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Introduction: Under the current situation of increasingly severe environmental problems, carbon emission intensity (CEI) has become an essential indicator for evaluating the degree of environmental pollution, and sustainable development has become an eternal issue pursued by human beings. Along with the deepening of the concept of green sustainable development, green finance (GF) and digital economy (DIEC) have gradually become environmentally friendly and reliable tools that play an active role in controlling carbon emissions. Therefore, to promote sustainable economic development, it is necessary to promote GF, DIEC, and CEI in an integrated way, and there are relatively few studies on the synergistic promotion of these three aspects.Methods: Using the entropy method, the coupling coordination degree model (CCDM), and the spatial analysis method, this study thoroughly examines the spatio-temporal pattern of the coupling and coordination of GF, DIEC, and CEI in the Yangtze River Economic Belt using panel data from 11 provinces in the region from 2013 to 2022.Results: The findings demonstrate that: (1) The Yangtze River Economic Belt’s general extent of GF and DIEC advancement is increasing, and the DIEC’s level exhibits a pattern of a declining gradient from the downstream to the upstream areas. (2) The Yangtze River Economic Belt’s CEI is on the decline, with the upstream region having a higher CEI than the middle and downstream regions. (3) Although there is regional diversity, the Yangtze River Economic Belt’s three systems exhibit a growing trend in connection and coordination degree. (4) The Yangtze River Economic Zone shows a declining trend in the spatial difference in the coupling coordination degree (CCD) of the three systems(overall Gini coefficient reduced by 31% from 2013 to 2022), with the upstream showing the smallest discrepancy and the downstream showing the biggest. The discrepancy between upstream and downstream is mainly caused by the different economic structures as well as the levels of progress of the two regions. The source of the discrepancy is mainly interregional.Discussion: This paper puts forward some suggestions in light of the advancement status of the three systems in the region, hoping that it can provide a reference basis for the sustainable development of the region.Keywords: green finance, digital economy, carbon emissions, coupling coordination, spatio-temporal pattern
1 INTRODUCTION
The Industrial Revolution greatly contributed to the advancement of science and technology around the world; however, it was followed by a steady climb in global carbon emissions. This situation has given rise to several serious problems, including global warming, the intensification of the greenhouse effect, the rapid deterioration of the environment, and irreversible harm to human health (Wang et al., 2023). The accelerating process of global warming poses a huge existential crisis and challenge to biodiversity and long-term human development (Figueiredo et al., 2022). Consequently, the problem of carbon emissions has turned into a focal point of global concern. Being the biggest developing nation and the second-largest economy in the world (Liang and Song, 2022). China’s carbon emissions from transport and other sectors, such as construction, should not be underestimated (Liu et al., 2024a; Liu et al., 2024b). Therefore, China must take countermeasures.
China has been a major force in the worldwide fight against climate change since President Xi Jinping said in 2020 that China needs to peak its carbon emissions by 2030 and become carbon-neutral by 2060 (Huang and Chen, 2022). By 2024, China has already made great strides in reducing carbon emissions through energy-saving and carbon-reducing retrofits in key sectors and industries. Action Programme on Energy Conservation and Carbon Reduction 2024–2025 emphasises green finance (GF). It guides financial institutions to support energy and carbon reduction projects by market principles and the law. It extends effective financing. Furthermore, regions are encouraged to support energy-saving and carbon-reducing renovation, energy-using equipment renewal, energy and carbon emission statistics, and accounting capacity enhancement through existing funding channels. GF describes a new paradigm of financial growth that promotes industrial enterprises to reform environmentally and focuses capital flow on low-carbon and sustainable sectors. The growth of GF and the enhancement of the effectiveness of carbon emissions are necessary to meet China’s carbon dioxide emission targets (Liang and Song, 2022). GF comprises many investment and financing programs. To put it into practice, investments must be moved from sectors that utilize much energy and bring about much pollution to those that use less energy and are more ecologically friendly (Zhang et al., 2022a). GF has been demonstrated to upgrade industrial structure and energy mix optimization at the macro level, which lowers carbon emissions (Wang et al., 2023). Through funding, innovation, and outside oversight, GF can lower carbon emissions on a micro level (Zhao et al., 2024).
