median. The control variables POPD, EC, URBD, INDS, GOVP, and ENAVR, as well as the mechanism variables INAB and ES, have means greater than the median, with an overall right-skewed distribution. And INAB has the largest standard deviation and the most discrete data, while GOVP has the smallest standard deviation and the most stable data.
5 EMPIRICAL RESULTS
5.1 Benchmark regression results
To enhance the credibility of the empirical findings, this study applies multiple standard estimation techniques frequently utilized in panel data analysis. Specifically, the ordinary least squares (OLS) approach is adopted alongside fixed effects (FE) and random effects (RE) models to provide comparative insights and test the consistency of the results. The specific outcomes are presented in Table 3.
TABLE 3 | Regression results.	Variables	OLS	RE	FE
	DIGE	−8.527***	−1.801***	−1.373***
	POPD	0.055	0.262***	−5.237***
	EC	0.000	0.0003***	0.0003***
	URBD	0.0115	−0.113***	−0.123***
	INDS	−0.89	−1.927	−2.316
	GOVP	130.6***	19.35**	20.60**
	ENVR	0.012**	−0.005***	−0.005***
	Constant	1.762*	8.855***	16.70***
	R-squared	0.302	0.636	0.651


“*”, “**”, and “***” imply significance at 10%, 5%, and 1% level of significance.
The regression outputs derived from the three econometric models reveal that the Digital Economy Composite Index (DIGE) is significantly associated with a reduction in carbon emission intensity at the 1% level, suggesting a potential linkage between digital economic advancement and lower emissions. However, the estimated impacts of control variables—such as energy consumption (EC) and population density (POPD)—exhibit variation across the models, indicating underlying heterogeneity. To improve the interpretation of these results and determine the most suitable specification, the analysis subsequently evaluates and compares the performance of the OLS, fixed effects (FE), and random effects (RE) estimators.
The F-test, LM-test, and Hausman test are often employed techniques for selecting a panel data model; specific outcomes are presented in Table 4. Both the F-test and LM-test reveal significant individual effects in the econometric model, suggesting the superiority of the FE and RE models over the OLS model. Moreover, the Hausman test’s P-value indicates the RE model’s superiority to the FE model. The RE model is the best option when taking into account the outcomes of all three tests. As a result, the RE model is chosen for further empirical research in this work.
TABLE 4 | Tests for selecting models.	Type of test	Test model	Test-value	P-value	Results
	F-test	FE-OLS	15.09	0.000	FE
	LM-test	RE-OLS	828.68	0.000	RE
	Hausman test	FE-RE	8.74	0.189	RE


This paper investigates the effects of the three main sub-indices that make up the comprehensive digital economy index: digital infrastructure (DI), digital technology application (DTA), and digital industry development (DID) in order to fully understand the relationship between the development of the digital economy and carbon emission intensity.
Table 5 presents regression coefficients for DID, DTA, and DI, each of which demonstrates a statistically significant negative association with carbon emission intensity. This suggests that the core components of the digital economy may be linked to a downward influence on emissions. Among them, DI appears to exert the most substantial effect, followed by DID and then DTA, indicating a relative ranking of DI > DID > DTA in terms of their respective contributions. Notably, the impact of DI reaches significance at the 1% threshold, whereas the associations observed for DID and DTA are significant at the 5% level, pointing to differences in the strength of influence across these digital economy indicators.
TABLE 5 | Digital economy sub-index model regression results.	Variables	DI	DTA	DID
	DIGE_1	−7.784***		
	DIGE_2		−3.165**	
	DIGE_3			−6.904**
	POPD	0.301***	0.150	0.175*
	EC	0.000*	0.000**	0.000*
	URBD	−0.117***	−0.095***	−0.094***
	INDS	−2.458	−2.485	−1.903
	GOVP	17.00**	20.08**	15.87
	ENVR	−0.001	−0.003*	−0.003
	Constant	9.207***	8.155***	8.804***


