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While the digital economy offers a potential pathway toward a low-carbon transition, its net effect on carbon emissions is theoretically ambiguous and the underlying mechanisms remain underexplored. This study investigates the impact of the digital economy on urban carbon emissions by developing a more comprehensive analytical framework that distinguishes between the quantity and quality of green technological innovation as mediating pathways and considers the nonlinear moderating role of government intervention. Using panel data from 285 Chinese cities from 2013 to 2021, we find that the digital economy significantly curbs urban carbon emissions. This effect is mediated by both the quantity and quality of green technological innovation. Crucially, government intervention exhibits a nonlinear, ‘inverted U-shaped’ moderating effect, whereby it initially enhances the digital economy’s emission reduction impact before attenuating it at higher levels of intervention. Further, a heterogeneity analysis reveals that the emission reduction effect is more pronounced in western regions and resource-based cities. Our findings clarify the complex channels linking digitalization to decarbonization and highlight the critical need for carefully calibrated government policies to maximize the environmental benefits of the digital economy.
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1 INTRODUCTION
The rapid expansion of the digital economy presents both significant opportunities and complex challenges for the global low-carbon transition. On one hand, digital technologies can enhance energy efficiency, optimize industrial structures, and foster sustainable business models (Bai et al., 2019; Ghasemaghaei and Calic, 2019), thereby serving as a potential catalyst for carbon emission reduction. On the other hand, the proliferation of digital infrastructure and data-driven processes increases electricity consumption, while potential rebound effects from efficiency gains may lead to a net rise in carbon emissions (Ren et al., 2021). This ambiguity has sparked a considerable academic debate on the net environmental impact of digitalization.
At the theoretical level, empirical evidence on the relationship between the digital economy and carbon emissions is divided, yielding three competing perspectives. The first argues that digitalization exacerbates carbon emissions due to increased energy consumption (Ma et al., 2022; Salahuddin et al., 2018) and rebound effects (Lange et al., 2020; Wang et al., 2019). For instance, a study of 76 emerging economies found that growth in digital financial inclusion was positively correlated with carbon emissions (Khan et al., 2023). The second perspective highlights the mitigating impact of the digital economy, suggesting that digitally driven technological progress and integrated environmental management can effectively lower emissions (Zhou and Chu, 2025; Hu, 2023). The third perspective contends that the relationship is nonlinear, often following an inverted U-shaped or U-shaped trajectory depending on the stage of development and regional context (Li and Wang, 2022; Du et al., 2025; Xie et al., 2024).
Although the relationship between the digital economy and carbon emissions has been richly explored, resolving these conflicting findings requires a deeper investigation of the underlying causal mechanisms. The literature exhibits two primary shortcomings. First, existing studies tend to treat green technological innovation as a monolithic concept. This overlooks the critical distinction between innovation quantity and quality, potentially mischaracterizing the true impact of the digital economy. Second, the role of government intervention is often simplified to a linear effect, ignoring the possibility that its influence may be nonlinear. The intensity of government intervention could have varying impacts at different stages, a complexity that remains underexplored.
This paper addresses these gaps using panel data from 285 prefecture-level cities in China from 2013 to 2021. Our contributions are threefold. First, we disentangle the mediating effect of green technological innovation by separately examining its quantity and quality, offering a more nuanced understanding of the innovation channel. Second, we introduce government intervention as a moderator and, for the first time, systematically test for a nonlinear, ‘inverted U-shaped’ relationship, providing a critical empirical basis for designing effective policies. Finally, we construct a more robust measure of green innovation quality using enterprise-level patent citation data, overcoming the limitations of simple patent counts and more accurately capturing knowledge diffusion and impact.
2 LITERATURE REVIEW AND HYPOTHESIS DEVELOPMENT
2.1 Digital economy and carbon reduction
First, the digital economy promotes carbon reduction by driving the transformation of enterprise production models. Digitalization steers companies toward high value-added, low energy-intensive sectors, effectively curbing excessive consumption of energy and resources (Liu et al., 2024; Shang et al., 2023). Digital technologies also enable firms to continuously monitor and optimize production and logistics processes in real time, substantially enhancing energy efficiency and reducing unnecessary energy consumption (Huang and Lin, 2024; Wang and Shao, 2023). For example, the use of demand forecasting and scheduling based on big data can significantly minimize redundant equipment operation and material wastage. In addition, the collaborative enterprise network built on intelligent manufacturing platforms eliminate informational silos between departments and regions, facilitates efficient cross-organizational collaboration, and lowers overall carbon intensity.
Second, digital economy enhances environmental governance capacity, providing robust technical support for targeted emission reductions (Liao and Liu, 2024). By harnessing technologies such as the Internet of Things and big data, regulatory bodies can continuously track energy consumption and emission levels across industries, allowing for prompt warnings and timely corrective measures when irregularities occur (Zou et al., 2024). This highly precise and dynamic supervision model not only ensures regulatory compliance while providing a credible and timely basis for informed policy decisions on instruments such as tiered carbon taxes, emissions trading, and subsidies. This data-driven approach allows governments to formulate and adjust emission reduction targets and supporting measures with greater precision.
