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Green development is key to promoting high-quality regional development. Chengdu Plain Economic Zone (CPEZ) stands as the primary area for the Chengdu-Chongqing twin-city economic circle. This study constructed an evaluation system for green development level, selecting 33 indicators from three dimensions: green environment, green lifestyle, and green economy. Through the application of the entropy-TOPSIS method, Pearson correlation analysis, and geographic detector, the green development level of the Chengdu Plain Economic Zone urban agglomeration from 2013 to 2022 was evaluated, as well as the coupling and coordination relationship of green development was analyzed, and the driving mechanism affecting the green development of the region was explored. The results show that: (1) The overall level of green development in the research area continues to improve from 2013 to 2022, with an average annual growth rate of 5.11%. There is spatial heterogeneity in the level of green development among cities. (2). The coupling coordinated development degree (CCD) has steadily improved, however, the overall region is still in a low-level stage of coupled coordinated development. Among them, Ziyang, Suining, Mianyang, and Ya’an exceeded the regional average level in 2015, 2017, 2018, and 2019 respectively, entering the stage of primary coupling and coordinated development. (3). The key driving factors for green development level include GDP electricity consumption, per capita length of water supply pipelines, percentage of added value of the secondary and tertiary industries to GDP, per capita water resources, and population density. The spatial differences in these indicators explain over 50% of the level of green development. To promote high-quality development of the CPEZ, three policy recommendations are proposed: Firstly, optimize green environmental governance. The second is to encourage the development of green technology innovation and circular economy. The third is to strengthen the coordinated development of regional economy, optimize the allocation of resource elements, enhance the radiation effect of urban agglomerations, and drive the integrated development of the CPEZ.
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1 INTRODUCTION
Green development, as an economic growth model, emphasizes the importance of promoting economic progress while prioritizing environmental protection, resource efficiency, and social equity (Said and Dindar, 2024). Sustainability, as a core principle of the G20’s climate initiatives, emphasizes the need for integrated strategies that balance economic development, social inclusion, and environmental protection (Dadhich et al., 2025). As global economic growth patterns gradually transition, green development has become a core concept for achieving sustainable development in modern society (Deng et al., 2024).
In China, green development is a critical component of ecological civilization construction and an inevitable choice for achieving sustainable economic growth (Liang L. N. et al., 2023). Accelerate the comprehensive green transformation of economic and social development, improve the ecological governance system, promote ecological prioritization, resource conservation, and green low-carbon development, and foster harmonious coexistence between humans and nature. The country is committed to achieving high-quality, sustainable development through energy conservation, emission reduction, and enhanced environmental governance. The essence of green development lies in transforming and upgrading traditional industries into low-carbon, energy-efficient, and environmentally friendly economic systems (Zhao et al., 2020). Furthermore, the transition to green lifestyles and consumption patterns, along with advancements in green technologies, has played a crucial role in driving green development.
Foreign scholars have combined ecological footprint models with resource efficiency analysis in green development research, proposing a multidimensional evaluation system that covers resource consumption, environmental pollution, and social welfare (Gibbs and O' Neill, 2016). At the same time, it is emphasized that green finance promotes the implementation of green projects, improves the effective utilization of resources, and promotes the coordinated development of low-carbon technology innovation and green industries through the flow and allocation of funds (Amer and Kareem, 2025; Umar et al., 2024; Raman et al., 2025). Low-carbon development has become a crucial component of green development, with many studies incorporating indicators such as carbon emissions and energy structure into green development evaluation frameworks to promote green low-carbon transformation (Chen et al., 2024).
Domestic scholars often view green development from the perspective of ecological civilization, and have constructed a diversified evaluation system from multiple angles such as ecological environment, economic benefits, and social welfare (Liu Y. B. et al., 2022). Low-carbon development has become an important component of green development, and many studies have incorporated indicators such as carbon emissions, energy structure, and corporate green technology innovation into the green development assessment framework to promote green and low-carbon transformation (Chen et al., 2024). At the same time, environmental pollution control and optimizing industrial structure are also important foundations for achieving high-quality regional development (Liu Y. B. et al., 2022).
The research on measuring China’s green development level mainly focuses on the eastern coastal areas and the economically developed central regions (Yang et al., 2023; Li et al., 2021), with relatively less research on the western regions. Moreover, there are relatively few considerations for environmental quality, carbon emission indicators, and resource utilization efficiency in the existing evaluation system for green development. To supplement and improve the green development evaluation system, this study introduces the PM2.5 and excellent and good rate of AQI, CO2 emissions per unit GDP, and unit GDP water and electricity consumption. At the same time, previous studies have mainly focused on the spatiotemporal differences in green development level (He and Xu, 2022; Chen et al., 2021), and there is relatively little research on the coupling and coordination relationship between green development subsystems and the driving factors affecting green development.
