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Abstract: This paper takes 41 prefecture-level cities in the Yangtze River Delta region from 2011 to 2021 as research samples. It calculates the digital economy development level index using the principal component method and examines the impact of the digital economy on carbon emission reduction in the Yangtze River Delta region using the two-way fixed effects model, the mediating effect model, and the threshold effect model. The study finds that: (1) The digital economy can promote carbon emission reduction in the Yangtze River Delta region, and the results are robust. (2) The digital economy can reduce carbon emissions through the mediating effect of reducing energy intensity. (3) The impact of the digital economy on carbon emission reduction in the Yangtze River Delta region has dual threshold effects of environmental regulation and capital misallocation, and the role of environmental regulation and capital misallocation in curbing carbon emissions shows a trend of first strengthening and then weakening. 
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1.Introduction
For a long time, China's economic development has been accompanied by high pollution and high energy consumption, resulting in serious problems of energy consumption and environmental pollution. In 2021, the State Council issued the Action Plan for Carbon Emission Peak Before 2030, which pointed out that promoting green and low-carbon transformation, improving energy-saving and carbon-reducing efficiency, and achieving carbon emission peak in urban and rural construction will be included in the overall planning of economic and social development, striving to achieve the goals of carbon emission peak and carbon neutrality [1]. The digital economy is an economic form following the agricultural and industrial economies, with the core characteristic of data resources. Through the comprehensive application of information and communication technologies and the digital transformation of all factors, it has become a key force in promoting economic development and promoting the integration of fairness and efficiency in the new economic form. As an important driving force for high-quality economic development in China, the digital economy has great potential and advantages. It can stimulate consumer demand, attract investment, and promote the transformation and upgrading of traditional industries through digitalization and intelligence, thereby promoting the overall economic development. In recent years, the rapid development of the digital economy has provided new models and paths for green and low-carbon development. For example, digital projects such as intelligent transportation and smart cities can effectively reduce energy consumption and environmental pollution, promoting the green transformation of the economy and the realization of carbon emission reduction goals.
The Yangtze River Delta region includes Shanghai, Jiangsu, Zhejiang, and Anhui, and is one of the most economically developed areas in China. The digital economy refers to an economic form based on digital technology and information networks, characterized by digitalization, networking, and intelligence. As one of the leading regions in China's digital economy development, the Yangtze River Delta region has a high level of digital infrastructure and relatively complete digital infrastructure. Through digital and intelligent production methods, the region can effectively improve the utilization efficiency of resources and reduce energy consumption and emissions. By strengthening the construction of digital infrastructure and promoting the digital transformation of industries, the Yangtze River Delta region promotes carbon emission reduction and sustainable development. Its experience in digital economy development can provide new perspectives for other cities to achieve "dual carbon" development and jointly promote the development of the digital economy. Based on this, this paper studies the impact of the digital economy on carbon emission reduction in the Yangtze River Delta region and clarifies the mechanism of the digital economy's impact on carbon emission reduction in the region. This is conducive to promoting the realization of the "dual carbon" goals and has certain practical significance for balancing the relationship between economic development and carbon emissions.
2.Literature review
Research on the digital economy primarily encompasses two main aspects. First, there is the study of the connotation of the digital economy. According to the research by Chen et al. (2022), the core of the digital economy is digital information, led by digital technological innovation, with the Internet platform as the main medium for information dissemination, and characterized by a series of emerging models and business forms. It not only changes the production methods and business models of traditional economies but also brings new opportunities for economic development. Additionally, Hu et al. (2021) explored the digital economy from a sociosemiotic perspective, emphasizing its widespread application in various fields. Second, there is the study of the development level of the digital economy. Cai and Niu (2021) concluded through national economic accounting that the digital economy is a key factor in China's economic growth, with rapid development in both digital industrialization and industrial digitalization. Wang and Zhu et al. (2021) measured the digital economy development level index and found that the digital economy is growing rapidly, but there is heterogeneity among regions. In terms of spatial patterns, the eastern region has a high level of digital economy, while the western region has a low level, showing an imbalanced development trend. Moreover, Xue et al. (2022) studied the impact of the digital economy on energy consumption and found that the development of the digital economy has a significant impact on energy consumption.