Meanwhile, the digital economy (DIEC) is an emerging economic form. Its influence on carbon emissions should not be disregarded. Research has found that DIEC could affect carbon emissions in various ways, such as energy use intensity, the amount of energy usage, and the sustainability of cities (Zhang et al., 2022b). The importance of the DIEC in supporting a digital revolution of sectors is highlighted in detail in China’s Fourteenth Five-Year Plan for the Development of the DIEC. It highlights the utilization of DIEC to enhance energy utilization efficiency and production operations. The plan also underscores the imperative of greening digital infrastructure and encouraging the formation of novel industries and business operations. These measures are designed to curtail resource consumption and to assist in achieving targets for carbon emission reduction. It can be seen that GF and the DIEC have become important tools for controlling carbon emissions and actively promoting sustainable economic development. Reaching dual-carbon targets and fostering outstanding economic development now depend heavily on a seamless combination of DIEC and GF.
At present, there is a sizable body of published investigations about how GF affects carbon emissions. Furthermore, some scholars have studied the important role played by the DIEC in reducing carbon emissions. However, there is a lack of studies about how the DIEC and GF together affect carbon emissions. There is even less research about the intrinsic connection between the synergistic advancement of these three systems. Considering this, researching how advancing GF and DIEC could together decline carbon emissions, and how these three fields interact, is valuable in theory and practice for China and even the world’s low-carbon strategies.
Consequently, there is a compelling rationale for conducting further comprehensive and extensive studies in this domain. Drawing on the perspective of the synergistic advancement of these three aspects, our study takes the information from 11 provinces in the Yangtze River Economic Belt from 2013 to 2022 to measure the stage of development and coupling coordination degree (CCD) of the three systems of GF, DIEC, and carbon emission intensity (CEI), and further explores their spatial distribution characteristics, with a view to improving the extent of coordination among the three systems and fostering the deep convergence of these systems. This offers policy guidance for green and sustainable economic growth in China.
2 LITERATURE REVIEW
Carbon emission is one of the key factors of environmental pollution, and it is crucial for environmentally friendly development to pay sustained attention to carbon emission and conduct research to measure it. Currently, there is a large amount of literature on carbon emissions, some from the perspective of different industries, such as construction (Huang et al., 2024), industry (Gao et al., 2021), power industry (Li et al., 2024), etc., to explore the current situation of carbon emissions in various industries, drivers, emission reduction potential and feasible emission reduction path. There are also scholars from the perspective of factors affecting carbon emissions, pointing out that economic growth (Xiao and Peng, 2023), sectoral structure (Yan and Ge, 2017), urbanization development (Xiao and Peng, 2023); (Tang et al., 2024), etc. have an important impact on carbon emissions, after understanding the factors affecting carbon emissions, we can be more purposeful and directional to explore the path of low-carbon emission reduction.
Existing literature on GF, DIEC, and carbon emissions mostly examines the respective impacts of GF and DIEC on carbon emissions from a single aspect. The first one concerns how GF affects carbon emissions. Many current researches have explored the environmental influence of GF from specific financial instruments. It has been argued that the issuance of green bonds effectively enhances the level of environmental performance of firms and significantly improves their ability to develop innovative environmental technologies (Benlemlih et al., 2023). Green credit policies can discourage investment activity in energy-intensive sectors (Liu et al., 2017). Mechanisms like green bonds can do this by reducing waste and pollutants. Some studies explore the impact of GF on the environment at a holistic level. It has been argued that GF is more effective in advanced credit locations and economies (Al Mamun et al., 2022). GF can promote green production (Tong et al., 2022), which is centered on energy saving and emission reduction, and can promote the development of the low-carbon economy. Along with the public’s growing concern for the environment, some studies have found that GF plays a positive regulatory role in the public’s concern for the environment and promotes carbon emission reduction (Wang et al., 2024). An argument that GF has spatial spill-over influence is also put forward. GF can lower carbon emissions in the area while additionally lowering carbon emissions in nearby areas (Chen and Chen, 2021).