Third, the iterative development of the digital economy is profoundly shaping consumer perceptions and behavioral preferences (Wang and Li, 2024). Thanks to the rapid dissemination of market information and the optimization of consumer feedback mechanisms by digital platforms, public awareness and sensitivity to knowledge related to energy conservation and emission reduction is continuously increasing, facilitating greater acceptance of clean energy adoption and low-carbon consumption behaviors. At the same time, the application of digital technology in the sharing economy, online transactions, and service innovation has not only strengthened residents’ awareness of the feasibility of low-carbon practices but also encouraged concrete environmental actions in daily life, thereby driving a fundamental shift toward widespread green lifestyle adoption (Jiang et al., 2024).
Collectively, these mechanisms on the production, governance, and consumption sides suggest that the digital economy has a net negative effect on carbon emissions. Therefore, we propose the following hypothesis:
H1:. The digital economy helps to curb carbon emissions.
2.2 Intermediary effect: digital economy, green technological innovation and carbon emission reduction
The digital economy stimulates both the quantity and quality of green technological innovation through several mechanisms (Zhang et al., 2024; Zhao et al., 2023; Lin and Ma, 2022; Hu et al., 2024). Regarding innovation quantity, digitalization lowers the barriers to entry for R&D. It broadens financing channels and mitigates investment risks through more efficient, data-driven credit markets (Demertzis et al., 2018). Furthermore, the continuous advancement of digital infrastructure, such as ‘pay-as-you-go’ cloud computing, significantly lowers the marginal cost of research, enabling broader participation in green innovation (Avram, 2014). Regarding innovation quality, digital platforms and collaboration tools overcome spatial barriers, fostering knowledge spillovers and cross-domain synergies that accelerate the development of high-impact technologies (Del Giudice et al., 2019). Digital technologies also enable the seamless integration of diverse data, while advanced algorithms and big data analytics allow for the precise identification of key technological opportunities and the optimization of R&D processes, thereby enhancing the overall quality and impact of green patents (Han et al., 2024).
Green technological innovation is strategically vital for transitioning the economy toward a low-carbon model and achieving carbon reduction goals (Habiba et al., 2022). Its influence extends to both energy supply and industrial processes. On one hand, the broad adoption of advanced renewable energy technologies—such as solar, wind, and biomass—has been instrumental in the energy transition, significantly increasing the proportion of clean energy in the overall energy structure. Furthermore, the integration of efficient energy storage systems and smart grids stabilizes the fluctuations inherent in intermittent renewable energy sources and facilitates the seamless integration of renewables into the grid. This shift is gradually replacing traditional fossil fuel generation, leading to substantial reductions in carbon emissions at the macro level (Panwar et al., 2011; Suberu et al., 2014).
On the other hand, green technological innovation plays an essential role in optimizing product design and production processes. The introduction of eco-design concepts allows products to be designed with easy recycling and remanufacturing features from the early stages, thereby extending the product life cycle and reducing dependence on virgin resources while minimizing the environmental impact of resource extraction and processing (Tseng et al., 2013). This, in turn, lowers energy consumption and carbon emissions throughout the production cycle. Simultaneously, the adoption of advanced energy-saving and emission-reduction equipment, together with automated control technologies, has facilitated low-carbon production processes, enhanced resource efficiency, and provided strong technical support for the transition to a circular economy (Xie et al., 2023; Giannetti et al., 2020).
By stimulating both the quantity and quality of green technological innovation, which in turn provides the critical tools for decarbonizing energy supply and industrial production, the digital economy can effectively curb carbon emissions. Based on this two-step logic, we propose the following hypothesis:
H2:. The digital economy effectively curbs carbon emissions by driving both the quantitative and qualitative advancement of green technological innovation.
2.3 Regulatory effects: digital economy, government intervention and carbon emission reductions
The efficacy of the digital economy in facilitating a low-carbon transition depends critically on the institutional context, where government intervention plays a crucial moderating role. From an institutional perspective, moderate government intervention can amplify the digital economy’s emission reduction effects. According to the theories of new institutional economics and institutional change, modifications in formal institutions represent endogenous adjustments made by governments in response to changes in the external environment and internal technological evolution. Against the dual backdrop of the rapid growth of the digital economy and intensifying climate change pressures, they internalize the negative externalities of carbon emissions into corporate costs through mechanisms like environmental regulations and green incentives (Yang et al., 2021; Shao and Chen, 2022).
