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Green development is key to promoting regional sustainable development. We construct an evaluation index system for green development levels based on the “sansheng” dimensions—production, living, and ecology. We rely on the “sansheng” (production, living, and ecology) dimensions, combined with the analytic hierarchy process (AHP) and the entropy weight method to analyze indicator weights, to construct an evaluation index system for green development levels. This system enables the identification of the evolution patterns of green development and the analysis of driving factors in the Chengdu-Chongqing economic zone from the “sansheng” perspective. The results indicate that: (1) The green development level in the Chengdu-Chongqing Economic Zone has been continuously rising, with the average index increasing from 0.197 to 0.254. Yuzhong District and Chengdu City have shown particularly high green development levels; in 2020, the green development level index for Yuzhong District reached 0.568, while Chengdu City’s index reached 0.522. (2) The spatial clustering of green development levels in the Chengdu-Chongqing economic zone exhibited a trend of first strengthening and then weakening, with the highest clustering degree observed in 2015. (3) National strategies have significantly promoted the improvement of regional green development levels. The average green development index during the pre-establishment, initial development, and rapid development stages of the Chengdu-Chongqing Economic Zone increased from 0.205 to 0.229, and then to 0.254. (4) The Theil index results show an increase in the disparity of green development levels among different regions within the Chengdu-Chongqing Economic Zone.The results of the optimal scaling regression model show that the driving factors with a significant impact on the level of green development include the Number of physicians per million people, Public library book collections Per 100 people, Per capita regional GDP, and Number of secondary schools Per million people, each contributing over 15% to the impact. These findings provide valuable data support for formulating regional economic development strategies and are conducive to advancing sustainable development.
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1 INTRODUCTION
In recent years, both the global economy and China’s economy have developed rapidly. However, many countries, including China, have adopted an extensive development model characterized by “development first, management later,” which has caused significant damage to the ecological environment (Wang et al., 2022). The overexploitation of natural resources, worsening environmental pollution, excessive use of Fertilizers, and the spread of industrial waste and emissions have led to a continuous decline in environmental quality, posing challenges to public health.
Green development and low-carbon transition have become significant trends in global development (Topi et al., 2016). As the largest developing country in the world, China faces considerable challenges in environmental governance compared to other emerging economies (Wang et al., 2024). To address this, the Chinese government has implemented various measures. In 2016, it introduced a new development concept emphasizing the integration of green development into the entire process of economic construction. In 2021, the government proposed accelerating green and low-carbon development to promote a comprehensive green transformation of economic and social development. In 2024, opinions on accelerating the comprehensive green transformation of economic and social development were put forward, systematically planning and deploying strategies to advance this transformation. These measures demonstrate China’s commitment to green development. As a key region in western China and the upper reaches of the Yangtze River (Zhu et al., 2024), the Chengdu-Chongqing economic zone not only holds significant economic development potential but also has an important ecological status. With a complex natural environment, the region’s green and sustainable development is crucial for reinforcing the ecological barrier in the upper Yangtze and contributing to the “Beautiful China” initiative and other major strategies. In its past development, the Chengdu-Chongqing economic zone also experienced periods of neglecting environmental protection and engaging in extensive development. The problems brought by such rapid growth require not only strengthened governance by policymakers but also a shift in development methods through the adoption of green development concepts (Phoochinda, 2019). Therefore, identifying the region’s green development status and analyzing its spatiotemporal evolution patterns and driving factors is a critical issue that must be addressed to promote regional sustainable development.