The secondary aspect concentrates on the modus operandi through which the DIEC influences the decrease of carbon emissions. DIEC has the potential to markedly curtail carbon emissions, a process in which the enhancement of industrial structure assumes a pivotal moderating function (Chang et al., 2023). Li and Wang examined 274 Chinese cities and developed the view that the spatial influence of DIEC on carbon emissions is shaped like a reverse U (Li and Wang, 2022). The long-lasting spillover effect of DIEC on carbon dioxide emissions is supported by reliable evidence of technology spillover and the modernization of industrial frameworks; this effect is greater over the long run than it is over the short term. After studying 30 Chinese provinces, Ma et al. come to the conclusion that China’s DIEC, CO2 emissions, and energy consumption are linked in the long term (Ma et al., 2022). The long-term research data indicates that digitalization lowers CO2 emissions in many provinces. The third aspect concentrates on the consequences of the favourable cooperation between GF and DIEC with regard to carbon emissions. Liu and Zhu (2024) argued that DIEC could boost the influence of GF and help reduce carbon intensity. This assertion points to the potential for DIEC to make a meaningful contribution to supporting the decrease in carbon emissions. However, DIEC’s potential as a catalyst for advancing GF to cut carbon emissions is not fully realized. It is suggested that in an environment with great accomplishments of DIEC, the positive consequence of GF on urban carbon becomes less pronounced (Wu et al., 2025).
In summary, research shows that DIEC and GF can cut carbon emissions. Few scholars have studied the DIEC’s effect on GF. Few studies explore how the growth of these two systems affects carbon emissions, and even fewer have examined the synergistic growth of these three systems. In this study, we find this deficiency in existing research and try to explore the intrinsic mechanism of the coupled and coordinated development among the three systems of GF, DIEC, and CEI, with a view to providing richer theoretical support in the existing research on the development among the binary systems.
3 MATERIAL AND APPROACHES
3.1 Index system construction
We analyze the region using a fair and scientifically comparable approach to measure the degree of advancement of each of the GF, DIEC, and CEI in the upper, middle, and lower Yangtze River Economic Belt.
3.1.1 Construction of the GF indicator system
In constructing the green financial indicator system, this paper refers to the existing research (Chen and Chen, 2021; Liu et al., 2019) and divides the GF into five parts; these aspects can comprehensively reflect the development scale, capital flow, and risk guarantee ability of the GF in the Yangtze River economic belt. The entropy value approach is adopted to find the comprehensive GF indicators for each province, and the measurement results are listed in Table 1.
TABLE 1 | GF measurement system.
[image: Table 1]3.1.2 Construction of the DIEC indicator system
This study utilizes previous scholars’ interpretations of the connotations of the DIEC (Zhu et al., 2022) and combines them with practical foundations. It uses four indicators: digital economic foundation, digitalization industrialization, industrial digitization, and DIEC penetration. We comprehensively measure the development level and characteristics of the DIEC from the aspects of facility support, industrial development, application scenarios, and popularity.
The entropy approach is adopted to calculate each province’s DIEC indicators. The measurement consequences are detailed in Table 2.
TABLE 2 | DIEC measurement system.
[image: Table 2]3.1.3 Carbon emission indicator construction
Each province’s carbon emissions are measured in this research using the CEI, which is based on the existing studies (Yi et al., 2024), reflecting the level of carbon emissions corresponding to each unit of economic output and effectively measuring the association between economic development and carbon emissions. First, the calculation method relies on the 2006 edition of the IPCC Guidelines for National Greenhouse Gas Emission Inventories. We determine the total quantity of carbon emissions in each region. In our article, we measure the CO2 emissions for the end-use energy consumption data from the 11 provinces. The following Equation 1 provides the formula:
[image: image]
The carbon emissions of each of the 11 provinces are measured by the formula above. The CEI was calculated, and the regional CEI was denoted as the percentage of the carbon emissions of the province’s GDP.
