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Research on carbon emission reduction in China has focused on carbon market policies, technological innovation, and industrial institutional adjustment, but few studies have been concerned with the effects of the rapid development of China’s digital economy on carbon emission reduction. China’s vigorous development of digital infrastructure has led to the establishment of the Broadband China strategy as a quasi-natural experiment. A difference-in-differences model with data from 2006 to 2023 about 283 prefecture-level cities was applied to investigate the effects of China’s digital infrastructure construction on carbon emission reduction. The conclusions are as follows. First, digital infrastructure construction in these cities had significant reduction effects on carbon emissions and intensity. This conclusion was proven after a series of robustness tests such as parallel trends, the exclusion of central cities, and the replacement of explanatory variables. Second, a mediating effect test showed that green technology innovation investment and industrial structure upgrading are important mechanisms for digital infrastructure construction’s carbon emission reduction effects. Third, these effects have obvious heterogeneity and are stronger in the eastern region than in the central and western ones. Moreover, the effects are stronger with the expansion of urban scale, the improvement of urban economic development level, and the environmental regulation intensity. These conclusions have important relevance to China’s Digital Economy and “Dual Carbon” Policies.
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1 INTRODUCTION
With the rapid development of new technologies such as mobile Internet, artificial intelligence, big data, and cloud computing, the role of digital infrastructure construction in economic development has become increasingly prominent. China’s digital economy has entered a critical phase characterized by scale expansion and value creation. Digital infrastructure systems anchored in 5G, AI, big data centers, industrial IoT, and smart energy grids are undergoing systematic enhancement. These systems exert transformative impacts across socioeconomic domains through their inherent permeability, network externalities, and scale effects, driving paradigm shifts in industrial production modalities, household consumption patterns, and governmental governance frameworks1. Against the backdrop of the “Dual Carbon” targets and accelerated digitalization, emerging technologies are enabling synergistic integration with carbon-intensive sectors including power generation, manufacturing, transportation, and construction. This technological convergence has catalyzed green innovation in energy systems, resource utilization efficiency, and environmental management, thereby injecting new momentum into low-carbon economic transitions2.
The strategic significance of digital infrastructure has been elevated to national policy priorities. Since the 2011 National Industry and Informatization Work Conference, China has institutionalized its digital transformation through the Broadband China strategy. Following its formal adoption as a national initiative in 2013, the Ministry of Industry and Information Technology (MIIT) and National Development and Reform Commission (NDRC) implemented a three-phase demonstration program, designating 120 pilot cities/city clusters between 2014 and 2016. These model cities spearheaded advancements in broadband penetration rates, network speed optimization, and urban-rural digital inclusion, generating substantial spatial spillover effects across regions2. Empirical evidence from the “China Digital Economy Development Research Report (2024)” indicates that China’s digital economy reached RMB 53.9 trillion in 2023, constituting 42.8% of GDP and contributing 66.45% to annual economic growth. This digital leap has not only redefined economic production frontiers but also triggered multidimensional societal restructuring.
The environmental externalities of digital infrastructure development are gaining scholarly traction. Groundbreaking studies reveal its dual role as both an economic accelerant and an ecological regulator. For instance, Ding et al. (2024) quantified the Broadband China strategy’s contribution to regional decarbonization, estimating a 12.7% reduction in per-unit GDP carbon intensity among pilot cities. Feng et al. (2023) identified smart grid deployments as critical in optimizing energy dispatch and curtailing fossil fuel dependence. Peng et al. (2024) further demonstrated that industrial IoT adoption in manufacturing sectors decreased sectoral emissions by 18.3% through predictive maintenance and process automation. These findings underscore digital infrastructure’s capacity to reconcile economic growth with environmental sustainability.
Nevertheless, critical knowledge gaps persist in understanding the mechanisms and heterogeneity of digital infrastructure’s carbon mitigation effects. Existing literature predominantly focuses on macroeconomic indicators, innovation spillovers, and industrial structure evolution, while paying insufficient attention to its environmental governance potential. To our knowledge, this study constitutes the first systematic examination of carbon emission reduction effects through the quasi-natural experiment framework of the Broadband China strategy. Utilizing panel data from 283 prefecture-level cities (2006–2023), we employ a staggered difference-in-differences (DID) approach to assess the policy’s dynamic impacts. Our multidimensional analysis incorporates regional heterogeneity tests across geographical zones, urban hierarchies, and economic development tiers, offering granular insights for targeted policymaking.
This research contributes to the field in four dimensions: Firstly, this paper takes carbon reduction as the starting point, enriching the research on the impact of digital infrastructure construction on urban economic development. Academic research on digital infrastructure construction mainly focuses on the macro-level impacts of regional productivity enhancement, economic development speed enhancement, industrial structure upgrading, and labor employment, while a few studies have focused on urban carbon emission reduction and other environmental quality issues related to the realization of China’s “dual-carbon” goal. Secondly, it has expanded the research on the driving forces behind urban carbon reduction. Unlike existing literature that explains the drivers of urban carbon reduction from the perspectives of environmental regulations and traditional urban infrastructure construction, this paper is based on the digital economy perspective, taking the impact of digital infrastructure construction on urban carbon reduction as the entry point. It not only supplements the traditional growth centered economic analysis, but also enriches the research on the influencing factors of carbon reduction effects. Thirdly, this paper deeply analyzes the role mechanism of digital infrastructure construction on urban carbon emission reduction effect and deepens the understanding of the role logic between digital infrastructure construction and urban carbon emission reduction. This paper constructs a mediating effect model to empirically test the role mechanism between digital infrastructure construction and urban carbon emission reduction in terms of digital development, which effectively enhances the validity and reliability of the empirical conclusions.