Furthermore, governmental implementation of strategic digital infrastructure projects, investments in scientific and technological R&D, and the creation of cross-sector collaborative innovation platforms and information-sharing mechanisms have effectively mitigated innovation risks associated with the cross-industry application of digital low-carbon technologies. These efforts have accelerated the diffusion of digital technologies, significantly enhancing their contribution to carbon emission reductions (Peng et al., 2024). Therefore, at moderate levels, government intervention effectively rectifies market failures and technology diffusion barriers, substantially enhancing the capacity of the digital economy to reduce carbon emissions.
However, the benefits of government intervention are likely non-monotonic. Drawing on theories of rent-seeking and regulatory capture, excessive intervention intensity or inadequate regulatory mechanisms may trigger rent-seeking and regulatory capture behaviors, thereby weakening policy incentives (Wang et al., 2023). Moreover, enterprises may progressively capture policymakers through prolonged lobbying activities and by exploiting information asymmetry advantages, causing policy orientation to deviate from the public interest toward specific interest groups. This shift can distort competition, reduce resource allocation efficiency within the digital economy sector, and substantially weaken its carbon emission reduction effectiveness (Yuan, 2021). This can distort competition and substantially weaken the digital economy’s carbon reduction effectiveness.
This two-sided effect implies that the moderating influence of government intervention is not linear. Instead, its strengthening effect on carbon reduction likely increases at first but then diminishes as intervention becomes excessive. This suggests an inverted U-shaped relationship.
H3:. Government intervention positively moderates the impact of the digital economy on carbon emissions, exhibiting a U-shaped moderating effect. Based on the above analysis, the theoretical logic of this paper is illustrated in Figure 1.
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3.1 Variable measurement and description
3.1.1 Dependent variable
The dependent variable in this study is carbon emission levels (CE), carbon emission data for Chinese cities is obtained from the EDGAR database (Dong et al., 2022). The emissions accounting scope encompasses not only energy-related activities but also industrial processes, non-energy use emissions, and spontaneous fuel combustion, ensuring a more comprehensive assessment. The original 0.1 ° × 0.1 ° spatial grid data is processed and aggregated to the city level using ArcGIS 10.8 for spatial matching.
3.1.2 Core explanatory variable
The core explanatory variable is the Digital Economy Development Index (DE). Given the limited literature on city-level digital economy measurement, this study evaluates the digital economy across five key dimensions (Tao et al., 2022). The index is constructed using the entropy method with objective weighting to ensure robustness. The specific indicators used for measurement are detailed in Table 1.
TABLE 1 | Digital economy development index evaluation system.	First-level indicator	Secondary indicator	Measurement method	Attribute	Indicator weight
	Digital Economy Development Index	Rate of internet penetration	Number of internet users per 100 people	+	0.158
	Number of personnel employed in internet-related fields	Percentage of personnel in computer services and software	+	0.344
	Output from the internet industry	Average telecommunications business volume per person	+	0.302
	Mobile internet user count	Number of mobile phone users per 100 people	+	0.124
	Inclusive digital finance development	China Inclusive Digital Finance Index	+	0.072


Explanation: The attribute of an indicator shows the direction of influence of a secondary indicator on a primary indicator.
3.1.3 Mechanism variable
Green innovation comprises two primary dimensions: innovation inputs and innovation outputs. Innovation inputs are typically measured by R&D expenditures or the number of R&D personnel, whereas innovation outputs are commonly evaluated based on the number of new products, revenue generated from new product sales, or patent counts. However, due to the inherent uncertainty and risk associated with R&D activities, and considering that new product launches are frequently influenced by multiple factors, including market strategies, brand influence, and external environmental conditions, patents are recognized as a relatively stable indicator for assessing green innovation (Berrone et al., 2013).
Consequently, adopting a patent-based perspective, this study utilizes the number of green patent applications as a quantitative indicator to measure the scale of urban green innovation activities (Cai et al., 2020). In terms of innovation quality, the number of citations of authorized green invention patents is selected as the core evaluation criterion. This choice is made because R&D activities related to green innovation inherently involve high uncertainty and risk, and the market performance of new products or technologies is significantly affected by brand influence, marketing strategies, and external environmental factors, resulting in substantial volatility of relevant economic indicators. In contrast, the number of patent citations provides a more stable and objective reflection of the intrinsic value and actual industry impact of technological innovation (Hall et al., 2000; Wang et al., 2013). Therefore, to comprehensively evaluate the quality of green patents, this study retrieves citation data for authorized green invention patents at the enterprise level from the CNRDS database and matches these data to the corresponding cities. This matching allows the construction of a city-level indicator reflecting the number of citations of authorized green patents, facilitating a comprehensive assessment of green patent quality.