“*”, “**”, and “***” imply significance at 10%, 5%, and 1% level of significance.
Digital infrastructure plays a crucial role in the advancement of the digital economy, providing essential technical support during its initial stages. The widespread deployment of digital technologies, such as sensors and smart manufacturing systems, can significantly enhance existing production and operational methods, thereby facilitating the low-carbon transformation of enterprises. However, the impact of technological and industrial development on carbon emissions is primarily indirect, and their mitigating effects are less pronounced compared to those of infrastructure development.
5.2 Regional heterogeneity analysis
A heterogeneity analysis must be carried out in order to assess the model’s changes among various samples and conditions and to obtain a deeper understanding of the model’s behavior and performance. The economic belt of China is separated into three zones in this study: eastern, central, and western. For every region, separate RE model regressions are performed. Table 6 displays the outcomes.
TABLE 6 | Results of subregional regressions.	Variables	Eastern region	Central region	Western region
	DIGE	−1.055***	−34.16***	−1.028
	POPD	0.126***	15.96***	2.712*
	EC	0.0001***	0.0022***	0.0006***
	URBD	−0.063***	0.426***	−0.179***
	INDS	−0.410	−7.870	−1.023
	GOVP	4.495	239.3	5.192
	ENVR	−0.0002***	0.017	−0.016***
	Constant	5.234***	−23.72***	10.28***


“*”, “**”, and “***” imply significance at 10%, 5%, and 1% level of significance.
Table 6 illustrates considerable geographical variability in the relationship between the digital economy and carbon emission intensity. The disparities are chiefly influenced by factors including the level of industrialisation, energy composition, and economic growth stage in various regions. The eastern and central regions, distinguished by superior infrastructure and greater integration of digital technology, demonstrate relatively higher digital economy maturity compared to the less-developed western provinces. Consequently, these regions show a stronger association between digital economic activity and emission reduction. The regression outcomes suggest that greater digital maturity may reinforce the capacity to mitigate carbon intensity, although the extent of this effect appears to vary with regional development conditions.
Given China’s rapid digital economy growth, there’s an imminent demand for infrastructure like data centers. The central region, benefiting from lower electricity costs compared to the east, has shouldered significant digital economy construction tasks. Consequently, its digital economy possesses the greatest potential for reducing carbon emissions. Conversely, non-significant results suggest that the west is lagging in digital economy expansion, resulting in a lesser impact on carbon emissions.
5.3 Analysis of impact mechanisms
The mechanism analysis seeks to delve deeper into the causal relationship between variables by examining their intrinsic connections. Building on earlier studies, this study investigates the energy structure optimization mechanism as a means of elucidating the mechanism by which the digital economy influences the intensity of carbon emissions.
5.3.1 Optimization of energy structure
The energy mix, which represents the proportion of various energy sources—fossil, wind, solar, and nuclear—used in a region or economy, significantly impacts carbon emission intensity. Under similar economic conditions, different energy structures yield disparate carbon emission impacts. It is worth noting that areas with high renewable energy concentrations have lower carbon intensities since these sources emit very little CO2. Conversely, regions with substantial nuclear energy proportions tend to have comparatively lower carbon emission intensity. Presently, our country is actively advancing nuclear energy development with a focus on safety. Conversely, regions heavily reliant on fossil fuels demonstrate higher carbon emission intensity, as evidenced by countries like the United States and India. Simultaneously, fossil fuels persist as primary energy sources for many developing nations due to their lower cost and the ease of adoption compared to cleaner alternatives like nuclear energy. This reliance on fossil fuels places significant pressure on global efforts to reduce carbon emissions and decrease emission intensity.
Within the context of the digital economy, this study delves into the intricate connection between energy structure and the reduction in carbon emission intensity, building on the prior analysis by employing the Bootstrap approach to assess the mediating effects. In light of this, three regression models are created:
CEIit=α00+β01DIGEit+β02POPDit+β03ECit+β04URBDit+β05INDSit+β06GOVPit+β07ENVRit+μi+γi+εit(1)
ESit=α10+β11DIGEit+β12POPDit+β13ECit+β14URBDit+β15INDSit+β16GOVPit+β17ENVRit+μi+γi+εit(2)
CEIit=α20+β21DIGEit+β22ESit+β23POPDit+β24ECit+β25URBDit+β26INDSit+β27GOVPit+β28ENVRit+μi+γi+εit(3)
Equation 1 represents a regression model in which additional factors serve as control variables and the independent variable Digital Economy (DIGE) is regressed against the dependent variable Carbon Emission Intensity (CEI). Equation 2 extends this analysis by including the mediating variable energy structure (ES) alongside the independent variable digital economy (DIGE), with other variables remaining as control variables. Finally, Equation 3 integrates both the independent variable digital economy (DIGE) and the mediating variable energy structure (ES) into the regression model, along with the dependent variable carbon emission intensity (CEI), while other variables retain their status as control variables. Here, i denotes the region, t denotes the year, μ represents the individual fixed effect, γ denotes the time fixed effect, and ε represents random error-term. According to Table 7, the results of the model’s regression analysis are reported.
TABLE 7 | Regression of the mediating effect of energy structure.	Variables	(1) CEI	(2) ES	(3) CEI
	DIGE	−8.527**	−1.291**	−4.757**
	ES			2.920**
	POPD	0.055	−0.025	0.129**
	EC	0.000	−0.000*	0.000**
	URBD	−0.012	0.001	0.008
	INDS	−0.889	0.492	−2.325**
	GOVP	130.618**	6.548	111.500**
	ENVR	−0.012*	0.007**	−0.009*
	Constant	1.762	0.763**	−0.467