2 LITERATURE REVIEW AND RESEARCH HYPOTHESES
2.1 Policy background
Broadband network is an important part of modern digital information development. By providing fast and reliable Internet access services, it provides an important support for high-quality development of modern economy. To accelerate the widespread adoption of broadband infrastructure, the Chinese government issued the Broadband China Strategy and Implementation Plan in August 2013, which clearly promoted the popularization of high-speed, safe and green digital infrastructure in China through regional pilot. Subsequently, three groups of pilot cities were identified from 2014 to 2016, gradually expanding the pilot scope of Internet broadband access business opening. The Broadband China strategy focuses on the construction of digital infrastructure, and meets the needs of the majority of economic entities for high-quality Internet services by improving network coverage and transmission speed. By adopting a number of policy measures, such as increasing capital investment, strengthening government guidance and support, promoting cooperation among regions and sectors, and strengthening talent training and technological innovation, Broadband China is able to promote the convergence and development of broadband networks and other infrastructures. Thus, the Broadband China strategy is an important measure to promote the development of China’s digital economy, and can be used as a quasi-natural experiment to assess the construction of China’s digital infrastructure.
2.2 Literature review
The relationship between digital infrastructure and carbon reduction is essentially the relationship between the environmental effects of the digital economy. The digital economy is a new economic form formed by the information technology revolution and network infrastructure construction. Firstly, with the popularization of digital infrastructure centered on broadband network, it largely reduces the cost of spreading and searching for green and low-carbon information and increases the government’s ability to publicize the concept of urban green and low-carbon, which not only improves the city government’s ability to govern the environment, but also effectively reduces the city’s carbon emissions (Shahbaz et al., 2022). Secondly, with the construction of data infrastructure such as broadband China and cell phone base stations, digital media is increasingly entering residents’ lives. Through the promotion of digital media, residents’ attention to environmental issues is enhanced, guiding them to form green and low-carbon consumption concepts and lifestyles, promoting the implementation of green and low-carbon environmental protection concepts, and reducing urban carbon emissions (Strielkowski et al., 2022; Ma et al., 2023). Thirdly, digital infrastructure construction induces urban industrial agglomeration, which in turn promotes urban scale economy effect and technology diffusion effect, reduces information asymmetry between supply and demand sides of the market through the rapid dissemination of information, promotes the upgrading of industrial structure, and then promotes the occurrence of urban carbon emission reduction (Chen et al., 2025; Zhang et al., 2025).
Recent research has demonstrated that the environmental impacts of digital infrastructure development are becoming increasingly significant, with these effects being validated across multiple domains. Firstly, while rural areas historically experienced less digitalization influence compared to urban centers, recent digital infrastructure construction has driven substantial rural digital transformation. This shift has altered rural residents’ personal consumption patterns, including household energy consumption, which in turn promotes the use of clean energy in rural areas (Nguyen and Nasir, 2021). These findings have been confirmed by Yan et al. (2023). Secondly, in the industrial sector, where energy consumption such as electricity consumption and intensity is relatively high, digital infrastructure development has promoted technological optimization and industrial upgrading. These advancements have led to a marked reduction in industrial electricity demand, partially alleviating energy pressures while enhancing environmental efficiency (Williams, 2021; Wang et al., 2022). Thirdly, it promotes the green transformation of enterprises. Digital infrastructure helps enterprises optimize resource utilization efficiency through real-time data collection and analysis. On the other hand, it can integrate environmental monitoring data and provide accurate green management tools for enterprises, thereby promoting internal green upgrading (Zhong et al., 2022; Wu et al., 2023; Qian and Xi, 2024). In addition, the construction of digital infrastructure also has a significant impact on residents’ health (Xu et al., 2025).
The Broadband China strategy is an important element of digital infrastructure. A large number of empirical studies have been conducted on the relationship between the Strategy and environmental effects. Zou and Pan (2023) used broadband China as a quasi-natural experiment and empirically verified through DID and other methods that digital infrastructure construction can effectively reduce urban environmental pollution, and this pollution reduction effect is more pronounced in non resource-based cities, first and second tier cities, and eastern cities in China. Hong et al. (2023) build a time-varying difference-in-differences (time-varying DID) model based on the Broadband China pilot and find that digital infrastructure construction can significatively reduce prefecture-level energy intensity, and this environmental effect is more significant in Northeast China. For micro households, the broadband China strategy still has a significant impact. Zuo et al. (2024) through panel data on Chinese CFPS micro households, empirically tested based on the Broadband China strategy and found that digital infrastructure has the potential to indirectly increase household energy consumption through consumption upgrading and Internet development mechanisms, and that households in high-income, low-skilled, and rural areas, as well as those in areas with higher levels of development and marketization, are more deeply affected by digitalization, and household energy consumption will be more serious.