3.1.4 Control variable
To eliminate confounding effects, reduce bias, and enhance model interpretability, this study incorporates several control variables based on existing literature. For instance, economic growth often exhibits a nonlinear relationship with emissions, as described by the Environmental Kuznets Curve (Grossman and Krueger, 1995), while improvements in energy efficiency are recognized as a critical mitigation strategy (Akram et al., 2020). Furthermore, foreign investment can also influence regional emissions, with its effect often conditioned by local human capital levels (Lan et al., 2012). Building on this established literature, this study specifically includes the following variables: population density (Wang and Li, 2021), energy intensity (Tao et al., 2024), consumption scale (Liu et al., 2021), economic density (Xia et al., 2023), industrial structure level (Su et al., 2018), human capital level (Haini, 2021), and foreign investment level (Pan et al., 2023). A detailed description of these variables is provided in Table 2.
TABLE 2 | Variable definitions and measurement methods.	Variable type	Variable name	Variable symbol	Measurement method
	Dependent variable	Carbon emission	CE	Urban carbon dioxide emissions
	Core explanatory variable	Digital Economy Development Index	DE	Digital Economy Development Index Evaluation System
	Mechanism variable	Quantity of green innovation	GTI	Number of green patent applications
	Quality of green innovation	Number of citations of authorised green invention patents
	Adjustable variable	Government intervention	GI	General government expenditure/GDP
	Control variable	Population density	PD	Total urban population/urban area
	Energy intensity	EI	Total energy consumption/gross city product
	Market size	MS	Total retail sales of consumer goods
	Economic density	ED	GDP/administrative land area
	Industrial structure level	ISI	Value added of the secondary sector/GDP
	Human capital level	HCL	Number of students enrolled in regular universities/total urban population at the end of the year
	Level of foreign investment	FDI	Actual amount of foreign capital used in the city/total city GDP


3.1.5 Sample selection and data sources
This study selects the 2013–2021 time interval, as China has introduced several key policies on the digital economy and environmental protection since 2013, fostering significant advancements in both domains. However, due to data limitations and the unavailability of certain variables in later years, the digital economy indicators used in this study are only available up to 2021. To ensure data reliability, cities with high missing data rates or those that underwent administrative division adjustments were excluded. Ultimately, 285 cities were selected, yielding 2,565 valid observations. The descriptive statistics are presented in Table 3. The carbon emissions data used in this study is sourced from the EDGAR database. Indicators of digital economy development are obtained from the China Regional Economic Database and the China City Database. Data on green technological innovation originates from the China Statistics Bureau and the China Research Data Service Platform (CNRDS). Meanwhile, data for the remaining control variables is collected from sources such as the China City Statistical Yearbook and LandScan.
TABLE 3 | Descriptive statistics.	Variables	N	Mean	Sd	min	Max
	Carbon emissions	2,565	0.338	0.325	0.020	1.721
	Digital Economy Development Index	2,565	0.100	0.049	0.041	0.337
	Quantity of green innovation	2,565	5.258	1.599	0.693	10.370
	Quality of green innovation	2,224	1.810	1.991	0	9.251
	Population density	2,565	5.424	0.980	1.676	8.393
	Energy intensity	2,565	0.511	0.186	0.067	1.576
	Market size	2,565	15.73	1.033	5.472	19.010
	Economic density	2,565	0.364	0.857	0.003	15.360
	Level of industrial structure	2,565	−0.856	0.276	−2.237	−0.231
	Level of human capital	2,565	0.020	0.025	0.001	0.120
	Level of foreign investment	2,565	0.016	0.018	0	0.229


3.2 Model construction
3.2.1 Baseline regression model setting
The core issue of this paper is to explore the impact of the digital economy on carbon emissions, so a benchmark regression model is constructed.
CEit=α+βDEit+δControlit+λi+μt+εit(1)
Where, CEit is the explained variable, representing carbon emissions; α is the intercept term; DEit is the core explanatory variable, representing the digital economy development index,and Controlit is a series of control variables.
3.2.2 Mechanism test model
To investigate the impact mechanism of the digital economy on green technological innovation—and to circumvent endogeneity issues associated with stepwise methods that might compromise the reliability of our findings—this paper develops a model based on existing research, as shown in Equation 2, to examine whether green technological innovation serves as a mediator between the digital economy and carbon emissions (Jiang, 2022):
GTIit=α+δ1DEit+δControlit+λi+μt+εit(2)
Among them, GTIit representing green technological innovation,and the meanings of the remaining variables are the same as in Equation 1.
3.2.3 Adjustment effect test model
This study uses government intervention as a moderating variable. The degree of government intervention is measured by general government expenditure/GDP (Yang et al., 2023), and is expressed as GI. The higher the value, the higher the degree of government intervention. Model 3 is constructed in this paper (as shown in Equation 3) to test the moderating effect of government intervention. In this model, the focus is on the interaction term (DE×GI) between government intervention and the digital economy,If γ3 is negative, Government intervention significantly enhances the carbon emission reduction effect of the digital economy.