The Chengdu Plain Economic Zone (CPEZ), one of the most economically dynamic regions in western China, includes key cities such as Chengdu and Mianyang. It plays a critical role in advancing the Yangtze River Economic Belt and the Chengdu-Chongqing Twin-City Economic Circle. Green development is key to ensuring long-term ecological balance and achieving high-quality economic growth in this region. The results of this study can provide scientific basis for promoting the transformation of green economy, improving resource utilization efficiency, enhancing environmental quality, and promoting coordinated regional economic development, which will contribute to the realization of the “Beautiful China” initiative.
2 LITERATURE REVIEW
As research on green development theory deepens, regional green development evaluation has shifted from a single-indicator approach to a comprehensive assessment that considers multiple dimensions and the interaction of various factors. Green finance, low-carbon development, social benefits, and their coupling and coordinated development have become important areas of study.
2.1 Constructing a green development evaluation system
The construction of a green development evaluation system is fundamental to regional green development assessment. Many foreign countries focus on the impact of green environment, low-carbon technology, and green economic growth on regional social development (Sunita et al., 2023; Gunay et al., 2025). Domestic research focuses more on comprehensive evaluation of regional development, including multi-dimensional evaluation of resource utilization efficiency, environmental quality, economic development quality, and social benefits (Fang et al., 2020; Dong et al., 2021). Simultaneously, resource utilization efficiency, green technology innovation, low-carbon technology investment and the contribution of green industries to GDP are crucial for promoting sustained growth of the green economy (Li et al., 2023; Liu et al., 2024; Yuan et al., 2023).
Moreover, many scholars have integrated indicators such as carbon emissions and energy structure into green development evaluation systems, driving the transition to a green low-carbon economy (Chen et al., 2019; Yuan et al., 2020). Social benefits are a crucial dimension in the green development evaluation process. Currently, the improvement of the green development evaluation system still faces challenges. One of the critical areas for future research is how to reasonably balance various indicators and consider regional characteristics in the evaluation.
2.2 Regional coupling and coordinated development
The coupling coordination degree model can consider the dynamic characteristics of the system over time, better simulate the evolution process and trend of the system. This method has been applied in the coupling coordination development of ecosystem health and human activity intensity, digital economy and green economy (Wang et al., 2024), efficient utilization of water and soil resources (Zhang et al., 2025), green space quality and economic development (Pan and Zhao, 2025), innovation factor allocation and green economy (Geng et al., 2024) and other aspects. However, there is relatively little research on the coupling and coordinated development relationship between green development evaluation subsystems. This article studies the spatiotemporal trends of the coordinated development of three subsystems: green environment, green life, and green economy.
2.3 The spatiotemporal differentiation and driving factors of regional green development
There are significant temporal and spatial differences in regional green development, and its driving factors are complex and diverse. Many scholars have explored the spatial differentiation characteristics and evolution trends of green development in different regions through interdisciplinary methods, and proposed policy recommendations based on regional characteristics and influencing factors (Zhu et al., 2023). Zhou et al. (2020) evaluated the differences in green development among different regions of China by establishing a comprehensive index of green development. Zhu et al. (2024) synthesized the green development of the Chengdu Chongqing Economic Zone from the perspective of production and life ecology. The main driving factors affecting the green development of the region include the number of doctors per million people, the number of books in public libraries per 100 people, the per capita regional GDP, and the number of secondary schools per million people.
This study focuses on the Chengdu Plain Economic Zone (CPEZ), using the entropy method, coupling coordination model, geographic detector, and ArcGIS technology to explore the spatial and temporal differentiation characteristics of green development and its driving factors. The research specifically analyzes factors influencing green development in the region, including economic activities, population density, resource endowments, and policy measures. Additionally, the study will investigate the interactions among these factors and their impact on the spatial differences of green development levels. Through this research, the paper aims to provide a comprehensive understanding of the challenges and opportunities for green development in the Chengdu Plain urban agglomeration, offering valuable insights for deepening the cultivation of new productive forces, steadily achieving the “dual carbon” goals, and promoting high-quality development in the region. This study will also contribute to a broader understanding of how to promote green development in rapidly urbanizing areas, especially in the context of the economic and ecological challenges faced in western China.