“*”, “**”, and “***” imply significance at 10%, 5%, and 1% level of significance.
The regression outcomes presented in model (1) of Table 7 indicate that the digital economy (DIGE) is associated with a statistically significant reduction in carbon emission intensity (CEI), with significance observed at the 5% level, thereby supporting the mediating effects hypothesis with a regression coefficient of −8.527. Furthermore, in regression model (2), regression coefficient −1.291 shows that, at a 5% significance level, the digital economy (DIGE) significantly negatively affects the energy structure (ES). Meanwhile, with a regression coefficient of 2.920, the energy structure (ES) exhibits a substantial positive impact on carbon emission intensity (CEI) at the same significance level, indicating a strong mediating effect. This mediating effect has a computed value of −3.770.
In summary, the energy structure functions as a mediator in the correlation between the development of the digital economy and fluctuations in carbon intensity. As the digital economy progresses, there tends to be a gradual shift toward a more diversified energy portfolio, which may contribute to less dependence on coal and, consequently, to lower carbon intensity. This observation is broadly consistent with theoretical perspectives suggesting that digitalization can facilitate improvements in the composition of energy use, potentially supporting carbon intensity reduction.
5.3.2 Enhancement of innovation capacity
There exists a robust correlation between innovation capacity and carbon intensity. Innovation capacity, in this context, denotes the region’s adeptness in leveraging its resources—including land, minerals, population, and transportation—to enhance its economic competitiveness and development prowess through advancements in technology, knowledge, and other domains. It encompasses the generation, dissemination, and exchange of knowledge, along with the invention and innovation of products and processes, as well as policy, institutional, and industrial innovations. Technological innovation, on one hand, drives the enhancement of energy efficiency, leading directly to a reduction in carbon emissions. It also encourages the development, adoption, and research of low-carbon technologies, which reduces carbon emissions. Moreover, innovation capacity facilitates the identification and oversight of carbon emissions, enabling the detection of trends and problematic areas, and the formulation of appropriate measures to mitigate carbon emission intensity.
To further explore the potential pathway through which innovation capability may affect carbon intensity within the context of digital economy development, this study applies the Bootstrap approach to assess mediation effects. Accordingly, three separate regression models are constructed to facilitate this analysis.
CEIit=α30+β31DIGEit+β32POPDit+β33ECit+β34URBDit+β35INDSit+β36GOVPit+β37ENVRit+μi+γi+εit(4)
INABit=α40+β41DIGEit+β42POPDit+β43ECit+β44URBDit+β45INDSit+β46GOVPit+β47ENVRit+μi+γi+εit(5)
CEIit=α50+β51DIGEit+β52INABit+β53POPDit+β54ECit+β55URBDit+β56INDSit+β57GOVPit+β58ENVRit+μi+γi+εit(6)
Equation 4 represents a regression model in which other variables act as control variables and the independent variable Digital Economy (DIGE) is regressed against the dependent variable Carbon Emission Intensity (CEI). Equation 5 models the independent variable digital economy (DIGE) and the mediating variable innovation ability (INAB), while controlling for other variables. Equation 6 explores the digital economy (DIGE) affects carbon emission intensity (CEI) through the path of innovation ability (INAB), while other variables serve as controls. Here, i denotes the region, t denotes the year, μ denotes the individual fixed effect, γ denotes the time fixed effect, and ε denotes random error-term. The regression results of the model are shown in Table 8.
TABLE 8 | Regression of the mediating effect of innovation ability.	Variables	(4)	(5)	(6)
	CEI	INAB	CEI
	DIGE	−8.528***	128.451***	−4.218*
	INAB			−0.034**
	POPD	0.055	−0.826*	0.028
	EC	0.000	0.002**	0.000
	URBD	0.012	0.553**	0.030*
	INDS	−0.890	28.110**	0.054
	GOVP	130.619**	−189.320	124.267**
	ENVR	0.012*	−0.024	0.011*
	Constant	1.762	−44.072**	0.283