Green development and low-carbon transition have become important global development trends (Topi et al., 2016). In recent years, many scholars have conducted in-depth studies on evaluating green development levels across various dimensions. In terms of constructing the indicator system, Grzebyk and Stec, (2015) considered economic, social, and environmental indicators of EU countries to establish a comprehensive standard for measuring sustainable development levels. Cui, (2022) developed an evaluation index system for assessing the high-quality economic development levels of Latin American countries by combining a weighted method across six dimensions: economic strength, innovation, coordination, green development, openness, sharing and entropy. In terms of the application of measurement methods, Aziz and Anwar, (2024) used a social analysis method through multiple linear regression to evaluate the urban sustainability of Pakistan’s capital. Han et al. (2022) applied the entropy weight method combined with spatiotemporal analysis to study green development levels in ASEAN regions, evaluating the current status, trends, and spatial characteristics of green development among ASEAN member countries. In terms of the analysis and evaluation of the current situation, Yu et al. (2020) analyzed green development outcomes in his study of the coastal regions of southern Fujian, China, finding that the three cities in the region focused primarily on economic indicators. Cui et al. (2021) constructed a performance evaluation index system for urban green development in the Yangtze River Economic Belt from the perspectives of green growth, green carrying capacity, and green security capability, concluding that the green development levels in most cities have improved. In terms of the analysis of driving factors, Li et al. (2024) conducted a driving factor analysis of the sustainable development level of tourism ecology in the Chengdu-Chongqing urban agglomeration using a multi-dimensional analysis method and found that openness and green development have a promoting effect. Tang et al. (2023), using a comprehensive index calculation to evaluate GDI, concluded that different driving factors exist at different GDI levels. It is evident that existing research commonly employs mathematical and statistical methods to establish evaluation systems from various dimensions. However, most studies focus on exploring and discussing the development path of specific areas in the economy and society, lacking comprehensive quantitative evaluation and analysis of influencing factors for green development levels over a certain period.
“Production-living-ecology”, referred to as “sansheng”, includes three core areas: production, living, and ecology. It reflects a region’s overall performance in achieving sustainable progress by measuring economic development, improvement in residents’ quality of life, and harmonious ecological protection. These three dimensions are both independent and interrelated, collectively forming the spatial activity scope of human social life. They serve as the fundamental carriers of human economic and social development and play a critical role in evaluating green development levels (Huang et al., 2020). Xie et al. (2019), from the perspective of green development, assessed the coordinated development degree of the “sansheng”—production, living, and ecology—in rural China and proposed policy recommendations to advance green rural revitalization. Wang, (2020) conducted a measurement and analysis of Inner Mongolia’s green development capacity, spatiotemporal patterns, and influencing factors from the “sansheng” spatial perspective, revealing a trend of annual improvement in overall green development capacity. Wu et al. (2023) used panel data based on the “sansheng” (production-living-ecology) dimensions and employed the entropy weight method and TOPSIS method to measure the level of green ecological transformation in Chengdu. This indicates that green development from the “sansheng” perspective is currently a popular research topic with broad applications across different regions. However, no studies have yet assessed the green development level of the “sansheng” dimensions specifically in the upper reaches of the Yangtze River, particularly in the Chengdu-Chongqing economic zone.
Given the lack of quantitative evaluation of green development levels over a period and the absence of “sansheng” dimension assessments in the Chengdu-Chongqing economic zone, this study focuses on this region to develop a green development level evaluation method based on the “sansheng” perspective. It conducts an analysis of the evolution of green development levels in the region for the years 2005, 2010, 2015, and 2020. By innovatively applying the entropy weight method and analytic hierarchy process, the study constructs an evaluation model for the green development level in the Chengdu-Chongqing economic zone, summarizes development patterns over a period, and analyzes its driving factors. This fills the gap in applying the “sansheng” dimension evaluation of green development levels within the Chengdu-Chongqing economic zone and has significant practical implications for formulating regional economic development and ecological protection strategies.
2 MATERIALS AND METHODS
2.1 Study area and data sources
The Chengdu-Chongqing Economic Zone is located in the upper reaches of the Yangtze River, spanning the Sichuan Basin. It borders Gansu and Shaanxi to the north, Yunnan and Guizhou to the south, Tibet to the west, and Hunan and Hubei to the east. The Chengdu-Chongqing Economic Zone is endowed with abundant natural resources, providing a foundational support for economic development. It complements other regions of the Yangtze River Economic Belt in terms of resources, market interactions, and industrial synergies, holding significant strategic importance in the overall national development plan (Figure 1).
[image: Figure 1]FIGURE 1 | Overview of the study area.