3.2 Data source
This research uses data from 11 provinces in the Yangtze River Economic Belt between 2013 and 2022 to analyze regional differences. It is drawn on data from the China Statistical Yearbook, the China Energy Statistical Yearbook, and the official statistical yearbooks of these 11 provinces. Missing data were interpolated. Data for the Digital Inclusive Finance Index are from the Peking University Digital Inclusive Finance Index, published by the Digital Finance Research Centre at Peking University.
3.3 Methodology of the research
3.3.1 Entropy value approach
The entropy value technique is a multi-indicator weight determination strategy based on information entropy. It has the advantage of allowing you to realistically determine each indicator’s weight using the discrete degree of the data itself, removing the effect of subjective human variables. In light of this, we borrowed the research method of Liu et al. (2023) and adopted the entropy value approach to measure the GF and DIEC indicator system of the Yangtze River Economic Belt, which sequentially standardizes the acquired initial data, calculates the weights of the sample indicator values and calculates the information entropy and coefficient of variation accordingly, and ultimately derives the weights of the indicators to construct a comprehensive indicator system of GF and DIEC.
3.3.2 CCDM
We constructed a CCDM for the three systems; the formula is calculated as Equation 2 below (Dong et al., 2023):
[image: image]
U1, U2, and U3 denote the GF, DIEC, and CEI levels, respectively. C denotes the coupling level of the interaction among the three systems. In order to further investigate the interaction and equilibrium between the three systems, we need to calculate the degree of coordination. The following Equation 3 provides the formula:
[image: image]
D represents how well the three systems are connected, while C shows how well they are coupled, and U shows the overall composite score of system. U is calculated using U = αU1 + βU2 + λU3, where U1, U2, and U3 are the scores of the three systems. The weights of the three systems are set at 1/3 to make them equally important. The scale for measuring D varies from 0 to 1, with larger values denoting stronger coupling and coordination among the systems.
By extant literature practice (Dong et al., 2023), as listed in Table 3, the CCD is categorized into ten levels.
TABLE 3 | Classification of CCD.
[image: Table 3]3.3.3 Dagum gini coefficient (D-Gini)
Our paper mainly chooses the D-Gini decomposition method proposed by related scholars in 1997 to decompose the spatial variations in the coordination of these three systems in the Yangtze River Economic Belt in 2013–2022 (Dagum, 1998; Yuan et al., 2024). This method has been extensively applied to depict the issue of regional disparities.
Based on the D-Gini decomposition, the total D-Gini is calculated according to the following Equation 4:
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where [image: image] and [image: image] are the CCD of these systems for each province in areas j and h, respectively. [image: image] is the average value of the CCD of the three systems in the Yangtze River Economic Belt; n is the count of provinces; k is the count of sub-divisions of the Yangtze River Economic Belt, which in this research is divided into the upper reaches of the Yangtze River, the middle reaches, and the lower reaches. nj is the count of provinces within sub-area j of the Yangtze River Economic Belt; G is the total D-Gini; h is the different sub-areas; r is the different provinces within the sub-regions. The D-Gini decomposition approach divides the whole D-Gini G into the intraregional dispersion coefficient Gw, the interregional net dispersion coefficient Gnb, and the supraregional dispersion coefficient Gt, which meets the relational Equation 5:
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the formulas for calculating intra-area variations are Equations 6–11.
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In Equations 12 and 13, we denote djh as the variations in the CCD of the three-system among subregions, pjh as the super covariance matrix, and Fj and Fh as the cumulated density functional of subregions j and h, respectively. We hope to calculate D-Gini to explore the regional discrepancy of CCD of upstream, midstream, and downstream GF, DIEC, and CEI, and analyze the source of regional discrepancy, and we hope to draw meaningful conclusions from it, which will provide a certain foundation for the coordinated advancement of the whole area.
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4 FINDINGS AND INTERPRETATION
4.1 Analysis of measurement results for GF and DIEC
Table 4 shows the degree of GF and DIEC in each province (due to space limitations, only the data for 2013, 2017, and 2022 are shown). The concrete interpretation is below.