“*”, “**”, and “***” imply significance at 10%, 5%, and 1% level of significance.
Table 8 offers several relevant observations. First, results from regression model (4) suggest a statistically significant inverse association between the digital economy (DIGE) and carbon emission intensity (CEI) at the 1% level, with a corresponding coefficient of −8.528. This is broadly consistent with the theoretical framework suggesting a potential mediating mechanism. Second, model (5) reveals a positive and statistically significant relationship between DIGE and innovation capacity (INAB), reflected in a coefficient of 128.451 at the 1% level. Moreover, the link between INAB and CEI appears to be negatively correlated, with a coefficient of −0.034, though the significance level here is more modest at 10%. These findings point to the presence of an indirect effect, estimated at −4.367, suggesting a potential mediation function of innovation ability in the correlation between digital progress and emission intensity.
In conclusion, innovation capacity facilitates the digital economy’s endeavours to diminish carbon emission intensity. By fostering innovation, the digital economy facilitates enterprise upgrading and technological advancements, thereby lowering carbon emission intensity. This outcome aligns with our theoretical examination. Consequently, it can be suggested that the advancement of the digital economy may contribute to a reduction in carbon emission intensity, primarily through its potential to support and enhance innovation activities.
5.3.3 Robustness tests
To validate the robustness of the findings, we conducted rigorous checks using a one-period lag method for robust regression analysis. The test results are shown in Table 9. The output results indicate that the regression results of the two mediating variables are basically consistent with the previous results, and with only slight changes in the coefficient values of each variable, but the direction remains unchanged, which confirms the robustness of the empirical results.
TABLE 9 | Robustness tests.	Variables	Energy structure	Innovation capacity
	CEI	ES	CEI (−1)	CEI	INAB	CEI (−1)
	DIGE	−6.344**	−0.892*	−3.359**	−6.357***	106.517***	−3.346*
	ES			1.126**			
	INAB						−0.019**
	POPD	0.027	−0.017	0.098**	0.027	−0.705*	0.011
	EC	0.000	−0.000	0.000**	0.000	0.001**	0.000
	URBD	−0.008	0.000	0.003	−0.008	0.345**	0.013*
	INDS	−0.736	0.311	−1.023**	−0.736	21.853**	0.038
	GOVP	93.172**	3.992	84.230**	93.170**	−158.579	92.980**
	ENVR	−0.007**	0.005**	−0.004**	−0.007**	−0.015	0.006*
	Constant	1.351	0.704**	−0.339	1.351	−32.176**	0.287