In summary, existing literature provide a good reference for this paper. Through the above literature, we have the following conclusions. Firstly, in terms of the choice of explanatory variables, a large number of studies have examined the economic impact or environmental impact brought about by the construction of digital infrastructure. Carbon emission reduction is an “extensive variable,” while carbon emission intensity, which is the amount of carbon emissions per unit of output value, is an “intensive variable.” Most studies tend to focus on one aspect, and there has not been sufficient attention given to measuring both as dependent variables simultaneously. Secondly, in the measurement of digital infrastructure construction, there are relatively few studies on the use of exogenous policy shocks. Research tends to favor selecting a single indicator or constructing a system of indicators, which may lead to certain biases in the results. Thirdly, most existing studies focus on the provincial or regional levels in China, or even at the enterprise level. Although some research involves the city level, the number of such studies is relatively limited. Fourthly, in heterogeneity studies, many researchers choose regional or city classifications, but these studies are relatively simplistic. There is a scarcity of research conducting heterogeneity analysis from the perspective of environmental regulation intensity. With the acceleration of urbanization in China, as an important economic carrier, cities have increasingly high requirements for environmental quality. Balancing the relationship between economic development and environmental quality is crucial for the sustainable development of cities. At the same time, the digital economy has become a new engine of economic development. It is worth exploring whether the construction of digital infrastructure, as an important component of the digital economy, can enable sustainable urban development.
Although the existing literature has provided valuable insights into the relationship between digital infrastructure and carbon emissions, there is still a need for further research to explore the specific mechanisms and heterogeneity of this relationship. This study aims to fill this gap by examining the carbon emission reduction effects of digital infrastructure construction in China, using the Broadband China strategy as a quasi-natural experiment.
2.3 Hypotheses
Specifically, the development of digital infrastructure can enhance the level of urban green technology innovation in the following ways.
Firstly, the digital infrastructure construction of the Broadband China strategy has broken down information barriers, promoted communication and cooperation among governments, enterprises, and research institutes, facilitated spatial agglomeration of human capital, and provided human support for green technology innovation (Song et al., 2024). Secondly, the construction of digital infrastructure has laid the foundation for the construction of digital technology, accelerated the speed of information dissemination of the Internet and big data, reduced network search costs and information transmission costs, promoted the increase of returns to scale through information sharing and knowledge spillover, and provided the possibility for the development of urban green technology innovation (Cassia et al., 2020; Du and Wang, 2024). Thirdly, the construction of digital infrastructure has promoted the spatial architecture and application scope of big data, cloud computing and the Internet, and has derived new businesses and industries with digital technology as the core. This drives high-energy-consuming industries to achieve green transformation, optimizes energy consumption structures, supports the research and development of clean, low-carbon, and green technologies, and promotes green technology innovation (Veile et al., 2022).
According to Zhang et al. (2023), green technology innovation plays a significant role in accelerating urban carbon emission reduction. Firstly, green technology innovation facilitates the transformation of high-pollution industries, reduces industrial energy consumption, and decreases carbon emissions from industries (Wang, 2022). Secondly, green technology innovation promotes the innovation of production equipment and technology in enterprises, reduces production costs, lowers resource utilization and consumption, improves product green quality, thereby enhancing environmental quality and reducing enterprise carbon emissions (Ning et al., 2022). Thirdly, green technology innovation drives the energy revolution and accelerates the development of clean energy, supporting the transformation and upgrading of the energy consumption structure (Guo et al., 2021), which is conducive to building a clean and low-carbon modern energy system. The improvement of green technology innovation levels can promote the green and low-carbon transformation of energy, increase the proportion of clean energy consumption, and advance the construction of new energy systems, thereby continuously reducing energy consumption and urban carbon emissions (Madaleno et al., 2022; Wang and Lai, 2024).
Hypothesis 1. Digital infrastructure development reduces carbon emissions by improving the level of green technology innovation.
Firstly, the development of digital infrastructure has promoted industrial digitization. Through the “crowding-out effect,” it facilitates the transformation and upgrading of industries characterized by high energy consumption, high emissions, and high pollution. By improving the overall energy utilization structure of these sectors, it further reduces carbon emissions (Du et al., 2022; Gao X. et al., 2023). Secondly, digital infrastructure has a “penetration effect.” Relying on the strategy of Broadband China, promote digital technologies such as the Internet, big data, cloud computing, etc., promote the digital transformation of enterprises, improve the whole industry chain supervision system of enterprises’ supply from the source, middle end production, and terminal utilization, which is conducive to improving energy utilization efficiency, reducing resource waste, and achieving the effect of carbon emission reduction (Wang et al., 2024). Thirdly, the construction of digital infrastructure enhances the supply efficiency of digital elements and the integration efficiency of various resources. This fosters the emergence of new business models and industries, promoting the optimization of urban industrial structures. The integration of the digital economy with traditional industries accelerates urban digital industrialization and industrial digitization, drives the digital transformation of traditional sectors, and ultimately achieves urban industrial upgrading (Su et al., 2021; Das, 2024).
Upgrading the industrial structure involves adopting more scientific production methods and optimizing the production processes, thereby reducing unnecessary energy consumption and effectively mitigating carbon emissions (Zhao et al., 2023). Firstly, with the upgrading of industrial structure, it will particularly trigger technological upgrading within the manufacturing industry, drive productivity improvement, trigger the “endogenous innovation” effect, and achieve the improvement of urban energy efficiency and carbon reduction effect in China (Xi and Zhai, 2023). Secondly, upgrading the industrial structure will lead to the elimination of a group of high polluting and high emission enterprises, while low-carbon and environmentally friendly enterprises will develop and grow. The transformation of clean and pollution-free production models has reduced the emissions of pollutants from enterprises and achieved sustainable environmental development (You and Zhang, 2022; Gao Y. et al., 2023). Thirdly, upgrading the industrial structure will improve the efficiency of resource allocation in various departments, enhance the interaction between departments and industries, reduce the proportion of agriculture and industry, promote the development of the tertiary industry, and effectively curb urban carbon emissions through “economic servitization” (Xue et al., 2022; Fu et al., 2024).