CEit=α+γ1DEit+γ2DEit+γ3DEit×GIit+γ4Controlit+λj+μt+εit(3)
In order to test whether government intervention has a nonlinear regulatory effect on the impact of the digital economy on carbon emissions, this paper adds the squared term of government intervention (sqGI) and the cross-term of the digital economy and the squared term of government intervention (DE×sqGI) to model 10 to construct model 4, as shown in Equation 4. If δ4 in model 4 is significantly negative and δ5 is significantly positive, it indicates that government intervention has a U-shaped moderating effect on the relationship between the digital economy and carbon emissions.
CEit=δ+δ1DEit+δ2GIit+δ3sqGIit+δ4DEit×GIit+δ5DEit×sqGIit+δ5Controlit+λi+μt+εit(4)
4 EMPIRICAL RESULTS AND ANALYSIS
4.1 Benchmark regression
Table 4 demonstrates that the impact of the digital economy on carbon emissions is both negative and statistically significant at the 5% level. This result indicates that, holding other factors constant, a higher level of digital economic development is associated with a significant reduction in urban carbon emissions, providing strong empirical support for H1 It implies that the digital economy acts as a powerful enabler of sustainability transitions by simultaneously driving the digital transformation of enterprises to enhance energy efficiency on the production side, facilitating more precise, data-driven environmental governance on the regulatory side, and fostering greener consumption patterns on the demand side.
TABLE 4 | Regression results for the base model.	Variable	(1)
	Carbon emission
	Digital Economy Development Index	−0.095**
	(-2.44)
	Population density	0.216**
	(2.56)
	Energy intensity	0.011
	(1.29)
	Market size	−0.003*
	(-1.87)
	Economic density	−0.005**
	(-2.35)
	Industrial structure level	0.046***
	(6.42)
	Human capital level	0.005
	(0.04)
	Level of foreign investment	−0.102**
	(-2.00)
	YearFE	YES
	City FE	YES
	Constant	−0.731
	(-1.60)
	Observations	2,565
	R-squared	0.025


Note: ***, **, * indicate significance at the 1%, 5%, and 10% levels, respectively; t-statistics in parentheses.
4.2 Mechanism test
4.2.1 Effect of green technological innovation
Theoretical analysis suggests that the digital economy reduces carbon emissions by driving green technological innovation. Furthermore, does the digital economy also directly influence green innovation itself? This study addresses this question by examining two key dimensions: the quantity and quality of green technological innovation.
	(1) The digital economy has significantly increased the number of green technological innovations. Its internal mechanisms are as follows: first, the widespread adoption of digital information networks enables research institutions and enterprises to rapidly and cost-effectively access the latest global green technology information and market demand trends. This effectively reduces redundant research efforts, lowers technological innovation risks and barriers to entry, and encourages more entities to actively apply for green patents. Second, the use of digital collaboration platforms (e.g., GitHub, Zoom) has significantly enhanced the efficient transfer of knowledge and resources among enterprises, universities, and research institutes, fostering deeper cross-regional and interdisciplinary collaboration. This approach transcends spatial and temporal limitations, shortens the R&D transformation cycle, and further increases the activity level and volume of green technological innovations.
	(2) The digital economy has also significantly enhanced the quality of green technological innovations. Specifically, intelligent patent searches, patent mapping, and trend analysis tools based on big data and artificial intelligence enable R&D entities to precisely identify critical technological bottlenecks and promising innovation pathways in the field of green technology. This reduces inefficient and redundant R&D investments, enhancing the differentiation and technological novelty of newly filed patents. Moreover, the adoption of digital tools such as industrial Internet and digital twin technologies has significantly shortened technology development and experimental verification cycles, improved design precision and application stability throughout the R&D process, and effectively reduced innovation failure risks. Additionally, the immediacy and extensive reach of digital networks enable authorized high-value green patents to be rapidly and widely cited, facilitating swift knowledge feedback and rapid technological iteration. This dynamic continuously improves the overall quality of green innovation outputs, promotes large-scale adoption of green technologies, and accelerates the low-carbon economic transition.

Existing studies widely acknowledge the role of green technological innovation in reducing carbon emissions (Sharif et al., 2022; Ren et al., 2022). Following the mechanism testing approach proposed by Jiang Ting, if the digital economy significantly drives green technological innovation, it indirectly confirms that green innovation serves as a key transmission channel through which the digital economy facilitates carbon emission reduction. As shown in Table 5, the digital economy positively influences both the quantity and quality of green technological innovation. This evidence substantiates the conclusion that the digital economy effectively promotes green technological innovation, thereby contributing to carbon emission reduction and verifying Hypothesis 2.