3 RESEARCH METHODOLOGY AND DATA SOURCES
3.1 Scope of research
The Chengdu Plain Economic Zone (CPEZ) is located in the western Sichuan Basin, covering a total area of 86,469.1 km2, and includes cities such as Chengdu, Ziyang, Deyang, Meishan, Suining, Mianyang, Leshan, and Ya’an (Figure 1). The region is characterized by a dense river network, efficient transportation infrastructure, and a robust economy. As such, it is an important component of the Yangtze River Economic Belt and the Chengdu-Chongqing Twin City Economic Circle. It is one of the most populous and economically developed areas in Southwest China and plays a critical role as a key agricultural production hub for grains, vegetables, and other crops in the Sichuan Basin. By the end of 2022, the CPEZ’s annual GDP reached 3.4671 trillion yuan, taking over 61.09% of the Sichuan province’s GDP, with a population of 39.991 million, or 44.10% of the provincial total.
[image: Figure 1]FIGURE 1 | Overview of the Chengdu plain economic zone (CPEZ).
3.2 The green development evaluation index system
In order to effectively explore the green development level and driving factors in Chengdu Plain Economic Zone (CPEZ), it is of great importance to scientifically and systematically construct an evaluation index system (Li et al., 2024).
Based on the theoretical framework of the “three layers” of green development, and following the principles of scientific rigor, systematic structure, and accessibility, this paper constructs an evaluation index system for green development (Lu et al., 2023). The system consists of three subsystems: Green Environment, Green Lifestyle, and Green Economy. It includes 33 evaluation indicators at the indicator layer, with 19 positive indicators and 14 negative indicators (Lan et al., 2024).
(1) Green environment is essential for the coordinated development of the economy, society, and ecology. Environmental governance measures, such as carbon reduction and pollution control, are vital for improving environmental quality. These efforts alleviate environmental pressure and enhance sustainability, providing crucial support for green development. This study mainly selected the fine particulate matter (PM2.5) concentration, excellent and good rate of AQI, industrial smoke and dust emissions per unit GDP, industrial SO2 emissions per unit GDP, CO2 emissions per unit GDP, fertilizer application per unit cropland area, centralized sewage treatment rate, household waste treatment rate as evaluation indexes.
(2) Green Lifestyle promotes resource conservation and circular utilization, improving residents’ overall happiness and life satisfaction. This study selected indicators based on the impact of green development on wellbeing and residents’ livelihood, mainly including population density, number of beds in medical institutions, public library holdings per capita, green coverage rate in built-up areas, daily domestic water use per capita, per capita park green space area and other indicators.
(3) Green Economy emphasizes the efficient utilization of resources and low-carbon development, promoting the transformation and upgrading of urban economic structure. The main indicators selected for this study include gross regional product index, per capita GDP, disposable income per urban resident, value added of the secondary sector as a percentage of GDP, reduction in energy consumption per 10,000 GDP,water consumption per unit of GDP, electricity consumption per unit of GDP, per capita water resources, energy conservation and environmental protection as a percentage of general budget expenditure, etc. The specific index system is shown in Table 1.
TABLE 1 | Evaluation index system for green development.
[image: Table 1]In the following text, graphics, and tables, the abbreviation X1-X33 are used to represent different indicators, and X1-X33 represents the same content as in Table 1.
3.3 Comprehensive evaluation model
The entropy weight TOPSIS method is one of the most widely used objective weighting techniques. This method objectively determines the weight of each evaluation indicator based on the information provided by the indicators, which can effectively reduce subjective bias (Liang et al., 2022). This method can comprehensively consider multiple influencing factors, has strong interpretability (Almulhim, 2024), and is suitable for the comprehensive evaluation of various data indicators for green development in this study. It helps ensure the objectivity and rationality of the weights of each factor. The specific calculation process is as follows.
Step 1. Raw data standardization processing.
[image: image]
Where t reprensents different cities, t = 1,2,…,8; i represents the year, i = 1,2,…,10; j denotes evaluation indicators, j = 1,2,…,33; Atij indicates the standardized value of the indicator j in year i for city t; Xtij signifies the original data of the indicator j in year i for city t; Xjmax and Xjmin represent the maximum and minimum value of evaluation indicator j for city t, respectively.
Step 2. Calculate the information entropy of the jth indicator.
[image: image]
Where, [image: image]
Step 3. Calculate the information entropy redundancy of the jth indicator.
[image: image]
Where, Ej is information entropy [image: image] and Dj is information entropy redundancy,
Step 4. Calculate the weights of the jth indicator.
[image: image]
Where wj represents the weight of the jth indicator.
Step 5. Calculation the evaluation results.
[image: image]
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Where [image: image] and [image: image] indicate the weighted distance from the green development level of the tth city to the positive and negative ideal solutions, respectively. Ct resprensent the relative close degree of the green development level, Ct∈[0,1], the larger the Ct value is, the higher the green development level of the evaluation object; otherwise, the lower the green development level of the evaluation object.
3.4 Coupling coordination degree model
The coupling coordination model is used to analyze the degree of coordination in the development of things and study the degree of correlation between various systems (Zhang et al., 2024a; Yang et al., 2024).