As an important ecological barrier in the upper reaches of the Yangtze River, the Chengdu-Chongqing Economic Zone has received significant attention from the Chinese government. The region has made remarkable progress in both economic development and ecological civilization. Over the past 20 years, the standard of living has greatly improved, with people enjoying a richer cultural life. Per capita GDP has grown rapidly, and the number of healthcare, education, and cultural facilities has increased significantly. While focusing on economic development, the region has also continuously improved and enhanced ecological environment quality. The Chengdu-Chongqing Economic Zone features diverse terrain, including basins, hills, and mountains, leading to variations in economic levels and green development across different areas. Major urban centers exhibit higher economic levels, while suburban areas maintain better ecological quality. Therefore, establishing a system to measure green development levels is particularly necessary (Chen et al., 2023).
The sample data primarily include economic development, ecological environment, and cultural resource data for 15 cities in Sichuan Province and 29 districts and counties in Chongqing. The data sources are mainly the Statistical Yearbooks of Sichuan Province and Chongqing Municipality (2005, 2010, 2015, and 2020), the National Economic and Social Development Bulletins of Sichuan Province and Chongqing Municipality, regional ecological environment reports, and annual work reports from local (district and county) governments. The vector data include urban boundary data and district/county boundary data, which are sourced from the planning departments of Sichuan Province and Chongqing Municipality.
2.2 Methods
2.2.1 Construction of the green development level evaluation model
2.2.1.1 Selection of evaluation indicators
Before determining the weights of the indicators, preliminary selection, analysis, re-evaluation, and final determination are required.The selection of indicators should adhere to the principles of comprehensiveness, quantifiability, comparability, and practicality. Xue et al. (2021) proposed the “Belt and Road” Green Development Index based on three dimensions: green nature, green economy, and green society. Yang et al. (2020) evaluated green cooperative development in the Yangtze River Delta region using four dimensions: ecology, economy, society, and policy. We selected three dimensions: the ecological dimension “Ecological Harmony”, the living dimension “Livability and Habitability”, and the production dimension “Efficient and Intensive Production”. These dimensions were used to construct a green development model for the Chengdu-Chongqing Economic Zone.
At the initial stage of selecting indicators, by reviewing relevant literature and employing frequency analysis, commonly used indicators were identified and organized. Liu and Zhou, (2023) selected 22 indicators, including Urbanization Rate, Scale amount of chemical fertilizer application, Amount of public toilets, Soil erosion control area, and Cultivated land area. Sun et al. (2020) chose 20 indicators, such as Per capita GDP, Water consumption per unit of GDP, and Total social labor productivity (Yuan/person). Three dimensions with a total of 21 indicators were preliminarily selected: Ecological Harmony (Forest coverage rate, Precipitation, Soil stability, Ecological environment stability, Natural shoreline retention rate, Wetland area, and Area under soil erosion control),Livability and Habitability (Population density, Per capita regional GDP, Number of secondary schools, Number of physicians, Public library book collections, Quantity of pollution-free agricultural products, Rural tap water penetration rate, Rural domestic sewage collection rate),Efficient and Intensive Production (Added value of the secondary industry, Added value of the tertiary industry, Fertilizer application volume, Total industrial profits, Total ammonia nitrogen emissions, Hazardous waste disposal and utilization rate, Effective utilization coefficient of farmland irrigation water, and Total chemical oxygen demand emissions).