Hypothesis 2. Digital infrastructure construction reduces carbon emissions by upgrading industrial structure. The Conceptual framework see Figure 1.
[image: Figure 1]FIGURE 1 | Mechanism analysis of gigotal infrastructure construction and carbon emission reduction.
3 DATA AND MODELS
3.1 Model settings
The selection of Broadband China pilot cities is mostly affected by broadband access capability and penetration rate, which are not logically affected by the level of prefecture-level carbon emissions and carbon intensity. It provides a good opportunity to exclude the reverse causality problem. Difference-of-differences models are often used to assess the effect of policy implementation, and the traditional DID is only suitable for assessing the policy effect of a single time point shock. However, the approval of the Broadband China demonstration city is carried out in a step-by-step manner, which means that the timing of policy impact is not uniform (Hong et al., 2023). Based on this, to effectively identify the impact of digital infrastructure construction on urban carbon reduction, this paper regards the exogenous policy impact of the Broadband China demonstration city as a quasi-natural experiment and constructs the following time-varying DID model:
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where Yit is the explained variable, indicating the regional carbon emissions and intensity of city i in year t; Policyit is the core explanatory variable, indicating whether the sample is selected as a Broadband China demonstration city. If the sample is selected, the value of this sample is 1 in this year and subsequent years. Otherwise, the value is 0. Its coefficient β1 represents the impact of digital infrastructure construction on urban carbon reduction, which is the focus of this study. Controli,t represents a group of control variables, which include per capita GDP, population density, employment structure, level of foreign direct investment, green environment, and level of scientific input by the government. τi indicates the city fixed effect. γt indicates the year fixed effect. Ɛit represents the random perturbation term.
3.2 Variable selection
3.2.1 Explained variables
The explained variable are urban carbon emissions and intensity. Amongthese, the carbon emissions (CO2) is expressed by the natural logarithm of the carbon emissions of each city, and the intensity of carbon emissions (CO2_intensity) is expressed by the ratio of carbon emissions of each city to the actual GDP (Pretis, 2022; Zhang et al., 2024). Because the urban carbon emission intensity has an obvious right skew, the log transformation for carbon intensity (lnCO2_intensity) is used in the regression (Zhang et al., 2023; Peng et al., 2024). The measurement method of the total carbon emission of each city draws on the research of Liang et al. (2024).
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In Equation 2, CO2 represents the carbon emissions of each city; X includes electricity consumption, gas and natural gas consumption, urban transport consumption, and thermal energy consumption. βi represents the carbon dioxide conversion factor for Xi,mainly based on the research of Long et al. (2022). Equation 3 is the calculation method for carbon emission intensity.
3.2.2 Core explanatory variables
For a demonstration city, the value is 1; otherwise, it is 0. After excluding some autonomous prefectures (such as Yanbian), some urban districts (such as Jiangjin and Rongchang districts of Chongqing), county-level cities (Yongcheng in Henan), and some cities with serious data loss (Linzhi in Tibet), the final sample comprised 107 demonstration cities constituting the experimental group and the remaining 176 cities constituting the control group.
3.2.3 Mediator variables
The mediating mechanism includes green technology innovation and industrial structure upgrading. The former is represented by the number of granted green invention patents (Lv et al., 2021) and the latter is represented by the ratio of the output values of the tertiary and secondary industries (Jiang et al., 2020).
3.2.4 Control variables
To evaluate the carbon emission reduction effect of the development of digital infrastructure construction more accurately, other factors have been controlled. As shown in Table 1.
TABLE 1 | Descriptive statistics of control variables.
[image: Table 1]Economic development level (x1): China’s economic development is closely related to energy consumption. The “extensive” growth model often accompanies excessive energy consumption and waste, leading to a series of environmental problems. Drawing on existing research, this paper uses the GDP per capita to represent the level of economic development (Hao et al., 2021), Measuring the level of urban economic development by per capita GDP to control the impact of economic development on urban carbon emissions.
Population density (x2): Considering the significant differences in urban area and population size between cities, directly using the absolute number of population is not scientifically comparable. Therefore, this paper chooses to use population density, which refers to the number of people per unit area and the concentration of population life and production activities, which reduces the dispersed consumption of energy and resources and reduces urban carbon emissions (Zhang et al., 2023).
Employment structure (x3): The tertiary industry is dominated by knowledge intensive and service-oriented economic activities, such as finance, education, etc. Compared to industry and agriculture, its energy consumption and carbon emission intensity are significantly lower. Therefore, this paper selects the proportion of employees in the tertiary industry to represent the impact of employment structure on urban carbon emissions reduction (Hao et al., 2021).
Foreign direct investment (x4): The degree of openness reflected by foreign direct investment (FDI) is a fundamental factor that needs to be considered in China’s environmental pollution research. Existing research shows that the impact of FDI on carbon emissions is uncertain: the “pollution halo” hypothesis suggests that FDI can reduce carbon emissions by introducing environmentally friendly technologies and products (Shao et al., 2016); The “pollution haven” hypothesis suggests that FDI will worsen the environmental quality and exacerbate carbon emissions of host countries through the transfer of highly polluting industries (Musah et al., 2022). This paper uses the proportion of FDI to GDP to measure the degree of opening up to the outside world to examine its impact on China’s carbon emissions reduction.
Green coverage rate (x5): The higher the urban green coverage rate, the better the urban environment, which can effectively reduce carbon dioxide concentration and purify air quality. Therefore, this paper selects the ratio of green area to built-up area as the representation (Li &Wang, 2021).