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Where, CCD represents the coupling and coordinated development degree between green environment, green lifestyle, and green economy, CCD [image: image] .The closer the CCD value is to 1, the better the coordination of the three dimensions of green development in the region. C represents the coupling degree, and the larger the value, the greater the degree of mutual influence among the three subsystems of green development. T is the comprehensive coordination index between green environment, green lifestyle and green economy; UGE, UGL and UGEC are the comprehensive evaluation indexes of three subsystems, namely, green environment, green lifestyle, green economy; [image: image], [image: image] and [image: image] are parameters, the values of them are all 1/3.
3.5 Geographical detectors
The geographic detector, proposed by Wang Jinfeng et al., in 2017 (Zhang X. L. et al., 2024), is a statistical analysis method that can effectively identify spatial heterogeneity and nonlinear relationships between variables. In this study, this method helps identify spatial distribution differences of influencing factors in different regions, reveal spatial differentiation patterns, and explore driving forces.
In this study, 33 factors including PM2.5 concentration, population density, and per capita water resources were selected as independent variables in the model, with green development level as the dependent variable.
The factor detector is used to evaluate spatial heterogeneity of green development level and the q value is used to assess the explanatory power of each factor. The interaction factor detector primarily identifies interactions between different influencing factors, evaluating the driving factors that affect green development. The calculation formula is as follows:
[image: image]
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Where, q∈[0,1], the closer the q value is to 1, the greater the variability of the driving factor in explaining the level of green development; h denotes the stratification of the variable or factor, representing its classification; L represents the number of categories of driving factors for green development level; Nh and N indicate the number of units in the stratum and the entire district, respectively; [image: image] and σ2 represent the variance of the green development level within the each city and across the entire CPEZ, respectively.
3.6 Pearson correlation analysis
Pearson correlation coefficient method is a commonly used statistical method to measure the linear correlation between two variables. It is simple to calculate and easy to explain. Unlike Spearman rank correlation and Kendall rank correlation, Pearson is suitable for continuous data with normal distribution and has stronger detection ability for linear relationships. In this study, Pearson correlation analysis was chosen to more accurately and intuitively analyze the interaction relationship between different indicators and coordinated development degree (CCD).
[image: image]
Where, r is the correlation coefficient; xi and yi are two different variables; i represents different years; [image: image] is the expected value of the axial strain variable.
3.7 Data sources
Taking 2013–2022 as the research period, the data of various indicators are sourced from Sichuan Statistical Yearbook (2013–2022), China Urban Statistical Yearbook (2013–2022) and Sichuan Water Resources Bulletin (2013–2022). Ambient air quality data are sourced from the Resource and Environmental Science Data Center of the Chinese Academy of Sciences.
Part of the missing data was supplemented by the statistical yearbook of each prefecture level city, the national economic and social development communique, the water resources communique, the government public information and other channels, and very few missing data were filled by linear interpolation method. The missing data in the article mainly refers to PM2.5 and industrial smoke emissions in individual years. Based on the assumption that PM2.5 mainly comes from industrial smoke emissions, we have performed linear interpolation according to the linear regression results between industrial smoke emissions and PM2.5. The amount of linearly interpolated data is less than 1% of the total data. This method ignores the potential volatility or more complex trends of the data, which may introduce bias.
4 RESULTS AND ANALYSIS
4.1 Characteristics of spatial and temporal evolution of green development in Chengdu plain economic zone (CPEZ)
Based on the index system outlined in Section 4.1, the green development of the CPEZ was assessed using the entropy weight method across three dimensions: green environment, green lifestyle, and green economy. The results were illustrated in Figure 2. The overall green development level of the CPEZ exhibited continuous improvement, rising from 0.221 in 2013 to 0.334 in 2022, reflecting a average annual growth rate of 5.11%.
[image: Figure 2]FIGURE 2 | Evaluation results of green development in the Chengdu Plain Economic Zone (CPEZ) from 2013 to 2022.
Spatial heterogeneity was observed in the green development levels across cities. Ya’an consistently led the region, demonstrating a fluctuating yet upward trajectory, peaking at 0.517 in 2021. Chengdu and Mianyang followed closely, while Ziyang aligned with the regional average. In contrast, Leshan, Deyang, Suining and Meishan displayed slower progress in green development.
Regarding the green environment dimension, all cities exhibited a gradual upward trend from 2013 to 2019, followed by a slight decline from 2019 to 2022. Ziyang outperformed other cities in this aspect, with its green environment index increasing significantly from 0.667 to 0.888.