TABLE 4 | Growth degree of GF and DIEC in 2013–2022.
[image: Table 4]With no discernible regional variations, the degree of advancement of GF in the 11 provinces over the study period demonstrated a general upward trend, suggesting that GF is gradually moving towards a more prominent and mature stage of development in the region and that GF is becoming increasingly important as a key force for sustainable advancement. Simultaneously, the degree of DIEC advancement in Yangtze River Economic Belt provinces also shows a general rising tendency, suggesting that the DIEC has progressively grown to be an essential driver of regional economic advancement. Specifically, the DIEC has a comparatively high extent of growth and stable growth in the downstream regions of Shanghai, Zhejiang, and Jiangsu. Among them, it is worth noting that the DIEC level of Jiangsu Province has exhibited a marked improvement, rising from 0.360 in 2013 to 0.682 in 2022, with a growth value of nearly 90%, which is partly attributed to the strategy of “strong province with digital integration” implemented by Jiangsu Province in recent years, which also gives us some insights into the need for the government to do a good job of policy guidance and long-term planning for regional development. Upstream areas such as Guizhou, Yunnan, and other provinces have a weaker starting point but a faster growth rate, showing greater development potential. From the standpoint of geographical distribution, the level of DIEC advancement in this area exhibits a declining distribution pattern from the downstream to the upper and middle reaches. This discrepancy could be caused by the downstream region’s robust economic base, cutting-edge technology, and wealth of human resources, all of which create supportive conditions for the growth of the DIEC, while the middle and upper reaches region’s development lags behind, which limits the rate of growth. To mitigate this situation, upstream and midstream need to strengthen digital infrastructure and enterprise introduction, and focus on industrial digital transformation and technological innovation to improve synergistic regional advancement.
4.2 Analysis of the measurement results of CEI
As shown in Figure 1, between 2013 and 2022, CEI fell in 11 provinces. This displays that the area is successfully reducing and controlling its carbon emissions, likely due to the decoupling of CO2 emissions from social progress in diverse parts of the Yangtze River Economic Belt. The upstream zone has the highest CEI, while the rest have similar levels. This is because the upstream zone’s economic advancement is behind, and its industry structure favors traditional sectors, resulting in lower efficiency and higher emissions. Policy support and coordinated efforts are helping to narrow the gap. With the tilting of policies at the national level, such as the promotion of strategies such as the coordinated advancement of this area and the establishment of coordination mechanisms such as industrial collaboration and technical assistance between upstream and downstream areas, the upstream regions are receiving more support for ecological protection, industrial upgrading, and other aspects, and the gap in CEI between regions is gradually narrowing.
[image: Figure 1]FIGURE 1 | Average CEI of three regions
4.3 Analysis of the spatio-temporal pattern of CCD of the three systems
4.3.1 Characterization of the temporal pattern of CCD of the three systems
The CCD of the three systems from 2013 to 2022 is calculated using the CCDM to determine the CCD of the three systems in the Yangtze River Economic Belt (see Table 5). This area’s three-system CCD demonstrates an overall upward trend; however, unbalanced characteristics are evident between regions.
TABLE 5 | 2013–2022: three systems’ coupling coordination scheduling.
[image: Table 5]Specifically, there was a development from barely coupled to primarily coupled coordination in the 11 provinces, with an average increase from 0.517 in 2013 to 0.602 in 2020. This shows improved coordination in the whole area among the three systems. This is because these regions are seeking ways to cut CEI while enhancing financial support for low-carbon economy projects and pushing technological innovation and digital transformation to enhance energy efficiency and boost industrial upgrading, which may be tied to the policy direction in the last several years.
At the regional level, the CCD of the provinces shows an upward trend, with a decreasing gradient from downstream to upstream. This is due to differing locations, energy endowments, economic growth, policy implementation, and industrial structure. These factors affect the advancement process in each region.