Government science expenditure level (x6): Some studies suggest that when government science investment is focused on the production process rather than the green product end, it increases energy consumption and carbon emissions. This paper uses the proportion of science expenditure to fiscal expenditure to represent (Kuang et al., 2022).
The data from 2006 to 2023 for the 283 prefecture-level cities were mainly taken from the China City Statistical Yearbooks, China Statistical Yearbooks, China Industrial Enterprise Databases, National Environmental Monitoring Platform, National Oceanic Atmospheric Adminstration (NOAA), etc. Missing data have been supplemented by data from the Statistical Bulletin of National Economic and Social Development. The following cities were excluded from the total sample: data for Bijie and Tongren Cities were missing; Chaohu City was merged with Hefei City in 2011; Laiwu City was merged into Jinan City in 2019.
4 EMPIRICAL RESULTS AND ANALYSIS
4.1 Baseline regression results
Table 2 shows the results of the baseline regression. Columns (1) and (2) give the estimated results of the effects of digital infrastructure construction on carbon emissions while (3) and (4) give those on carbon intensity. Columns (1, 3) and (2, 4) are respectively without and with the control variables. According to Table 2, when control variables are not considered, only time fixed effects and city fixed effects are controlled, and the Policy coefficient affecting carbon emissions and carbon intensity is significantly negative at the 1% level. When control variables are added, the Policy coefficient remains significantly negative at the 1% level, with coefficient values of −0.029 and −0.057, respectively. This indicates that the construction of digital infrastructure represented by the Broadband China strategy can significantly promote urban carbon reduction. Hong et al. (2023) reached similar conclusions. Among the control variables, The coefficient of x1 is significantly positive, indicating that the higher the level of urban economic development, the greater the urban carbon emissions. This conclusion is similar to the findings of Wang et al. (2024). The coefficient of x2 is significantly negative, indicating that the higher the urban population density, the more concentrated the urban layout and compact development, which reduces the dispersed consumption of energy and resources and reduces urban carbon emissions. The coefficient of x3 is significantly negative, indicating a higher proportion of employment in the service industry, lower dependence on energy, and greater reliance on human capital and information technology, thereby reducing the city’s carbon emissions and intensity. The coefficient of x4 is significantly positive, indicating that the more foreign direct investment a city introduces, the greater its carbon emissions, which to some extent verifies the “pollution shelter hypothesis.” The coefficient of x5 is significantly negative, indicating that the higher the level of urban greening, the more it helps to reduce the carbon content in the air, thereby achieving the effect of emission reduction. The coefficient of x6 is not significant, indicating that the level of urban science expenditure has little impact on urban carbon reduction.
TABLE 2 | Results of baseline regression.
[image: Table 2]4.2 PSM-DID method
To ensure the accuracy of the results of the DID method and overcome the systematic difference of changing trends between the cities in the experimental and control groups, we used the propensity score matching (PSM) method to test the robustness of the baseline regression. Also, to avoid sample size loss and alleviate selectivity bias as much as possible, we applied adjacent one-to-one matching. In Table 3, Columns (1) and (2) are the regression results of the PSM-DID method for carbon emissions and intensity. The regression results show that the Policy coefficients are significantly negative at the levels of 1%, which indicates that the Broadband China strategy for digital infrastructure construction has reduced carbon emissions and intensity, thereby proving that the benchmark regression results were robust.
TABLE 3 | Results of PSM-DID
[image: Table 3]4.3 Robustness tests
4.3.1 Parallel trend test
The premise of applying the time-varying DID model is that the parallel trend test should be satisfied. As for our research, satisfying the parallel trend test means that there is no significant difference in urban carbon emissions and intensity between the experimental group and the control group before being identified as a Broadband China demonstration city. To verify the parallel trend hypothesis, this paper adopt the research of Beck et al. (2010), use the “event analysis method” to check the common trend and dynamic effects of the Broadband China demonstration policy, further construct the following econometric model in Equation 4.
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The regression results are shown in Figure 2. The abscissa, pre_4, pre_3, pre_2, and pre_1, represent 1–4 years, respectively, before current, which represents the year of the strategy’s implementation. post_1, post_2, post_3, and post_4 represent 1–4 years after implementation. The ordinate represents the regression coefficients of carbon emission reduction and intensity.
[image: Figure 2]FIGURE 2 | Results of parallel trend test (a). Carbon emission reduction (b). Carbon intensity.
Before implementation, the strategy obviously has no effect, it did not have a significant impact on carbon emissions and carbon intensity. This indicates that there was no significant difference between pilot and non pilot cities before the implementation of the Broadband China strategy, meeting the parallel trend test. Meanwhile, After implementation, the regression coefficient is significantly negative, and the pilot cities have a significant carbon reduction effect, which also reflects the value and function of promoting digital infrastructure construction in environmental governance.
It should be noted that 1 year before the implementation of the Broadband China strategy, there was a significant negative correlation between policy and urban carbon emissions, indicating that there was a certain “expected policy effect” in the pilot cities. The economic logic behind it is that before the Broadband China strategy is officially launched in pilot cities, there will be certain discussions and preparations. Some pilot city governments may make preparations in advance to empower urban development with digital technology, indirectly affecting urban production and lifestyle, thereby reducing the total carbon emissions of pilot cities to a certain extent. There is a certain “policy lag effect” between policy and urban carbon intensity. Because carbon intensity is not only related to the total carbon emissions of the city, but also to the total GDP of the city’s economic development, the effect of the Broadband China strategy was not yet apparent in the year of its implementation. However, in the second year after the policy was implemented, the impact of the Broadband China strategy on urban carbon intensity became increasingly evident through digital technology empowering urban economic development.