TABLE 5 | Results of the mechanism test.	Variables	(1)	(2)	(3)	(4)
	Quantity of green innovation	Quality of green innovation	CE	CE
	DE	0.906***	2.230***	−0.076*	−0.094**
	(2.59)	(3.70)	(-1.92)	(-2.36)
	DExGI			−0.737***	−1.294***
			(-5.25)	(-5.36)
	DExGI2				1.804***
				(3.49)
	YearFE	YES	YES	YES	YES
	City FE	YES	YES	YES	YES
	Control	YES	YES	YES	YES
	Constant	−3.968	12.507	−0.868*	−0.889*
	(-0.65)	(1.83)	(-1.86)	(-1.89)
	Observations	2,565	2,220	2,565	2,565
	R-squared	0.016	0.033	0.033	0.036


Note: ***, **, * indicate significance at the 1%, 5% and 10% levels, respectively; t-statistics in brackets.
4.2.2 The moderating effect of government intervention
Table 5, column (5), shows that the interaction term between the digital economy and government intervention is −0.737, which is statistically significant at the 1% level. This finding suggests that as government intervention increases, the negative impact of the digital economy on carbon emissions is amplified—indicating a positive moderating effect of government intervention on this relationship. In column (6), the coefficient for DExGI is −1.294 (significant at the 1% level), while the coefficient for DExGI2 is 1.804 (also significant at the 1% level). These results confirm a U-shaped moderating effect, further reinforcing the notion that government intervention significantly influences the digital economy’s capacity to reduce carbon emissions. H3 is thus validated, highlighting that insufficient government intervention—whether in fiscal expenditure or administrative oversight—fails to provide enterprises with the necessary institutional environment and infrastructure, thereby constraining the digital economy’s potential to mitigate carbon emissions. Conversely, excessive administrative intervention and financial expenditure may lead to resource misallocation, ultimately diminishing the carbon reduction efficiency of the digital economy. Therefore, governments should adopt a balanced approach that integrates targeted financial investment with prudent administrative oversight. By ensuring that the digital economy receives essential institutional support and infrastructure development—while mitigating the risks associated with excessive intervention—policymakers can optimize its role in carbon emission reduction.
4.3 Endogeneity test
To address potential endogeneity concerns, this study employs an instrumental variable (IV) strategy following prior research (Bartik, 2009; Yi and Zhou, 2018). Specifically, we construct an instrumental variable by interacting the one-period lagged digital economy index with the first-order temporal difference in national digital economy development. This choice is justified by two key considerations. First, as the national digital economy trend is derived from an aggregate of more than 280 cities, fluctuations in any single city are unlikely to exert a substantial influence on the overall national trend. Consequently, variations in national-level digital economy development can be reasonably regarded as exogenous to individual cities. Second, while urban carbon emissions may be affected by unobserved factors, the instrumental variable remains valid as long as these city-specific unobserved factors are not sufficiently large to influence the nationwide digital economy trajectory.
As shown in Table 6, The two-stage least squares (2SLS) regression results confirm the validity of the Instrument. In the first stage, the instrumental variable is both statistically significant and positively associated with the endogenous regressor. Furthermore, it successfully passes the underidentification and weak instrument tests, demonstrating its appropriateness. In the second stage, the estimated coefficient of the digital economy remains significantly negative, consistent with the benchmark regression findings, thereby reinforcing the robustness of our conclusions.
TABLE 6 | Results of the endogenicity test.	Variables	IV1
	First stage	Second stage
	(1)	(2)
	IV1	50.796***	−0.257**
	(6.86)	(-2.29)
	Control	YES	YES
	YearFE	YES	YES
	City FE	YES	YES
	Kleibergen-Paap rk LM statistic	34.112
(0.000)
	Cragg-Donald Wald F statistic	306.160
	Kleibergen-Paap rk Wald F statistic	47.106
	Observations	2,280	2,280
	R-squared	0.151	0.0157


Note: ***, **, * indicate significance at the 1%, 5%, and 10% levels, respectively.
4.4 Robustness test
	(1) Replacing the explained variable. Given that a key objective of international carbon reduction policies is to lower carbon intensity, this study further assesses the impact of the digital economy on carbon emission intensity by redefining the dependent variable as carbon emissions per unit of GDP. The results, reported in the second column of Table 7, indicate that the coefficient for digital economic development remains significantly negative at the 5% level, reaffirming the robustness of the findings.
	(2) Narrowing the scope of sample cities. Since China’s municipalities and provincial capitals tend to receive more policy support and resource agglomeration effects, the municipalities and provincial capitals are excluded from the regression in this paper. The results, as shown in the second column of Table 7, show that the level of digital economy development is significantly negative at the 1% level, which is consistent with the benchmark regression results.
	(3) Excluding policy disturbances. As several Chinese cities launched pilot carbon emissions trading schemes in 2013, these policies could have structurally influenced carbon emissions, potentially introducing systematic bias during the study period. To mitigate this concern, this study excludes the pilot cities from the regression analysis. The results, reported in the fourth column of Table 7, indicate that the coefficient for digital economic development remains significantly negative at the 5% level, further confirming the robustness of the findings.