Research on carbon emissions mainly includes three aspects. First, there is the study of carbon emission measurement. Ma and Chen et al. (2015) used the minimum distance method to measure the carbon emission rate and found that China's provincial carbon emission efficiency shows a trend of higher efficiency in the eastern coastal provinces and lower efficiency in the inland provinces. The national carbon emission efficiency presents a "U"-shaped curve, with significant spatial autocorrelation and spatial clustering among provinces. Second, there is the study of the spatiotemporal differences in carbon emissions. Meng and Yin et al. (2023) used kernel density analysis and standardized ellipse analysis to study the spatiotemporal evolution of agricultural carbon emissions and found that China's agricultural carbon emissions present an inverted "U"-shaped curve with significant regional differences. The eastern region has better emission reduction performance, the central region shows a "bipolar" distribution, and the western region faces a formidable emission reduction task. Spatially, it presents a trend dominated by the northeast-southwest direction, with dispersion towards the northeast and northwest. Additionally, Tan et al. (2024) studied the impact of the digital economy on low-carbon sustainable development and found that the development of the digital economy has a significant impact on industrial carbon emissions. Third, there is the study of the factors influencing carbon emissions. Ren and Du et al. (2023) concluded from the perspective of identifying content and theoretical angles that carbon emissions are the result of the combined effect of multiple dynamic factors. The economy, population, and energy are the main factors affecting carbon emissions, while the labor force population and changes in urban land use are potential influencing factors. Moreover, Liu et al. (2021) studied the impact of digital financial inclusion on economic growth and environmental sustainability and found that digital financial inclusion has a significant impact on carbon emissions.
Although the aforementioned literature has studied the digital economy and carbon emissions, most of the research is based on the national level, with relatively few regional studies and analyses. Based on this, the innovations of this paper are reflected in the following aspects: (1) Selecting the Yangtze River Delta region as the subject of in-depth study and analyzing the impact of the digital economy on carbon emissions from a regional perspective to provide theoretical and empirical support for promoting the integrated development of the Yangtze River Delta region; (2) Deeply exploring the logical relationship between the digital economy and carbon emission intensity to expand the field of research related to urban green transformation; (3) Through theoretical and empirical analysis, deeply studying the mediating role of energy intensity in the impact of the digital economy on carbon emissions to provide a richer understanding of how the digital economy reduces carbon emissions; (4) Investigating the dual threshold effects of environmental regulation and capital misallocation in promoting carbon emission reduction by the digital economy and analyzing the mechanisms through which the digital economy affects carbon emissions to broaden the pathways for carbon emission reduction; (5) Conducting heterogeneity analysis of different cities to provide feasible suggestions for regions with different levels of economic development to expand the scale of the digital economy and achieve low-carbon development, which has certain practical significance for promoting the green and low-carbon transformation of cities.
3.Theoretical Analysis and Research Hypotheses
(1) The Impact of the Digital Economy on Carbon Emission Reduction
Firstly, the digital economy can promote the intelligent and green development of infrastructure, thereby reducing carbon emission levels. Digital devices can enhance the level of intelligence, and digital office practices can reduce carbon emissions generated from commuting. Smart sensors and data analysis technologies can assist enterprises in monitoring energy consumption in real-time, identifying and resolving issues related to energy waste. Moreover, digital supply chain management can help enterprises manage logistics and inventory more effectively, reducing carbon emissions during transportation and storage. By achieving more efficient transportation routes and inventory management, enterprises can significantly contribute to their green transformation, which is of great significance in reducing carbon emissions in the Yangtze River Delta region. Lastly, the digital transformation has altered traditional agricultural production methods, improving agricultural economic benefits and promoting green agricultural development. Smart agriculture and precision agriculture technologies can enhance agricultural production efficiency, optimize the allocation of agricultural resources, reduce waste, and improve resource utilization efficiency. New types of agricultural production methods can reduce the use of pesticides and fertilizers, decrease environmental pollution, promote the use of renewable resources in rural areas, and support sustainable agricultural development, thereby reducing agricultural carbon emissions.
Secondly, the digital economy can enhance the efficiency of production factor utilization, thereby promoting carbon emission reduction in the Yangtze River Delta region. The combination of digital technologies such as big data with enterprise production departments can drive the digital development of industries. It can collect information on various production factors and provide references for opinions on improving the efficiency of production factor utilization in industrial sectors, thereby optimizing the production models of industries and reducing carbon emissions. In addition, the digital economy can promote the structural upgrading of industries in different regions and improve carbon emissions. Low-energy-consuming and low-emission digital technologies such as the Internet of Things can replace high-energy-consuming and high-emission industries, driving the structural upgrading of industries and reducing carbon emissions in the Yangtze River Delta region.