“*”, “**”, and “***” imply significance at 10%, 5%, and 1% level of significance.
6 CONCLUSION AND POLICY IMPLICATION
6.1 Conclusions
This study use the entropy approach to create a digital economy development index for 30 provinces in China from 2010 to 2024. Based on this index, panel data models are subsequently utilized to explore the potential associations between the evolution of the digital economy and carbon emission intensity, while considering possible influencing factors. The main observations from the analysis can be summarized as follows:
	1. The analysis indicates that the growth of the digital economy correlates with a mitigating effect on carbon emission intensity, as evidenced by the regression coefficients derived from the random effects panel model. Furthermore, disaggregating the digital economy into sub-indices reveals varying levels of influence: digital infrastructure appears to exert a comparatively greater impact, while the effect linked to digital technology application is relatively more limited.
	2. The impact of the digital economy on carbon emission intensity seems to vary by geographical region. In particular, the central region exhibits a notably greater correlation between digital development and lower carbon intensity than the eastern region. Conversely, this relationship is less evident in the western region, which may be partially attributed to relatively slower regional development, less diversified industrial structures, and a more traditional energy mix.
	3. Enhancing innovative capabilities and optimising energy structure are the main ways that the digital economy lowers carbon emission intensity. On the one hand, the digital economy decreases carbon emission intensity by refining the energy structure, promoting low-carbon mobility, and enhancing energy intelligence. On the other hand, through advancements in science, technology, policy, and products, the digital economy stimulates reductions in carbon emission intensity, consequently bolstering innovation capacity.

6.2 Policy implications
Based on the above conclusions and in light of the characteristics of urban development in China, the following policy recommendations are proposed:
	1. Establishment of a mechanism for regional coordination and development of the digital economy to narrow the digital economy gap between regions. For eastern and central regions with a mature digital economy, the focus should be on greening digital infrastructure and accelerating the substitution of clean energy. In contrast, the western region in the early stages of digitalization should invest more in building digital infrastructure, such as tax exemptions and financial subsidies, to prioritize the coordinated planning of digital infrastructure while guiding the development of low-carbon-oriented digital industries. In addition, it is necessary to strengthen the training and introduction of talents in the digital economy, encourage technical talent to move toward western region and create new strategic industrial clusters, thereby promoting innovation and development in the digital economy industry.
	2. It is suggested that optimize industrial structure and promote low-carbon transition strategies. It is recommended that policymakers develop a system of incentives to encourage digital economy enterprises to accelerate the research and application of renewable energy, promoting traditional high-energy-consuming industries to adopt smart manufacturing, automation, and information technologies. This would result in a gradual reduction in their energy dependence and facilitate a transition towards low-carbon, high-value-added, technology-intensive industries. By providing policy support, the government can facilitate the structural adjustments of these industries, thereby promoting a low-carbon transition in the industrial structure and reducing carbon emissions.
	3. The governments should strengthen the cultivation of innovation capacity in the digital economy. One approach is reduce the cost of innovation for enterprises and individuals by provide financial support, increase their enthusiasm to participate in low-carbon innovation. Another possible approach is set up a low-carbon innovation fund to support the research, development and application of low-carbon technologies with potential. Through so doing, it will gradually realize the prosperity of digital technology talents and technology research and development, and promote green and sustainable development.

6.3 Limitations and future directions
Although the study provides critical conclusions and policy implications, some limitations still exist. Firstly, this paper primarily examines the digital economy’s impact on carbon emission intensity through the intermediary role of energy structure and innovation capacity. However, a growing body of literature emphasizes the importance of artificial intelligence, which has a significant impact on both energy efficiency and innovation pathways. Future research may concentrate on the impact of the digital economy on carbon emissions intensity through the intermediary role of artificial intelligence, thus enriching both the depth and breadth of existing research. Secondly, this paper focus solely on regional differences, not considering other meaningful dimensions of heterogeneity. Comprehensive consideration of more research perspective is needed in future studies, to further uncover the behavioral mechanisms and institutional foundations through which the digital economy affects carbon emissions.
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