In the re-selection phase, the practical significance of each indicator was analyzed. Precipitation is an important factor that can provide water for urban green spaces and reduce airborne dust. However, in practical application, if the precipitation is too high, it can damage the environment, making it difficult to determine the relationship between precipitation levels and ecological quality. Therefore, this indicator was excluded. Similarly, high population density can reduce livability, but a reasonable population density can achieve a moderate level of livability. On the other hand, an excessively low population density does not necessarily indicate better livability, so this indicator was also excluded. Among the indicators reflecting the production structure, both the added value of the secondary industry and the added value of the tertiary industry can indicate the degree of industrial transformation. Based on the principle of independence, the advanced industrial structure index (tertiary industry/secondary industry) was introduced to represent the development of industrial transformation. For other indicators, such as the number of secondary schools, the number of physicians, public library book collections, Fertilizer application volume, and total industrial profits, they each reflect the level of urban development from different perspectives. However, expressing these indicators in terms of per capita or per unit area can more accurately reflect the actual situation, so these indicators were revised accordingly. Furthermore, indicators such as rural tap water penetration rate, rural domestic sewage collection rate, and the effective utilization coefficient of farmland irrigation water face issues of missing data or discontinued statistical reporting in highly urbanized areas, leading to their exclusion. After removing certain indicators, the revised set includes 10 indicators across three dimensions: Ecological Harmony (Forest coverage rate, Soil stability, Ecological sensitivity),Livability and Habitability (Per capita regional GDP, Number of secondary schools per million people, Number of physicians per million people, Public library book collections per 100 people),Efficient and Intensive Production (Advanced industrial structure index, Fertilizer application volume per 1,000 ha, Per capita industrial profits).Indicators such as forest coverage rate, soil stability, and ecological sensitivity reflect the improvement of the local ecological environment from various perspectives. Indicators like per capita regional GDP, number of secondary schools per million people, number of physicians per million people, and public library book collections per 100 people represent the wellbeing and happiness of local residents. Meanwhile, indicators such as the advanced industrial structure index, fertilizer application volume per 1,000 ha, and per capita industrial profits illustrate the degree of green development in local industries.
2.2.1.2 Determination of the index weight
Awad and Jung, (2022) conducted an expert survey on the sustainable urban planning elements of Dubai and used the analytic hierarchy process (AHP) to determine the importance of these elements. Lee and Park, (2020) conducted a comprehensive literature review and expert survey to build an AHP model, followed by an AHP survey of landscape designers to identify the importance of evaluation factors, thereby assessing landscape sustainability in Korea. The Analytic Hierarchy Process (AHP) is a method with a high degree of subjectivity that can address complex decision-making problems by relying on expert scoring. It converts subjective judgments and qualitative factors into quantitative weights, leading to more rational decision-making (Myeong et al., 2018). The main steps include: constructing a judgment matrix, where each element represents the relative importance or priority between a pair of factors; calculating the weights using the eigenvector method; determining the weights using the eigenvalue method; and conducting a consistency test on the judgment matrix to ensure its reasonableness and stability.
Tang et al. (2023) applied the entropy weight method to obtain the weights of evaluation indicators, which were used to analyze the spatiotemporal evolution trends of green development in the Harbin-Changchun urban agglomeration. Shen et al. (2021) used the entropy weight method to determine the entropy values and weights of indicators to establish an evaluation system for analyzing the development of green transportation in Zhoushan City. Compared to the Analytic Hierarchy Process (AHP), the entropy weight method does not require pre-determining the relative importance of weights. Instead, it quantifies the uncertainty of criteria (Zhu et al., 2020), thereby avoiding the influence of subjective factors. The main steps include: dividing each element in the decision matrix by the sum of the corresponding column elements to ensure that the sum of each column equals 1; calculating the normalized column vector for each criterion; and normalizing the calculated weights to ensure that the sum of all weights equals 1.
To ensure a more scientifically determined weighting, we adopted a combination of subjective and objective methods (Analytic Hierarchy Process and entropy weight method) (Fan, 2017). The weights of each indicator were calculated using both methods and then integrated to produce the final weights for all indicators (Table 1).
TABLE 1 | Evaluation index system and weight of green development level in Chengdu-Chongqing Economic Zone.
[image: Table 1]2.2.1.3 Evaluation of the model construction
After ensuring that the selected indicators meet the principles of combining scientific rigor with guidance, criticality with complementarity, and completeness with independence, while also adhering to the principle of computability, an evaluation model was established to qualitatively or quantitatively assess the selected indicators. For positive indicators, such as forest coverage rate and per capita GDP, where higher values indicate a higher level of development, the calculation of the standardized value follows the process outlined in Equation 1.
[image: image]
In this context, X represents the standardized value, xi represents the actual value, and xmax represents the maximum actual value across all regions over the four periods.
For negative indicators, such as ecological sensitivity and Fertilizer application per 1,000 ha, where higher values indicate a relatively lower level of development, the calculation of the standardized value follows the process outlined in Equation 2.