4.3.2 Substitution dependent variable
We selected per capita carbon emissions as the explained variable for carbon emission reduction (Xuan et al., 2020). The regression results are shown in Table 4. Regardless of the addition of the control variables, the regression coefficient of Policy is significantly negative, which indicates the robustness of the baseline regression results.
TABLE 4 | Robustness test: substitution dependent variables.
[image: Table 4]4.3.3 Excluding key cities
Chinese cities include not only ordinary prefecture-level cities but also provincial capitals, municipalities directly under the central government, and economically developed cities. The behavior patterns of local city governments at different levels may be quite different and cities with higher administrative levels control far more resources than do ordinary cities (Yu and Zhang, 2021). To further verify the robustness of the conclusions regardless of the possible policy bias to key cities or big cities and the possible outliers in key cities that may bias the results, we excluded the key cities to test the carbon emission reduction effects of digital infrastructure construction. Table 5 gives the regression results for carbon emissions and intensity in Columns (1) and (2) after Beijing, Shanghai, Tianjin, and Chongqing have been excluded. Columns (3) and (4) show the results after the four municipalities directly under the central government and the provincial capitals have been excluded. Despite the exclusion of the municipalities directly under the central government or provincial capitals, digital infrastructure construction has still significantly reduced the carbon emissions and intensity, thus further verifying the robustness of the baseline regression.
TABLE 5 | Robustness test: excluding key cities.
[image: Table 5]4.3.4 Policy exogeneity
The multi-phase differential model requires that the experimental and control groups cannot form effective expectations before the implementation of the policy, i.e., the exogeneity of the policy must be guaranteed. We added into the regression equation the virtual term F. Policy of 1 year before the implementation of the Broadband China strategy (Qiu and Zhou, 2021). The regression results are shown in Table 6. After the addition of the control variables, as well as controlling for the city and time fixed effects, the regression coefficient of the core explanatory variable Policy is still significantly negative while the estimated coefficient of F. Policy in the previous year is not significant, thereby indicating no expected effect.
TABLE 6 | Robustness test: Expected effect test.
[image: Table 6]4.3.5 Eliminating the impact of potential policies
Regarding the baseline regression, we ask if the policy effect of the Broadband China strategy on urban carbon emission reduction is a net effect and if the reduction of carbon emissions and intensity has been affected by other relevant policies during the same period, leading to overestimation or underestimation of the results? In order to further test the robustness of the basic regression results, it is necessary to exclude other potential policies. Through sorting out other policies during the policy shock period, we found that the policy of the “National Big Data Comprehensive Pilot Zone” (Policy1) is closely related to the construction of digital infrastructure, while the policy of the “Carbon Market Construction Pilot Zone” (Policy2), as an environmental regulatory policy, is closely related to carbon reduction. Therefore, the policies of the “National Big Data Comprehensive Pilot Zone” (Policy1) and the “Carbon Market Construction Pilot Zone” (Policy2) may affect the estimation results of this study. In order to eliminate the interference of these strategies, this study considers the two types of strategies mentioned above in the baseline model of regression. When city i is determined as a pilot city for “National Big Data Comprehensive Pilot Zone” or “Carbon Market Construction Pilot Zone,” the duration of the national level big data comprehensive experimental zone (or carbon market construction pilot) of the city will be assigned a value of 1 in the jth year and beyond. Otherwise, assign a value of 0. In regression analysis, if the Policy regression coefficient is no longer significant after controlling for the above two policies, it indicates that the policy effect of the Broadband China strategy on the implementation of digital infrastructure construction does not exist, and the conclusion of this study is not robust; If other policies are added, the Policy regression coefficient remains significant but decreases, indicating that the impact of the Broadband China strategy on carbon reduction represented by digital infrastructure construction is overestimated, but it does not affect the conclusion of this study. According to the regression results in Table 7, Columns (1) and (2) are the regression results of joining the “National Big Data Comprehensive Pilot Zone,” and (3)-(4) are the regression results of joining the “Carbon Market Construction Pilot Zone.” The policy regression coefficient has not changed significantly compared to the baseline regression, and is still significantly negative at the 1% level. Therefore, the baseline regression results in this paper are robust.
TABLE 7 | Robustness test: policy overlaps.
[image: Table 7]4.3.6 Endogenous analysis
Despite controlling for several crucial variables that influence urban carbon reduction and using a year and city fixed-effects model to mitigate estimation bias, this study may not fully resolve the issue of endogeneity. Additionally, the inverse causality problem is considered insignificant since urban carbon emissions typically do not have a significant impact on digital technology facilities. To address potential endogeneity resulting from others, this paper employs the instrumental variable method to perform the endogeneity analysis.
This paper adopts the approach of Huang et al. (2019) and selects the number of post offices per million people and the number of landline telephones per hundred people in prefecture-level cities in 1984 as instrumental variables (IVs). The rationale for choosing these IVs is as follows: Firstly, the layout of post offices and the popularization of fixed telephones meet the exogeneity requirements of instrumental variables. The number of post offices and fixed telephones per million people in each prefecture level city in 1984 is difficult to directly affect urban carbon emissions reduction today; Secondly, the layout of post offices and fixed telephones can to some extent meet the correlation conditions of instrumental variables, and also reflect the information and communication needs of cities. The establishment of more post offices and high penetration rate of fixed telephones mean that their communication level is more developed compared to other regions, so they are likely to be the areas with leading digital infrastructure construction levels today. Therefore, this paper uses the interaction term between the number of post offices per million people in each city in 1984 and its Internet broadband access subscribers in the previous year (IV1), and the interaction term between the number of telephones per 100 people in each city in 1984 and its Internet broadband access subscribers in the previous year (IV2), respectively, as the instrumental variable for the choice of Broadband Chinastrategy.