Based on the above analysis, Hypothesis 1 is proposed: The digital economy is conducive to carbon emission reduction in the Yangtze River Delta region.
(2) The Mediating Effect of Energy Intensity
Firstly, the deep integration of digital technologies with industries has achieved automation and intensification in the production process, reducing human capital. Resources can be concentrated and optimized, improving production efficiency. The integration of digital technologies with industries such as living services, industrial development, and transportation can optimize production processes and predict supply chain branches through big data analysis. Advanced Internet technologies provide functions such as information sharing and collaborative office work, breaking the constraints of time and space on the allocation of resource factors, accelerating the flow of resources, and avoiding resource and energy waste, thereby reducing carbon emissions. Secondly, digital platforms can collect and analyze market data and consumer feedback, helping enterprises accurately understand market demand, respond to market changes in real-time, and adjust production plans to avoid overcapacity. The application of digital platforms makes the production process more intelligent and precise. Through the Internet of Things technology and data analysis, enterprises can achieve intelligent control of the production process, including automatic equipment adjustment, production line optimization, and quality monitoring. This not only improves production efficiency but also reduces unnecessary resource and energy consumption. Thirdly, digital platforms provide enterprises with effective resource management and optimization tools. Through intelligent algorithms, enterprises can better manage and utilize human and energy resources, improve resource utilization rates, reduce costs, and decrease carbon emissions.
Based on the above analysis, Hypothesis 2 is proposed: The digital economy can reduce carbon emissions in the Yangtze River Delta region through the mediating effect of reducing energy intensity.
4.Model Design and Variable Selection
(1)Model Design
This paper employs a two-way fixed effects model to investigate the impact of the digital economy on carbon emission reduction in the Yangtze River Delta region. The specific model is as follows:
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In equation (1), t denotes the year, i denotes the prefecture-level city, digit represents the core explanatory variable, the digital economy development index, yit represents the explained variable, carbon emissions, controlit​represents various control variables, μi is the individual fixed effect, λt is the time fixed effect, and ϵit is the random error term.
To test the mediating effect, a stepwise regression method is used, with the model as follows:
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In equation (2), Mit represents the mediating variable, and the other variables have the same meanings as above.
(2)Variable Selection
①Dependent Variable
Carbon Emissions (ce) are measured using carbon emission intensity. Based on existing research, carbon emissions consist of three main components: Direct carbon emissions within the city jurisdiction, including those from transportation, construction, and industrial production sectors. Indirect carbon emissions related to energy consumption outside the city jurisdiction, including emissions from purchased electricity and heating/cooling. Other indirect carbon emissions within the city caused by activities outside the jurisdiction, including greenhouse gas emissions from production, consumption, and use. The carbon emission intensity is calculated as the ratio of total carbon emissions to GDP for the 41 prefecture-level cities in the Yangtze River Delta region. To ensure the accuracy of the empirical results, this indicator is logarithmically transformed.
②Core Explanatory Variable
Digital Economy (dig) is measured using the Digital Economy Development Index. This paper constructs an index system for the digital economy development of the 41 prefecture-level cities in the Yangtze River Delta region, as shown in Table 1. Missing values are filled using linear interpolation and regression imputation. The Digital Economy Development Index for the 41 cities is calculated using principal component analysis, as shown in Table 1. Data are sourced from the China City Statistical Yearbook for the years 2011–2021.
③Control Variables
Five control variables are selected to capture factors influencing carbon emission reduction in the Yangtze River Delta region: Urbanization Rate (urb): Measured as the ratio of permanent urban population to the total year-end population. Foreign Direct Investment (fdi): Measured as the ratio of actual foreign investment used to regional GDP. Government Size (gs): Measured as the ratio of general public budget expenditure to regional GDP. Population Density (pag): Measured as the ratio of permanent population to urban area. This variable is logarithmically transformed. Industrial Structure (ins): Measured as the ratio of the added value of the tertiary industry to the added value of the secondary industry.
④Mediating Variable
Energy Intensity (ei) is selected as the mediating variable to reflect the comprehensive utilization efficiency of energy. It is measured as the ratio of total electricity consumption to regional GDP. This variable can reflect the impact of the digital economy on energy utilization efficiency. The development of the digital economy can enhance production efficiency and management levels, thereby reducing energy intensity and promoting efficient energy use, which in turn reduces carbon emissions.
Table 1 Indicator System for the Measurement of Digital Economy Development Index in 41 Prefecture-level Cities in the Yangtze River Delta Region
	Dimension
	Indicator
	Attribute