[image: image]
In this context, X represents the standardized value, xi represents the actual value, and xmax represents the maximum actual value across all regions over the four periods.
The comprehensive evaluation index of the green development level evaluation model is shown in Equation 3.
[image: image]
In this context, S represents the green development level index, Xj denotes the standardized value of the indicator, Bj represents the weight of the primary indicator, and Cij represents the weight of the secondary indicator.
2.2.1.4 Determination of the grading method
We used the natural break method to divide the assessment results of the four periods into five grades. To enhance comparability between different periods, we used the classification values from the overall natural break method of the four periods as a unified standard. The grades are assigned as follows: (0, 0.20) corresponds to level 1, [0.20, 0.23) to level 2, [0.23, 0.29) to level 3, [0.29, 0.43) to level 4, and [0.43, 1] to level 5. A higher level indicates a higher green development level.
2.2.2 Thiel Index
The Theil index is an indicator used to measure inequality and disparity (Zhong et al., 2020), ranging from 0 to 1. From the perspective of information theory and entropy, a larger Theil index indicates greater disparity in development levels between regions. Conversely, a smaller Theil index suggests smaller differences in development levels across regions.
Drawing on the discussion of the Theil index by Theil (1967) and others, we adjusted the formula for the Theil index to assess the development levels in the Chengdu-Chongqing Economic Zone as follows: The Chengdu-Chongqing Economic Zone is divided into the Sichuan Province region and the Chongqing Municipality region, with the overall disparity (denoted as Tz), inter-regional disparity (denoted as Tj), and intra-regional disparity (denoted as Tn) calculated separately. The calculation process is shown in Equations 4–6.
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In this context, Yi represents the comprehensive green development index of region i (i = 1,2,3, … ,n), Y represents the total sum of the indices for all regions, Xi represents the number of cities within region i, and X represents the total number of cities.
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In this context, Yz represents the sum of the comprehensive green development indices within region z (z = 1,2.m), and Xz represents the number of cities within region z.
[image: image]
2.2.3 Moran’s I index
Moran’s I Index is a commonly used indicator for spatial autocorrelation analysis (Chen, 2023), which can measure the correlation of spatial data to determine whether a variable exhibits clustering, dispersion, or random distribution in space. The value of I ranges from −1 to 1. When I > 0, it indicates positive spatial autocorrelation, meaning similar variables tend to cluster in space. When I < 0, it indicates negative spatial autocorrelation, meaning dissimilar variables tend to be adjacent in space. When I = 0, it indicates a random spatial distribution, suggesting no significant clustering or dispersion pattern. The z-value is used to evaluate the statistical significance, with values greater than 1.96 or less than −1.96 considered significant.
We used the global Moran’s I Index to make an overall assessment of the green development level in the Chengdu-Chongqing economic zone. The calculation process is shown in Equation 7.
[image: image]
In this context, [image: image] represents the sample variance, calculated as [image: image], x is the comprehensive green development index, [image: image] is the spatial weight between regions, and n is the total number of regions.
2.2.4 Getis-Ord Gi* statistic
The Getis-Ord Gi* statistic is an important tool in spatial autocorrelation analysis, capable of identifying clusters of high and low values in spatial data (Rousta et al., 2017). A larger Gi* value indicates a stronger aggregation of high values within a location and its neighborhood, while a smaller Gi* value signifies a stronger aggregation of low values in the same context. The z-score is used to evaluate statistical significance; when the z-score is greater than 1.96 or less than −1.96, the result is considered significant.
We employ hotspot analysis (Getis-Ord Gi* statistic) to explore the spatiotemporal evolution of green development levels in the Chengdu-Chongqing economic zone. The calculation process is shown in Equations 8, 9:
[image: image]
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In this context, the Gi* statistic represents the z-score, [image: image] denotes the composite index of green development levels for each region, [image: image] is the average composite index of green development levels, [image: image] represents the spatial weight between regions, and n is the total number of regions.