	(4) Propensity Score Matching (PSM). In this paper, we use Propensity Score Matching to classify cities into two groups according to the level of digital economy development, and perform 1:1 nearest-neighbor matching based on major city characteristic variables. After matching, the mean value of carbon emissions in the high digital economy group is significantly lower than that in the control group, and the regression results are consistent with the main regression.

TABLE 7 | Results of robustness tests.	Variable	Replace the explained variable	Reduce the sample city range	Exclude policy disturbance	Propensity score matching
	DE	−0.340**	−0.127***	−0.101**	−0.007**
	(-2.24)	(-3.14)	(-2.33)	(−2.44)
	Control	YES	YES	YES	YES
	YearFE	YES	YES	YES	YES
	City FE	YES	YES	YES	YES
	Constant	11.935***	−0.020	−1.048	−1.678**
	(5.44)	(-0.05)	(-1.37)	(−2.56)
	Observations	2,565	2,295	2,232	1,707
	R-squared	0.343	0.034	0.028	0.031


Note: ***, **, * indicate significance at the 1%, 5% and 10% levels, respectively; the t-statistic is in brackets.
4.5 Heterogeneity analysis
4.5.1 Regional heterogeneity
Eastern and central China, benefiting from favorable geographical conditions, have achieved relatively advanced economic development, accompanied by more mature digital economy infrastructure and industrial ecosystems. In contrast, the western region, characterized by less favorable geography and limited transportation infrastructure, integrated into the global market at a later stage, resulting in comparatively slower economic development. Consequently, significant disparities exist in the development levels of the digital economy across these regions. To investigate whether the digital economy’s impact on carbon emissions varies with regional economic development, this study conducts a heterogeneity analysis by categorizing the sample into eastern, central, and western regions, following the regional classification criteria established by the National Bureau of Statistics of China.
Table 8 reports the results, which indicate that the digital economy significantly reduces carbon emissions only in western cities. First, the industrial structure in western regions is dominated by high-carbon industries; therefore, the initial implementation of the digital economy can rapidly optimize industrial processes and enhance energy efficiency, producing significant carbon emission reductions (Chang et al., 2023). In contrast, the relatively mature and diversified industrial structures of the eastern and central regions, combined with existing energy-saving measures, limit the marginal emission reduction benefits of further digitalization.
TABLE 8 | Regional heterogeneity.	Variable	(1)	(2)	(3)
	Eastern city	Central city	Western city
	DE	−0.014	−0.045	−0.266***
	(-0.24)	(-0.93)	(-3.28)
	Control	YES	YES	YES
	YearFE	YES	YES	YES
	City FE	YES	YES	YES
	Constant	−0.250	1.952	−2.338*
	(-0.52)	(0.98)	(-1.73)
	Observations	900	900	765
	R-squared	0.028	0.086	0.071


Note: ***, **, * indicate significance at the 1%, 5%, and 10% levels, respectively; t-statistics in parentheses.
Second, according to the theory of “latecomer advantage” (Mathews, 2002), although digital infrastructure in the western region developed later, policy support allows rapid adoption of advanced technologies and experiences, resulting in more pronounced short-term carbon emission reductions. Conversely, digital economy development in eastern and central regions commenced earlier and has already reached a high level of digitalization, thereby diminishing marginal benefits from continued digitalization. Due to the early initiation and high current levels of digitalization in eastern and central regions, the marginal emission reduction benefits from continuous digital advancement are gradually diminishing. Additionally, increased energy consumption associated with new digital infrastructure partially offsets the carbon emission reduction effects.
Furthermore, according to technology diffusion theory, introducing digital technology in the western region represents a leapfrog technological upgrade due to the initially low level of traditional industrial technology, allowing rapid improvements in overall energy efficiency and substantial short-term reductions in carbon emissions. In contrast, higher levels of digitization in eastern and central regions result in diminishing marginal returns from technological innovation, and increased energy consumption driven by concentrated Internet businesses further weakens the digital economy’s effectiveness in reducing carbon emissions (Li and Wang, 2022).
4.5.2 Heterogeneity of urban resource endowment
Resource-based cities are characterized by economies heavily reliant on the extraction and processing of natural resources, such as minerals and forests. This industrial structure inherently exerts significant pressure on carbon emissions. To investigate whether the impact of the digital economy on carbon emissions differs between resource-based and non-resource-based cities, this study categorizes the sample into these two groups. Following the classification outlined in the National Sustainable Development Plan for Resource-Based Cities (2013–2020) issued by the State Council, separate regression analyses are conducted for each category.