	Digital Infrastructure
	Number of mobile phone users per 100 people (users)
	+

	
	Number of international Internet users per 100 people (users)
	+

	
	Length of long-distance optical cable (kilometers)
	+

	
	Internet broadband access ports per capita (users)
	+

	
	Internet penetration rate (%)
	+

	Digital Industry
	Proportion of employees in information transmission, computer services, and software
	+

	
	Telecommunication business volume per capita (ten thousand yuan per person)
	+

	
	Postal service volume per capita (ten thousand yuan per person)
	+

	Digital Inclusive Finance
	Scientific and technological output (ten thousand yuan)
	+

	
	Digital inclusive finance index
	+

	
	Number of utility model patents related to digital economy authorized in the current
	+



(3)Data Sources
This paper takes the 41 prefecture-level cities in the Yangtze River Delta region as the research objects and constructs a panel dataset for the period from 2011 to 2021. The data for the core explanatory variables and control variables are sourced from the China City Statistical Yearbook and the China Economic Network Database for the years 2011–2021. The data for the dependent variable are obtained from the China Emission Accounts and Datasets (CEADs) and the China Energy Statistical Yearbook for the years 2011–2021.
5.Empirical Analysis of the Impact of the Digital Economy on Carbon Emission Reduction in the Yangtze River Delta Region
(1)Benchmark model regression analysis
The benchmark regression results for the impact of the digital economy on carbon emission reduction in the Yangtze River Delta region are presented in Table 2. Columns (1) and (3) show the regression results with both time and individual fixed effects, while column (2) shows the results of the ordinary least squares (OLS) regression. Column (1) presents the regression analysis of the core explanatory variable, the digital economy, on the dependent variable, carbon emissions, without including control variables. The estimated coefficient is -0.107, indicating that the digital economy has a significant inhibitory effect on carbon emissions at the 1% significance level. The model fits the data well. Column (2) shows that the digital economy also inhibits carbon emissions at the 1% significance level, consistent with the results from the two-way fixed effects model. The industrial structure reduces carbon emissions at the 5% significance level, while government size promotes carbon emissions at the 1% significance level, and population density reduces carbon emissions at the 1% significance level. Column (3) presents the regression results with control variables included and both individual and time fixed effects. The estimated coefficient is -0.073, indicating that the digital economy has a negative significant impact on carbon emissions at the 10% significance level. The regression results from Model 1 to Model 3 demonstrate that the digital economy can reduce carbon emissions in the Yangtze River Delta region, thus supporting Hypothesis 1.
Looking at the control variables in column (3), the regression coefficient for the industrial structure is -0.256, indicating a significant negative impact on carbon emissions at the 1% significance level. This is because most of the industries transferred to the Yangtze River Delta region are high-tech intensive industries, which can accelerate the transformation of digital industries, improve energy utilization efficiency, enhance corporate management levels, and encourage green industrial development and technological innovation to save energy, thereby reducing carbon emissions in the region. The regression coefficient for government size is 0.859, and it has a positive impact on carbon emissions at the 5% significance level. An increase in government size implies an expansion of government activities, leading to higher resource and energy consumption, which can have a negative impact on the environment and increase regional carbon emissions.
Table 2 Regression results of benchmark model
	Variable
	（1）
	（2）
	（3）