The first-stage estimation result in Table 8 column (1-2) shows that the Policy are highly correlated with the instrumental variables, and the statistical test results of Kleibergen-Paap rk LM and Kleibergen-Paaprk Wald F pass the unidentifiable test and the weak instrumental variable test respectively, suggesting that IV1 and IV2 are valid. Column (3-6) gives the second-stage estimation result, the coefficients of Policy are all significant positive, the above estimation results show that the core conclusion of our study still holds after controlling the endogeneity problem.
TABLE 8 | Instrumental variable results.
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The above results show that the development of digital infrastructure construction has significantly reduced the carbon emissions and intensity of the pilot cities, so the empirical results are robust. We examined the mediating effect of carbon emission reduction achieved by digital infrastructure construction development from the perspective of green technology innovation and industrial structure upgrading mechanisms. Based on Equation 5, the model for the mediating effect is:
[image: image]
where M is the mediator variable, which represents green technology innovation and industrial structure upgrading. Green technology innovation is characterized by the number of granted green invention patents (Lv et al., 2021) and the industrial structure upgrading is the ratio of the output values of the tertiary and secondary industries (Jiang et al., 2020). The remaining settings are consistent with Equation 1.
5.1 Green technology innovation mechanism
In Table 9, Columns (1) is the estimated results of the green technology innovationmechanism. The coefficient of Policy in Column (1) is significantly positive at the level of 1%, indicating that digital infrastructure construction has a significant positive effect on urban green technology innovation, that is, digital infrastructure construction promotes the improvement of urban green technology innovation level. On the one hand, the construction of digital infrastructure means the gathering of high-tech talents such as digital technology, enhancing knowledge spillover, and improving the level of urban green technology innovation. The construction of digital infrastructure can improve urban energy efficiency, optimize resource allocation, and promote the improvement of urban green technology level (Wang et al., 2024). On the other hand, green technology innovation promotes the energy revolution and accelerates the development of clean energy, helping to transform and upgrade the energy consumption structure (Guo et al., 2022), which is conducive to building a clean and low-carbon modern energy system. The improvement of green technology innovation level can promote the green and low-carbon transformation of energy, increase the proportion of clean energy consumption, promote the construction of new energy systems, and continuously reduce energy consumption and urban carbon emissions. Therefore, green technology innovation is an effective means to solve environmental pollution problems (Acemoglu et al., 2012; Guo et al., 2022), and digital infrastructure construction can significantly reduce carbon emissions by improving the level of green technology innovation (Yuan et al., 2022).
TABLE 9 | Mediating effect test.
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In Table 9, Columns (2) is the estimated results of the industrial structure upgrading mechanism. The coefficient of Policy in Column (2) is significantly positive at the level of 10%, indicating that the construction of digital infrastructure has a positive effect on the upgrading of urban industrial structure, that is, the construction of digital infrastructure promotes the improvement of urban industrial structure upgrading. On the one hand, digital infrastructure construction can promote the supply efficiency of enterprise digital elements, improve the integration efficiency of various element resources, and thus give birth to new formats and industries, promoting the optimization of urban industrial structure (Yi et al., 2022). The construction of digital infrastructure empowers urban digital transformation, promotes the integration of digital economy and traditional industries, accelerates urban digital industrialization and industrial digitalization construction, promotes the digital transformation and upgrading of traditional industries, and ultimately achieves the optimization and upgrading of urban industries (Su et al., 2021). On the other hand, upgrading the industrial structure can eliminate outdated equipment, transform the extensive economic development model of cities, and reduce the carbon emissions of high energy consuming and high polluting enterprises (Wu et al., 2021). Upgrading the industrial structure can promote the transformation of urban industries towards high technology and high added value, promote the development of low-carbon and clean industries, and significantly curb carbon emissions (Zhao et al., 2022). Therefore, the construction of digital infrastructure can reduce urban carbon emissions by promoting industrial structure upgrading.
6 HETEROGENEITY ANALYSIS
6.1 Heterogeneity analysis of different regions
To test for regional heterogeneity in the carbon emission reduction effects of digital infrastructure construction, we divided the 283 sample cities into an eastern regional group but the central and western regions together into another group, then introduced the interaction term of the cities and the Policy variable in each regional group into Equation 1. In Table 10, Columns (1) and (2) are the regression results of the effects of digital infrastructure construction development on carbon emissions and intensity for the eastern region while (3) and (4) are for the central and western ones. The carbon reduction effect of digital infrastructure construction is more evident in the eastern region, but the carbon reduction effect on the central and western regions is only reflected in carbon intensity, and the carbon emissions are not significant. The main reason may be that compared with the central and western regions, the eastern region has a high level of economic development, a good foundation for Internet development, flat terrain and convenient transportation, so the implementation of the Broadband China strategy has promoted the development of urban digital technology, and thus has a stronger effect on urban carbon emission reduction.
TABLE 10 | Heterogeneity test 1: Differences among regions.