Over the past decade, cities within the CPEZ demonstrated a fluctuating but overall upward trend in green lifestyles. Mianyang, Ziyang, and Suining recorded the highest growth rates in this dimension. By 2022, their green lifestyle values had risen to 0.475, 0.572, and 0.448, respectively, with average annual growth rates of 6.10%, 5.71%, and 4.88%.
In terms of green economy, Ya’an maintained a leading position within the CPEZ, with its green economy values (0.427∼0.555) consistently exceeding the regional average (0.226∼0.301). Chengdu and Mianyang also made notable progress from 2013 to 2022, with Chengdu achieving an annual growth rate of 9.90%, followed by Mianyang at 3.53%. However, the green economy values of other cities remained below the regional average.
4.2 Coordination degree of green development and coordination types
The coupling and coordinated development degree (CCD) of green development subsystems in the CPEZ,as illustrated in Figure 3. The coupling coordination degree (C) of the green development subsystems in the CPEZ exhibited a gradual upward trend from 2013 to 2022, ranging between 0.863 and 0.906, indicating a relatively high level of coordination among the green environment, green lifestyle, and green economy dimensions within the region. Meanwhile, the CCD showed steady improvement, increasing from 0.326 in 2013 to 0.400 in 2022. However, the region remained in the low-level coupling coordination development stage throughout this period.
[image: Figure 3]FIGURE 3 | Coupling coordination development degree (CCD) of Green development in the CPEZ. Note: C, T and CCD represent the coupling degree, the comprehensive coordination index and the coupling and coordinated development degree, respectively; UGE, UGL and UGEC represent the comprehensive evaluation indexes of three subsystems: green environment, green lifestyle, green economy, respectively.
At the city level, the CCD of each city demonstrated a consistent upward trend over time, albeit with significant spatial heterogeneity (Figure 4). By 2022, the CCD of Chengdu, Deyang, Mianyang, Suining, Leshan, Meishan, Ya’an, and Ziyang had increased by 17.7%, 22.2%, 23.0%, 22.0%, 26.3%, 31.4%, 27.9%, and 10.3%, respectively. Notably, Ziyang, Suining, Mianyang and Ya’an surpassed the regional average and transitioned into the primary coupling coordination development stage in 2015, 2017, 2018, and 2019, respectively.
[image: Figure 4]FIGURE 4 | Coordination types of green development in the CPEZ.
Based on Pearson correlation analysis, the correlation between different indicators and coupling coordination development degree (CCD) was analyzed from three dimensions: green environment, green lifestyle, and green economy.
In the dimension of green environment, there were differences in the coupling and coordination mechanisms of various subsystems in different cities during the green development process of the CPEZ, showing obvious spatial differentiation characteristics (Table 2). Studies indicated that, except for Ziyang, the CCD of other cities had shown a significant negative correlation with indicators X1 (p < 0.01), X3 (p < 0.05), X4 (p < 0.001), and X5 (p < 0.001). Meanwhile, except for Deyang, there was a significant positive correlation between the CCD of each city and indicator X2 (p < 0.01). Furthermore, CCD was significantly positively correlated with indicator X7 in cities located in the southwest (Leshan, p < 0.001; Meishan, p < 0.001; Ya’an, p < 0.001) and northeast (Deyang, p < 0.01; Mianyang, p < 0.001) of the urban agglomeration. For Ziyang, its coupling coordination development is primarily influenced by indicators X1 (p < 0.001), X2 (p < 0.01), and X6 (p < 0.001).
TABLE 2 | The correlation between the CCD and different indicators in the green environment subsystem.
[image: Table 2]From the perspective of green lifestyles, Chengdu, as the core city of the CPEZ, exhibited a significant positive correlation between its coupling coordination development and indicators X14, X16, and X18 (p < 0.01), while showing a negative correlation with X15 (p < 0.01) (Table 3). Other indicators did not demonstrate significant relevance to its coupling coordination; In Deyang, Mianyang, Suining, and Leshan the coupling coordination development was primarily positively influenced by X10 (p < 0.001), X14 (p < 0.001), and X19 (p < 0.05), while a significant negative correlation was observed with X13 (p < 0.05); For Meishan and Ya’an, the CCD showed a significant positive correlation with X19 and X20 (p < 0.05), but a highly significant negative correlation with X11 (p < 0.01); For Ziyang, its CCD was mainly significantly positively correlated with X10 (p < 0.01), X16 (p < 0.01), and X19 (p < 0.001). This analysis reveals the differentiated development paths of various cities in the green lifestyle dimension, highlighting the varying impacts of different indicators on coupling coordination development.
TABLE 3 | The correlation between the CCD and different indicators in the green lifestyle subsystem.