	
	OLS
ce
	OLS
ce
	OLS
ce

	dig
	-0.107***
（0.038）
	-0.636***
（0.058）
	-0.073*
（0.041）

	urb
	
	-0.096
（0.307）
	-0.433
（0.319）

	fdi
	
	1.499
（1.231）
	-0.848
（1.100）

	gs
	
	4.222***
（0.495）
	0.859**
（0.416）

	pag
	
	-0.306***
（0.046）
	0.033
（0.269）

	ins
	
	-0.203**
（0.095）
	-0.256***
（0.076）

	Constant
	-10.231***
（0.135）
	-6.951***
（0.365）
	-9.865***
（2.071）

	Time-fixed effect
	YES
	NO
	YES

	Individual fixed effect
	YES
	NO
	YES

	R2
	0.9507
	0.7014
	0.9521

	N
	451
	451
	451


( Note : * indicates that the statistic is significant at the level of 0.1, * * indicates that the statistic is significant at the level of 0.05, * * * indicates that the statistic is significant at the level of 0.01, the same below )
(2) Robustness Tests for the Empirical Results
ITo enhance the credibility of the empirical results regarding the impact of the digital economy on carbon emission reduction in the Yangtze River Delta region, this paper conducts robustness tests using four methods: replacing the dependent variable, replacing control variables, excluding provincial capital cities, and performing sample winsorization.
1.Replacing the Dependent Variable. The carbon emission intensity is replaced with per capita carbon emissions, which is measured as the ratio of total carbon emissions to the year-end permanent population and is logarithmically transformed. The regression results in column (1) of Table 3 show that the coefficient of the digital economy is -0.168, indicating a significant inhibitory effect on carbon emissions in the Yangtze River Delta region at the 1% significance level. The goodness-of-fit is 0.9489, which suggests that the model is robust.
2.Replacing Control Variables. The industrial structure is represented by the proportion of the added value of the tertiary industry to regional GDP, and population density is measured by the year-end permanent population, both of which are logarithmically transformed. The regression results in column (2) of Table 3 show that the coefficient of the digital economy is -0.140, indicating a significant negative relationship with carbon emissions in the Yangtze River Delta region, thus confirming the robustness of the model.
3.Excluding Special Cities. To eliminate the potential influence of special cities on the results, this paper excludes Nanjing, Hangzhou, and Hefei, which are provincial capitals, and then performs the regression analysis. Provincial capitals, due to their unique geographical locations, enjoy more policy advantages, resource advantages, and population advantages, which can introduce extreme values. The regression results in column (3) of Table 3 show that after excluding these provincial capitals, the coefficient of the digital economy is -0.085, which passes the 10% significance test, indicating a significant reduction in carbon emissions in the Yangtze River Delta region. This step excludes the special characteristics of provincial capitals and enhances the credibility and scientific nature of the study.
4.Sample Winsorization. Given the significant differences in the level of digital economy development among cities in the Yangtze River Delta region, such as between southern and northern Jiangsu, southern and northern Anhui, and eastern and western Zhejiang, this paper performs 1% bilateral winsorization on the sample to eliminate extreme values. The regression results in column (4) of Table 3 show that after 1% bilateral winsorization, the digital economy still significantly inhibits carbon emissions in the Yangtze River Delta region at the 1% significance level, demonstrating the high robustness of the model.
Table 3 Robustness test
	
Variable
	（1）
	（2）
	（3）
	（4）

	
	Replacement of explanatory variables
	Replacement of control variables
	Elimination of provincial capital city
	Sample shrinkage

	
	ce
	ce
	ce
	ce

	dig
	-0.168***
（0.031）
	-0.140***
（0.042）
	-0.085*
（0.046)
	-0.178***
（0.037）

	Control variable
	YES
	YES
	YES
	YES

	Constant
	4.789***
（1.550）
	-10.412***
（0.727）
	-9.578***
（2.174）
	-9.886***
（1.497）