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We also classified the sample cities according to their population sizes by following the hierarchy criteria of the Outline of the National New Urbanization Plan issued by the State Council. Cities with more than 1 million urban residents are large cities; otherwise, they are small or medium-sized. An interaction term between the Policy variable and a dummy variable for city size was introduced into Equation 1 to test if city-size heterogeneity played a role in the carbon emission reduction effects of digital infrastructure development. In Table 11, Columns (1) and (2) show the regression results for the large cities, whereas (3) and (4) show those for the small and medium-sized ones. The regression results show that the carbon reduction effect of digital infrastructure construction in large cities is significant, while the carbon reduction effect in small and medium-sized cities is not significant. The possible reason is that large cities often have more advantages in Internet development foundation, financial strength and technology level, while the implementation of the Broadband China strategy plays a stronger role in promoting the upgrading of industrial structure and improving the ability of digital technology innovation, and the greater the impact on urban carbon emission reduction. However, the spatial agglomeration of carbon emission entities in small and medium-sized cities, especially enterprise entities, has not yet been fully included in the scope of emission control.
TABLE 11 | Heterogeneity test 2: Differences in urban population sizes.
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To further analyze the differences in the carbon emission reduction effects of digital infrastructure construction in cities with different levels of economic development, Yao et al. (2017) applied the unchanged control variables and all other model settings by taking 50% as the median per capita GDP. The sample cities were divided into those above and below the median as respectively having high and low levels of economic development. In Table 12, Columns (1) and (2) represent the effects of digital infrastructure construction development in the high-level cities, whereas Columns (3) and (4) represent those in the low-level ones. The former group has seen more significant carbon emission reduction effects due to better digital infrastructure and stronger financial strength. The development of digital infrastructure construction can improve the rationalization and upgrading of urban industrial structure while having more significant inhibitive effects on urban pollution and emission reduction.
TABLE 12 | Heterogeneity test 3: Differences in levels of economic development.
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Given the close relationship between urban carbon emissions and environmental regulations, and considering the varying intensity of environmental regulations across cities, the impact of digital infrastructure development on urban carbon emissions may exhibit heterogeneity. Accordingly, this study adopts the threshold model proposed by Yuan and Xie (2014) to estimate the annual average intensity of environmental regulations for the period 2006–2023. Based on these annual averages, cities are classified into three groups: strong, moderate, and weak regulation intensity. The results of the group-wise regression analysis, as presented in Table 13, reveal that digital infrastructure construction exerts a more pronounced carbon reduction effect in cities with higher environmental regulation intensity. This can be attributed to two primary mechanisms. First, stronger environmental regulation reflects a greater governmental commitment to addressing carbon emissions and environmental pollution, leading to more direct and stringent regulatory interventions. Second, stringent environmental regulations induce an “innovation compensation” effect, which incentivizes firms to enhance their green technology innovation capabilities, thereby generating a green Porter effect. This effect facilitates the production of cleaner products and contributes to carbon emission reduction. Consequently, the Broadband China pilot policy demonstrates a more significant carbon abatement effect in cities with stronger environmental regulation intensity.
TABLE 13 | Heterogeneity test 4: Differences in environmental regulation intensity.
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Using panel data from 2006 to 2023 of 283 prefecture-level Chinese cities in which the Broadband China strategy has been implemented, this study empirically examined the carbon emission reduction effects of the development of digital infrastructure construction by using the difference-in-differences method. The results are as follows. First, the development of digital infrastructure construction has had significant carbon emission reduction effects that simultaneously reduced carbon emissions and intensity. After a series of robustness tests, such as parallel trends, elimination of the central cities, and replacement of explained variables, this conclusion remained robust. Second, green technology innovation and industrial structure upgrading are two important mechanisms by which digital infrastructure construction has exhibited reduction effects. The construction of digital infrastructure can significantly reduce urban carbon emissions and carbon intensity by enhancing the level of green technology innovation and promoting industrial structure upgrading. Third, digital infrastructure construction development has had stronger effects in the eastern than in the central and western regions. Moreover, it has also shown stronger effects with the expansion of urban scales, the improvement of urban economic development level, and the environmental regulation intensity.
The above conclusions lead to the following policy suggestions. First, the development of digital infrastructure construction has obvious carbon emission reduction effects and plays an important role in improving urban environmental quality, so the government should further support the development and construction of new and more advanced digital network infrastructure. The diffusing effects of digital infrastructure construction should be enhanced, digital technology should be integrated into governance and the efficiency of governmental management should be improved to enhance the efficiency of the implementation of environmental protection policies.
Second, we should strengthen the integration of traditional and real industries, upgrade the industrial structure, and promote the green and low-carbon transformation of enterprises via digital technologies such as 5G, big data, cloud computing, and Internet Plus. Enterprises should increase investment in technological R&D, apply digital technology and network infrastructure to more industries and sectors, improve urban environmental quality through technological innovation, and achieve carbon emission reduction.
Finally, the heterogeneity of the carbon emission reduction effects of digital infrastructure construction has been fully analyzed. Compared with the eastern region, the central and western regions have lower levels of economic development and smaller populations. Although the level of the development of digital infrastructure construction is relatively backward, it has obvious advantages as a latecomer. For future development, digital technology, talent inputs, and innovation factors should be appropriately allocated to the central and western regions in order to enhance their abilities to improve environmental problems and realize environmental welfare.
Although this paper explores the carbon reduction effects of digital infrastructure construction based on 283 cities in China, several limitations still exist. For example, firstly, future scholars can use more micro county data or enterprise data for exploration. Secondly, scholars can seek more significant mechanisms to explore the impact and pathways of digital infrastructure construction on urban carbon reduction.
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