[image: Table 3]In the green economy subsystem,all cities except Ziyang exhibited similar correlation patterns with the indicators (Table 4). Specifically, their CCD had showed varying degrees of significant positive correlation with indicators X22 (p < 0.05), X23 (p < 0.01), X28 (p < 0.01), and X33 (p < 0.05), while demonstrating a negative correlation with indicators X27 (p < 0.01) and X32 (p < 0.01).
TABLE 4 | The correlation between the CCD and different indicators in the green economy subsystem.
[image: Table 4]4.3 Analysis of influencing factors on green development levels in CPEZ
To explore the influence of various driving factors on the green development of the CPEZ, factor detection and interaction detection from the Geographical detectors model were used to analyze 33 indicators from the green development evaluation System. Factor detection results showed that all 33 indicators for the CPEZ passed the significance test (p = 0.000) between 2013 and 2022, as shown in Figure 5. The top 10 indicators with q-values greater than 0.5, included electricity consumption per unit of GDP (X33), population density (X9), value added of the tertiary sector as a percentage of GDP (X28), per capita water resources (X30), length of water supply pipeline per capita (X18), and value added of the secondary sector as a percentage of GDP (X27). These results indicated that green economic indicators had stronger explanatory power for green development, positioning them as key drivers of green development levels.
[image: Figure 5]FIGURE 5 | Top 10 indicators of q-value after factor detection.
The interaction factor detection revealed the synergistic effect of multiple factors on the green development process of CPEZ from three subsystems: green environment, green lifestyle, and green economy (Figure 6). Compared to single-factor detection, the interaction effects of evaluation indicators significantly enhanced the explanatory power of the three subsystems on green development.
[image: Figure 6]FIGURE 6 | Interactive detection results of green development factors in CPEZ. Note: * indicates that Interaction indicators that are nonlinearly enhanced within each subsystem. (a) The indicators of green environment subsystem. (b) The indicators of green lifestyle subsystem. (c) The indicators of green economy subsystem.
Within the green environment system, strong interactions existed among various indicators. The interaction of indicators such as industrial smoke and dust emissions per unit GDP (X3), industrial SO2 emissions per unit GDP (X4), CO2 emissions per unit GDP (X5), fertilizer application per unit cropland area (X6) with others demonstrated the higher explanatory power, with q-values greater than 0.5. This suggested that promoting green environmental development should focus on advancing new productive forces, optimizing and upgrading traditional industries, increasing resource utilization efficiency, and implementing high-efficiency pollution control technologies. These efforts would contribute to the achievement of carbon peak targets.
In the green lifestyle subsystem, the factors with the most significant interaction effects included number of beds in medical institutions (X10), public library holdings per capita (X12), unemployment rate (X13), green coverage rate in built-up areas (X14),gas household use per capita (X20). The non-linear enhancement of the interaction between these factors and other factors accounts for 44% of the overall results of this subsystem. The findings suggested that enhancing public resources per capita and increasing urban greening coverage would be more beneficial for improving the green lifestyle in the CPEZ.
In the green economy subsystem, the interaction results showed consistently high q-values, with about 76% of the results had a q-value greater than 0.60. Additionally, 47% of the interaction results exhibited nonlinear enhancement. Specifically, the interactions between gross regional product index (X21), water consumption per unit of GDP (X32), gross domestic product (GDP) per capita (X22), and most economic factors showed varying degrees of nonlinear enhancement. Meanwhile, the interaction of per capita water resources (X30) with other factors had a q-value greater than 0.77. This indicated that increasing regional GDP, protecting water resources, and improving resource utilization efficiency would significantly promote the green economic development of the CPEZ.
5 DISCLUSSION
5.1 Coordinated coupling development of green environment, green lifestyle, and green economy in CPEZ
The evaluation results based on the three dimensions of green environment, green lifestyle, and green economy revealed that although the overall green development level of the CPEZ continued to improve from 2013 to 2022, it remained relatively low (0.22–0.33) and exhibited significant spatial heterogeneity. This finding aligned with the research results of Lan et al. on the green development level of urban agglomerations in the Yangtze River Economic Belt (Lan et al., 2024), and The overall trend of green development level in eastern Chinese cities were significantly higher than that in western cities (Yang et al., 2023; Zou et al., 2024).
Among the three subsystems, the green environment achieved a relatively high development level (0.667–0.888), indicating significant progress in ecological environmental protection within the study area. This result was consistent with the findings of Xu et al. (2022). However, the development levels of green lifestyle (0.27–0.42) and green economy (0.226–0.301) were relatively low, which may explain why the coupling coordination degree (CCD) of the three subsystems in CPEZ remained at a low level (0.326–0.400). A similar phenomenon was observed in Chen et al.‘s study on the green development of the Three Gorges Reservoir area (Chen et al., 2023), suggesting that the coordination among ecological environmental protection, green economy, and social harmony needed further enhancement. Notably, except for Chengdu, Mianyang, and Ya’an, the green economy level of other cities is generally lower than the regional average, indicating that there is great room for improvement in industrial structure optimization and resource utilization efficiency.