	Time-fixed effect
	YES
	YES
	YES
	YES

	Individual fixed effect
	YES
	YES
	YES
	YES

	R2
	0.9489
	0.9510
	0.9432
	0.9736

	N
	451
	451
	418
	451


(3) Heterogeneity Analysis
Given the significant differences among the provinces and cities in the Yangtze River Delta region in terms of economic development levels, resource distribution, and government policies, the impact of the digital economy on carbon emissions in the region is diverse. This paper draws on the research on urban size classification, defining cities with a population exceeding 3 million as large cities and those with a population below 3 million as medium and small cities. Based on the "National Plan for the Sustainable Development of Resource-based Cities (2013–2020)" issued by the State Council in 2013, the 41 prefecture-level cities in the Yangtze River Delta region are divided into 12 resource-based cities and 29 non-resource-based cities. Following the research approach of Wang and other scholars, the 41 cities are ranked in ascending order according to the average carbon emissions, with the first 20 cities classified as low-carbon emission areas and the remaining 21 cities as high-carbon emission areas. Regression analyses are conducted separately for these city classifications, and the results are shown in Table 4.
①Comparison between Large Cities and Medium and Small Cities:  
The results indicate that the effect of the digital economy in promoting carbon emission reduction is not significant in large cities, while in medium and small cities, the digital economy increases carbon emissions at the 10% significance level. This outcome may be related to factors such as technological level, economic structure, and policy implementation. Large cities like Shanghai, Nanjing, and Hangzhou may have already adopted more advanced environmental protection technologies, while medium and small cities like Xuzhou, Fuyang, and Taizhou may still be in the early stages of technological renewal and transformation. Moreover, the economic structure of large cities is likely more diversified and service-oriented, whereas medium and small cities are more reliant on manufacturing and heavy industry. Large cities may have implemented stricter environmental protection policies and measures, while medium and small cities may need to strengthen the formulation and enforcement of such policies. For these reasons, the development of the digital economy in low-tech areas may lead to an increase in carbon emissions.
②Comparison between Low-Carbon Emission Areas and High-Carbon Emission Areas:  
The results show that the digital economy promotes carbon emission reduction in low-carbon emission areas, while its impact on carbon emissions in high-carbon emission areas is not significant. This is because low-carbon emission areas, such as Huangshan and Chizhou, have relatively low levels of economic development and adhere to the concept of green and low-carbon development. In these cities, the development of the digital economy not only drives the process of social informatization and intelligence but also enhances the utilization rate of resources, achieving efficient resource management and utilization, thereby reducing energy consumption and carbon emissions. In contrast, high-carbon emission areas, such as Xuzhou, Yancheng, and Huai'an, rely on heavy industry for development. These areas have not yet completed the digital upgrade of their industrial structures and have paid less attention to environmental protection during their development. As a result, the development of the digital economy has not led to environmentally friendly economic growth.
③Comparison between Non-Resource-Based Cities and Resource-Based Cities   
The results reveal that the impact of the digital economy on carbon emissions is not significant in non-resource-based cities, while it increases carbon emissions at the 5% significance level in resource-based cities. This is because resource-based cities, such as Xuzhou, Huainan, and Suqian, are primarily engaged in the development and processing of energy and mineral resources, which are high-energy-consuming and high-carbon-emitting industries. The development of the digital economy in these cities drives the growth of high-carbon-emitting industries such as energy extraction and processing, leading to an increase in carbon emissions. In contrast, non-resource-based cities, such as Ningbo, Wenzhou, and Lishui, rely more on technological innovation and the service sector for development, where the impact of the digital economy on carbon emissions is relatively small.
The analysis shows that the effect of the digital economy in reducing carbon emissions is only significant in low-carbon emission areas. In large cities and non-resource-based cities, the digital economy generally promotes carbon emission reduction. However, in medium and small cities and resource-based cities, the development of the digital economy leads to an increase in carbon emissions.
Table 4 Heterogeneity test
	Variable
	（1）
	（2）
	（3）
	（4）
	（5）
	（6）

	
	Large Cities
	Medium and Small Cities
	Low-Carbon Emission Areas
	High-Carbon Emission Areas
	Non-Resource-Based Cities
	Resource-Based Cities

	
	ce
	ce
	ce
	ce
	ce
	ce

	Dig
	-0.022（0.058）
	0.326*
（0.178）
	-0.158**
（0.067）
	0.049
（0.072）
	-0.037
（0.053）
	0.342**
（0.159）

	Control variable
	YES
	YES
	YES
	YES
	YES
	YES

	Individual fixed effect
	YES
	YES
	YES
	YES
	YES
	YES

	Time-fixed effect
	YES
	YES
	YES
	YES
	YES
	YES

	Constant
	-8.911***
（0.881）
	-109.772**
（45.072）
	-7.269***
（1.370）
	-9.965**
（3.808）
	-10.625***
（2.525）
	-4.398
（3.723）