Jiangsu, Zhejiang, and Shanghai, located downstream, show higher levels of CCD than the average Yangtze River Economic Belt region. These economically advanced areas have a more developed financial market and technology, providing a good foundation for GF and the DIEC. Governments in these regions are also focusing increasingly on these areas and introducing strategies and actions that could accelerate the deep integration of these systems. The upstream region, which is comparatively less developed and favors traditional sectors, could limit the DIEC and GF. It must have an arduous task in controlling carbon emissions, so it needs to strengthen the planning and deployment of GF and the DIEC and promote the integration of the two.
4.3.2 Spatial characterization of the CCD of the three systems
To clarify the spatial variations and causes of the degree of coordination associated with these systems, this research calculated the D-Gini of the CCD related to these three systems with the help of Stata software, and the consequences are displayed in Table 6 and Figure 2.
TABLE 6 | Three system coupling coordination D-Gini.
[image: Table 6][image: Figure 2]FIGURE 2 | Three system coupling coordination D-Gini. (a) Intra-regional differences (b) Interregional differences (c) Source of difference.
4.3.2.1 Distinctions between regions and overall
Figure 2a displays the tendency of the D-Gini of the CCD of the region as a whole, as well as the upper, middle, and lower zones over the research period. From the overall level, the D-Gini indicates a wavering downward tendency from 0.07 in 2013 to 0.048 in 2020, indicating that the spatial gaps in CCD of these three systems in the Yangtze River Economic Belt are generally shrinking. The D-Gini of these three zones is not higher than the overall coefficient, and the downstream region’s sample mean is 0.043 (the highest of the three). This region’s coefficient is trending down, possibly due to its advanced economy and complex industry, and different cities’ varying speeds in promoting GF and DIEC, also controlling carbon emissions, causing greater discrepancy in coupling and coordination. The variation in the central zone is the second highest, and the overall trend is fluctuating downward. The variation in the upstream zone is more fluctuating, showing a downward trend, then an upward trend, then a downward trend. This may be because of the late start of the growth of GF and the DIEC in this area, but it may also be due to the abundance of resources and the urgent need to protect the ecosystem, which is progressing faster in controlling carbon intensity, leading to fluctuations in the extent of coupling coordination.
4.3.2.2 Interregional differences
Figure 2b displays the change in the D-Gini of interregional CCD in these three main areas in the study period. Regarding the tendency of change, the degree of spatial disparity among the three main areas, namely, upstream, midstream, and downstream, displays a declining evolution. This could be seen in the overall situation, where the difference in CCD between upstream and downstream areas is the greatest, while the gap between upstream and midstream areas is the least. This may be due to the fact that downstream areas, like Jiangsu, Shanghai, and Zhejiang, have developed economies, mature digital economies, green financial markets, and strict controls on carbon emissions, and thus have a greater CCD. On the flip side, the upstream sector is relatively backward in economic progress, with an industrial structure that favors resource-based and traditional industries, limited innovation and application of GF, and challenges in controlling carbon emissions, resulting in a lower CCD. The midstream region’s industrial structure and degree of economic growth are more evenly distributed than those of the upstream region. These local variations are a reflection of this place’s unbalanced green advancement and digital transition process, which calls for the improvement of coordinated regional growth through strengthening regional cooperation, optimizing the industrial layout, and increasing policy support.
4.3.2.3 Sources of discrepancy
Figure 2c demonstrates the causes of spatial discrepancy in CCD over the study period. It is not difficult to find that interregional variance contributes the most, with its average contribution rate of 67.343 percent, followed by within-region variance and ultimately hypervariable density. From the trend of change, the contribution of interregional and hypervariable density displays an overall decreasing tendency. It shows that promoting coordinated regional development is still the direction of future development, as the variations in the CCD of the three systems are mainly due to inter-regional variations.