Therefore, The green development of CPEZ requires greater attention to the coordinated coupling of green environment, green lifestyle, and green economy. Optimizing the allocation of public resources and increasing the coverage of urban parks and green spaces are crucial for improving the level of green lifestyle (Sunita et al., 2023; Pan et al., 2024); Secondly, cultivating emerging green industries to promote the development of green economy (Liu X. et al., 2022).
5.2 Strategies to enhance green development in urban agglomerations
5.2.1 Optimizing green environmental governance
The study found that indicators such as industrial smoke emissions per unit of GDP (X3), industrial sulfur dioxide emissions per unit of GDP (X4), and carbon dioxide emissions per unit of GDP (X5) had a significant impact on the green environment (q > 0.5). Zhang K. L. et al. (2024) discovered that air quality positively influenced the low-carbon green coupling coordination development of the Yangtze River Delta urban agglomeration. Xu and Hu (2020) found that water resources and wastewater discharge are key factors affecting the coupling and coordination of green development in Jiangsu Province. Peng and Yu (2024) found that ecological environmental protection directly impacted the green development efficiency of the Yangtze River Economic Belt. Almulhim (2024) found that carbon dioxide emissions, GDP, and renewable energy share indicators are the main determining factors of a country’s green development level in their assessment of the green development level of G20 countries. The increase in renewable energy, technological innovation, and forest coverage all contribute to improving environmental quality by reducing carbon dioxide emissions (Hasan et al., 2023). Therefore, it was essential to accelerate the development of new productive forces and optimize the industrial structure of traditional industries. Introducing efficient pollution control technologies and promoting clean energy were necessary to reduce industrial pollution emissions. Additionally, regional environmental collaborative governance should be strengthened by establishing cross-city environmental protection cooperation mechanisms to mitigate the external impact of environmental pollution.
5.2.2 Promoting green lifestyles
Indicators such as the number of hospital beds (X10), per capita public library collections (X12), and green coverage in built-up areas significantly influenced green lifestyles (q > 0.5). Urban green spaces have important ecosystem service functions in improving environmental quality, reducing rainwater runoff and urban floods, and play a crucial role in the wellbeing and sustainable development of cities (LaReaux and Watkins, 2025; Ganjirad et al., 2025). Therefore, increased investment in public facilities was needed to improve urban green coverage and the per capita availability of public resources. Meanwhile, public awareness of environmental protection should be enhanced through education, encouraging green consumption and low-carbon travel.
5.2.3 Driving green economic transformation
Indicators such as electricity consumption per unit of GDP (X33) and the proportion of tertiary industry value added to GDP (X28) had a significant impact on the green economy (q > 0.5). This aligned with the findings of Yuan et al. (2019), who demonstrated that optimizing the tertiary industry and regional planning contributed to improving regional green development. Green economy is the main driving force for achieving sustainable social and environmental development (Chaaben et al., 2024). Bilgaev et al. (2021) found that economic restructuring and the development of renewable resources are the foundation of green economy development, and Behera et al. (2024) found that renewable energy and green innovative technologies promote sustainable development in India.
Therefore, accelerating industrial restructuring was crucial for promoting the optimization, transformation, and upgrading of traditional industries. Meanwhile, emerging green industries such as new energy, green technology innovation, and the circular economy should be encouraged (Liang K. et al., 2023; Wang and Zhang, (2023a). Encourage the establishment of a national green finance system, such as green securities, green insurance, and green credit, to meet the demand for sustainable green financing in green transformation (Houssam et al., 2023). In addition, it was necessary to strengthen regional coordinated economic development, optimize resource allocation and efficient utilization.
5.2.4 Enhancing regional collaborative development
Significant spatial heterogeneity in green development levels was observed among cities within the CPEZ. Cities like Ya’an and Chengdu exhibited higher levels of green development, while Leshan and Deyang lagged behind. Wang and Li, (2023b) found that economic development was the primary driver of regional green development disparities, and the interaction of any two driving factors had a greater impact than individual factors. Liu et al. (2023) demonstrated that technological innovation played a mediating role in improving regional green development efficiency through industrial collaborative agglomeration development. Therefore, it was necessary to shift economic development perspectives and increase investment in green technologies (Yi et al., 2025). By facilitating resource sharing, technology transfer, and industrial collaboration, the linkage between the core city of Chengdu and its surrounding cities could be strengthened, narrowing regional development gaps and promoting the green coupling coordination development of the plain urban agglomeration.