As shown in Table 9, the empirical findings indicate that the digital economy significantly reduces carbon emissions only in resource-based cities. First, from an industrial structure perspective, resource-based cities typically feature single-industry economies concentrated in high-energy-consumption and high-emission sectors. This industrial profile allows targeted application of digital technologies, facilitating precise emission reductions through real-time monitoring and dynamic scheduling. In contrast, non-resource-based cities have diversified industries, dispersed and relatively low-intensity carbon emission sources, and thus digital economy applications are primarily consumption-oriented or focused on business-model upgrading, making it challenging to achieve large-scale emission reductions (Li et al., 2024).
TABLE 9 | Heterogeneity of urban resource endowments.	Variable	(1)	(2)
	Non-resource-based city	Resource-based city
	DE	−0.030	−0.221***
	(-0.65)	(-3.09)
	Control	YES	YES
	YearFE	YES	YES
	City FE	YES	YES
	Constant	−0.889*	−0.748
	(-1.69)	(-0.79)
	Observations	1,530	1,035
	R-squared	0.017	0.054


Note: ***, **, * indicate significance at the 1%, 5%, and 10% levels, respectively. The t-statistic is in parentheses.
From the perspective of the “resource curse” theory, resource-based cities heavily depend on primary industries due to resource endowments, resulting in rigid economic structures and weak innovation capabilities. The introduction of digital economy effectively disrupts the existing “locked-in” state characterized by technological backwardness and inefficient production, accelerating the digitalization and green transformation of industrial processes. Consequently, digital economy interventions can significantly reduce emission intensity. In contrast, non-resource-based cities, characterized by diversified and flexible economic structures without clear structural lock-in issues, do not experience obvious benefits from digital economy mechanisms (Xu and Cai, 2024).
From the policy incentive perspective (Zhang et al., 2022), resource-based cities face dual pressures of resource depletion and environmental crisis, prompting strong governmental and corporate demands for low-carbon transformation, reinforced by robust policy support. This amplifies the emission reduction potential of the digital economy. Conversely, non-resource-based cities face comparatively lower pressures for low-carbon transformation, receive relatively limited policy support, and thus achieve less pronounced emission reduction effects.
5 CONCLUSION AND IMPLICATIONS
5.1 Conclusion
This paper provides a systematic analysis of the impact of the digital economy on urban carbon emissions in China, yielding several key conclusions. First, the digital economy significantly reduces urban carbon emissions, and this conclusion remains robust after a series of endogeneity and robustness tests. Second, this effect is primarily mediated through green technological innovation; the digital economy stimulates both the quantity and quality of green patents. Crucially, the moderating effect of government intervention follows a clear inverted U-shaped pattern. Moderate government intervention amplifies the digital economy’s decarbonizing effect; however, when intervention exceeds an optimal point, it begins to weaken this effect, likely due to market distortions or diminished incentives for independent innovation. Third, the emission reduction effect is more pronounced in western regions and resource-based cities, suggesting that digitalization offers a particularly potent pathway for green transformation in regions with lagging or carbon-intensive industrial structures.
5.2 Policy implications
Based on the above conclusions, the policy implications of this article are as follows:
First, governments should continue to promote digital transformation as a key pillar of their carbon reduction strategy. This includes advancing digital infrastructure construction, accelerating the application of advanced digital technologies in high-emission sectors, and establishing robust digital carbon monitoring systems. Furthermore, market-based instruments like carbon pricing and green subsidies should be leveraged to incentivize the adoption of low-carbon digital solutions, while digital platforms should be used to foster public awareness and low-carbon consumption.
Second, given that green innovation is a critical mediating channel, innovation policy should be refined to incentivize not just the quantity but also the quality of green technologies. This requires a multi-dimensional approach combining financial subsidies and tax incentives with robust intellectual property protection. Most importantly, the identified inverted U-shaped moderating effect implies that the role of government must be dynamic and carefully calibrated. Direct governmental support and incentives are crucial during the early stages of digital economy development. However, as the innovation ecosystem matures, the government’s role should gradually shift from direct intervention toward optimizing the market environment and institutional frameworks to stimulate private-sector innovation.
Third, differentiated digital emission reduction strategies should be implemented based on local conditions to enhance policy precision. The pronounced heterogeneity in our findings calls for differentiated and place-based digital emission reduction strategies. For western regions and resource-based cities, which show the greatest potential, policies should prioritize investment in digital infrastructure and support the green transformation of high-carbon industries. For the more developed eastern and central regions, the focus should shift toward optimizing the energy efficiency of digital infrastructure itself and leveraging digital tools for refined environmental management.
This study has several limitations that open avenues for future research. First, our data only covers the period from 2013 to 2021, making it difficult to reflect the impact of recent technological iterations. Future work could benefit from extended time-series data to analyze the long-term dynamics of digitalization on carbon emissions. Second, our analysis focuses on the net effect; future research could develop structural models to more explicitly disentangle the positive and negative externalities of the digital economy. Finally, exploring these mechanisms with firm-level or more granular intra-city data could provide deeper insights into the specific channels of impact.
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