5 CONCLUSION, POLICY PROPOSALS, AND DISCUSSION
5.1 Conclusion
The research uses information from 11 provinces in the Yangtze River Economic Belt from 2013 to 2022. By calculating each province’s CEI, it investigates this area’s potential for emission reduction and green development. We chose CCDM to analyze the coordinated evolution connection among the three systems. Finally, the spatial and time-based distribution of the CCD among the three systems is explored, and the conclusions are drawn: There is a general rising trend in the progress level of the DIEC and GF across all provinces. Additionally, the advancement level of the DIEC exhibits a geographic distribution typical of a diminishing gradient from downstream to upstream locations. This area’s CEI is on the decline, with the upstream region having a higher CEI than the middle and downstream regions. There is a clear gradient from the lower to the upper reaches, although the degree of coordination between the provinces demonstrates an increasing tendency. The spatial disparities in CCD are shrinking, and the primary source of these disparities is inter-regional. Within the region, the extent of variation within the lower basin is the greatest, and the extent of variation in the upper basin is the least, but there is a large amplitude of variation in 2016–2021. There is a varying declining tendency in the midstream area. The level of geographic difference between the three main areas—upstream, midstream, and downstream—all exhibit a declining tendency when viewed from an interregional perspective. The upstream and downstream areas have the greatest discrepancy in the CCD, while the upstream and midstream zones have the smallest variation.
5.2 Policy proposals
The subsequent policy proposals are outlined in our article in light of the above conclusions: (1) It is imperative to enhance the synergy between DIEC and GF. The promotion of low-carbon growth requires the connection between the DIEC and GF. Through technological innovation and policy incentives, the two should be deeply integrated. GF should support the sustainable growth of the DIEC while utilizing digital technology to increase the reliability and efficacy of green financial offerings. (2) The implementation of regionally specific development initiatives is imperative. A diversified development strategy must be implemented, reflecting the differences in industry structure and level of economic advancement among the zones of the Yangtze River Economic Belt. (3) Boost collaboration and coordination between regions. To close the development gap and make progress together, interregional coordination and collaboration must be strengthened. Create a platform for cross-regional cooperation to encourage the exchange of knowledge and resources in the DIEC and GF, to work together to address the problems caused by carbon emissions, and to support the low-carbon and green growth of this place as a whole. (4) With the continuous advancement of big data and cloud computing, the synergistic relationship between the network structure and various elements within the system has become more and more critical (Liu et al., 2025a; Liu et al., 2025b), and the various types of network systems involved in GF and DIEC have become more complex and intertwined, and their roles are gradually emerging, so we should make full use of the dividends of the times and give full play to the advantages of the technology and the application of algorithms so as to maximize the function of GF and DIEC in reducing carbon emissions.
5.3 Discussion
Existing studies mostly focus on the impacts of individual GF and DIEC systems on carbon emissions or the local correlation between GF and DIEC, while this study is innovative in analyzing the relationship between the three systems from the perspective of their coupled and coordinated advancement. We find that the development levels of GF and DIEC in all provinces show an upward trend from 2013 to 2022, which strengthens the findings of (Peng et al., 2023 and Fu et al., 2022) to a certain extent. Meanwhile, we are also concerned that the advancement level of DIEC shows a gradient downward trend from downstream to upstream, which further illustrates that factors such as the level of economic development and regional advantages have a certain influence on the development of DIEC. After analysis, the CEI of the upper reaches is higher than that of the middle and lower streams, which has a certain correlation with the conclusion that the upper areas have a lower carbon emission efficiency, as mentioned in (Liu and Hao, 2022).
This study reveals the potential mechanism of the synergistic development of GF, DIEC, and CEI on the reduction of CEI through the analysis of coupling coordination. We find that the CCD of the three systems is on the rise, but there is still room for increase, indicating that the development of GF and DIEC can jointly promote low-carbon development to a certain extent, but this driving force has not yet been fully released and needs to be further explored. In addition, there are geographical differences in this coordinated development, with the largest intra-regional differences in the downstream and the smallest in the upstream, and the inter-regional discrepancy constitutes the main source of the overall differences. Therefore, in the future, we need to focus on strengthening regional coordinated advancement, bridging the differences, optimizing resource allocation, and promoting the synergy of the three systems.
In the future, if the study can be refined and more accurate and detailed data can be obtained, we expect to be able to analyze the role of a green financial product or digital economic tool in the whole process. At the same time, the scope of the study can be expanded to cover the whole country and even the world to propose more universally applicable policy recommendations to better promote sustainable development.
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