6 CONCLUSION
To promote regional green and high-quality development, this study adopted entropy weight method and geographic detector model to investigate the spatiotemporal differentiation and driving mechanism of green development level in Chengdu Plain Economic Zone (CPEZ). The results relieved the following conclusions:
From 2013 to 2022, the overall level of green development in CPEZ district showed an upward trend, with an average annual growth rate of 5.11%.
Coupling and coordinated development between green development assessment subsystems in CPEZ is steadily improving, but overall it is still at a low level. However, Ziyang, Suining, Mianyang, and Ya’an have entered the initial stage of coupled and coordinated development.
Electricity consumption per unit of GDP, per capita length of water supply pipelines, percentage of added value of the secondary and tertiary industries to GDP, per capita water resources, and population density were the main driving factors affecting green development in CPEZ.
7 LIMITATIONS AND FUTURE SCOPE
7.1 Limitations
This study systematically analyzed the spatiotemporal evolution characteristics and driving factors of green development in CPEZ using entropy weight method and geographic detector model, providing scientific basis for regional green development. However, the impact of green finance, digital economy, and public environmental awareness on green development was not fully considered in this study. With the rapid development of social economy, future research can explore the impact mechanism of these factors on green development from green financial indicators such as green securities, green insurance and green credit, digital economic indicators such as internet penetration, relevant practitioners and mobile phone penetration rate, and public environmental awareness indicators such as investment in science and technology education, number of green invention patent authorizations and applications.
7.2 Future scope
Regional green development is a complex system engineering. By optimizing the industrial structure, encouraging green technology innovation in enterprises, vigorously developing renewable energy, promoting green economic transformation, while enhancing public participation awareness, vigorously promoting green lifestyles, and strengthening regional coordinated development, the goal of high-quality and sustainable green development in the region can be achieved.
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CNY
Industrial SO, emissions per unit GDP (X4) kg/ten thousand Negative | 00215 | 01111

ONY
CO, emissions per unit GDP (X5) kg/ten thousand Negative | 00238 | 01231

CNY
Fertilizer application per unit cropland area (X6) ton/hm? Negative 00327  0.1687
Centralized sewage treatment rate (X7) % Positive 0.0222 0.1148
Household waste treatment rate (X8) % Positive | 00188 | 00972
Green Lifestyle Population density (X9) people/km® Negative 00275  0.0723
Number of beds in medical institutions (X10) beds/ten thousand Positve 00375 0.0986

people
Number of health institutions per capita (X11) numbers/ten thousand | Positive  0.0417 | 0.1095

people
Public library holdings per capita (X12) volumes/ten people Positve | 00362 00951
Unemployment rate (X13) % Negative 00334 0.0878
Green coverage rate in built-up areas (X14) % Positive 00223 0.0587
Daily domestic water use per capita (X15) Liday-person Negative | 00272 | 00761
Length of drainage pipes per capita (X16) m/person Positve 00317 00834
Paved road area per capita (X17) m*/person Positive | 00365 00961
Length of water supply pipeline per capita (X18) m/person  besitve | 00348 00915
Per capita park green space area (X19) m*/person Positive | 00242 00636
Gas household use per capita (X20) m Negative 00273 00716
Green Economy Gross regional product index (X21) % Negative 00216 0.0506
Gross domestic product (GDP)per capita (X22) CNY/person Positive | 00298 | 00699
Disposable income per urban resident (X23) CNY/person Positive | 00245 | 00574
Energy conservation and environmental protection as a percentage of general % Positive | 00276 | 00649

budget expenditure (X24)

Public budget expenditure on education as a percentage of general budget % Positive | 00257 | 00604
expenditure (X25)

Science and technology expenditures as a percentage of general budget % Positive | 00499 | 01170
expenditures (X26)

Value added of the secondary sector as a percentage of GDP (X27) % Negative 00312 00733
Value added of the tertiary sector as a percentage of GDP (X28) % Positive | 00244 | 00573
Reduction in energy consumption per 10,000 GDP (X29) % Negative 00341 | 00800
Per capita water resources (X30) m/person Positive | 00629 | 01476
Per capita year-end actual cultivated land area (X31) m/person Positive | 00384 00901
Water consumption per unit of GDP (X32) m/CNY Negative 00226 00530
Electricity consumption per unit of GDP (X33) KWH/CNY Negative 00334 00785

wi: weight of the indicator layer relative to the target layer, namely, the evaluation layer of green development level
w,: weight of the indicator layer relative to the subsystems layer.
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Note: ***,** and * represent the significance levels of Pearson correlation test at 0.1% (p < 0.001), 1% (p < 0.01), and 5% (p < 0.05), respectively.
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