	R2
	0.9783
	0.6814
	0.9744
	0.9210
	0.9408
	0.9644

	N
	363
	88
	220
	231
	319
	132




(3)Mechanism Test
To verify Hypothesis 2, which posits that the digital economy reduces carbon emissions in the 41 prefecture-level cities of the Yangtze River Delta region by lowering energy intensity, this paper employs a recursive mediation model for empirical testing. The regression results are presented in Table 5, columns (1) to (3).
Column (1) shows the benchmark regression results with carbon emission intensity as the dependent variable. Column (2) presents the regression results of the digital economy development index on energy intensity. The estimated coefficient of the digital economy is -0.039, indicating that at the 1% significance level, a higher level of digital economy development is associated with a reduction in energy intensity. Column (3) shows the direct effect of the digital economy on carbon emission intensity after accounting for the mediating effect of energy intensity. The coefficient for energy intensity as a mediating variable is 3.829, which is significant at the 1% level. This suggests that an increase in energy intensity leads to an increase in carbon emissions. The Sobel test statistic is 2.666, which passes the significance test. The mediating effect of energy intensity accounts for 19.28% of the total effect, indicating that the digital economy reduces carbon emissions partly by lowering energy intensity. 
Based on these results, Hypothesis 2 is confirmed: The digital economy reduces carbon emissions in the Yangtze River Delta region by decreasing energy intensity.
Table 5 Mediating Effect of Energy Intensity
	Variable
	（1）
	（2）
	（3）

	
	ce
	ei
	ce

	dig
	-0.073*
（0.041）
	-0.043***
（0.007）
	0.096***
（0.033）

	ei
	
	
	3.896***
（0.237）

	Control variable
	YES
	YES
	YES

	Individual fixed effect
	YES
	YES
	YES

	Time-fixed effect
	YES
	YES
	YES

	Soble test
	
	
	2.666***

	Mediating effect test
	
	
	19.28%

	Constant
	-9.865***
（2.071）
	0.331
（0.340）
	-11.154***
（1.597）

	R2
	0.9521
	0.4046
	0.9716

	N
	451
	451
	451


6.Conclusions and recommendations 
(1)Conclusions
This study takes the 41 prefecture-level cities in the Yangtze River Delta region from 2011 to 2021 as research samples, calculates the digital economy development index of each city using the principal component method, and constructs two-way fixed effects models, mediating effect models, and threshold effect models to deeply investigate the impact of the digital economy on carbon emissions and its mechanisms in the region. The main conclusions are as follows:
The digital economy promotes carbon emission reduction in the Yangtze River Delta region, and the results are robust. The mediating effect model shows that the digital economy can precisely allocate and make intelligent decisions regarding energy, reducing unnecessary energy consumption, thereby lowering energy intensity and promoting carbon emission reduction in the region through energy intensity. The impact of the digital economy on carbon emission reduction in the Yangtze River Delta region has dual threshold effects of environmental regulation and capital misallocation. The role of environmental regulation and capital misallocation in curbing carbon emissions shows a trend of first strengthening and then weakening. Heterogeneity analysis indicates that the digital economy has a significant emission reduction effect in areas with lower carbon emissions. However, in medium and small cities and resource-based cities, the development of the digital economy may increase carbon emissions.
(2) Recommendations
Support and promote continuous progress in digital technology to advance green, high-quality development. Increase funding for digital industries and digital technologies such as big data to support the development of the digital economy and research and innovation in digital technologies. Enhance digital technology levels to drive overall industrial upgrading. Promote the construction of digital talent teams and cultivate digital talents to meet the needs of digital economic development.
Actively promote the digital transformation and upgrading of traditional industries to reduce overall societal energy consumption. Facilitate industrial cooperation and the widespread application of digital technologies along the industrial chain. Open innovation models can accelerate the introduction of new technologies and drive the digital transformation of the entire industry. Introduce digital technologies to achieve smart manufacturing and automated production. Use technologies such as the Industrial Internet of Things and the Internet of Things to improve production efficiency and reduce energy waste.
Considering the differences in the impact of the digital economy on carbon emissions among prefecture-level cities, local governments should implement differentiated and precise policy measures. For large cities such as Shanghai and Nanjing, further efforts should be made to strengthen the development of the digital economy, focusing on formulating strategic plans for regional economic integration, fully leveraging the spillover effects of the digital economy, and leading the digital development of other industries to alleviate issues of unbalanced and insufficient regional development.
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