2.2.5 Optimal scaling regression model
The optimal scaling regression model is widely recognized in the field of statistics for its core advantage of establishing relationships between variables of different scales (Barlin et al., 2021). The model is constructed based on a key concept: considering the relationships between variables of different scales and applying appropriate scaling and weighting to more accurately describe the connections between variables within the model. The optimal scaling regression model has been extensively applied in various disciplines, including economics, biostatistics, environmental science, and geography (Liu et al., 2018). This model allows for a deeper understanding of the patterns and trends underlying the data, thereby providing a robust data foundation for decision-making. In our specific application, we use the comprehensive green development index of each county (district, city) in the Chengdu-Chongqing Economic Zone as the dependent variable, and 10 indicators—including Forest coverage rate, Soil stability, Ecological sensitivity, and Per capita regional GDP—as independent variables. The calculations were performed using the optimal scaling regression analysis tool in SPSS.
2.2.6 Geographically and temporally weighted regression model
Geographically and Temporally Weighted Regression (GTWR) is an extension of the Geographically Weighted Regression (GWR) model into the spatiotemporal dimension (Fan et al., 2024). Huang incorporated a time variable into the GWR model, accounting for both spatial and temporal variations. The calculation process is shown in Equation 10.
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In this context, ([image: image] represents the geographical coordinates (latitude and longitude) of region i, [image: image] represents the observation year for region i, [image: image] represents the comprehensive index of green development level for region i, [image: image] represents other control variables for region i, [image: image] represents the model estimation error term, [image: image] represents the regression constant for region i, and [image: image] represents the regression coefficient of other control variables for region i.
3 RESULTS AND ANALYSIS
3.1 Measurement results of green development levels
To understand the regional disparities in development levels across the Chengdu-Chongqing economic zone, the collected statistical data were standardized, calculated, and categorized. This process yielded the green development levels for 44 counties (districts, cities) within the Chengdu-Chongqing economic zone.The green development levels of each region were calculated, and the green development levels and rankings of each county (district, city) were compared, as shown in Table 2. The green development level index shows a clear upward trend, with the average green development level increasing from 0.197 to 0.254. Specifically, the average level in the Chengdu region rose from 0.187 to 0.244, while in the Chongqing region, it increased from 0.202 to 0.259. Yuzhong District and Chengdu City consistently ranked among the top five across the four periods, while regions such as Jiangbei District, Shapingba District, and Yubei District also ranked high in green development levels. In contrast, regions like Kaizhou District, Neijiang City, Deyang City, and Dianjiang County ranked lower in green development levels.
TABLE 2 | Comprehensive score of the green development level of counties (districts and cities) in the Chengdu-Chongqing Economic Zone.
[image: Table 2]3.2 Temporal and spatial evolution of green development levels
3.2.1 Change in green development level
To understand the spatiotemporal evolution of green development levels across the Chengdu-Chongqing Economic Zone, further calculations were performed on the comprehensive green development indices of each county (district, city) within the zone. The results, as illustrated in Figure 2, show the comprehensive green development indices and their changes across the Chengdu-Chongqing Economic Zone. From a spatial distribution perspective, the comprehensive green development index across all regions increased to varying degrees from 2005 to 2020, with an overall trend of higher levels in the south and lower levels in the north. Chengdu and Chongqing’s Yuzhong District serve as two growth poles for the enhancement of green development levels within the Chengdu-Chongqing Economic Zone. Yuzhong District in Chongqing and its surrounding counties and districts entered higher levels of green development earlier, indicating that the central urban area represented by Yuzhong District has had a radiating effect on the green development levels of adjacent regions, driving the development of surrounding counties and districts. These areas have shared in the favorable development atmosphere created by the central urban area. In contrast, the regional development center in Sichuan Province is located in Chengdu, but its radiating effect on surrounding cities is significantly less pronounced. Although Deyang, Ziyang, Meishan, and Ya’an all border Chengdu, except for Ya’an in certain years, which had higher development levels than other cities in Sichuan, the green development levels in these cities did not show significant advantages.
[image: Figure 2]FIGURE 2 | Distribution and change of green development level among counties (districts and cities) in Chengdu-Chongqing Economic Zone. This map is based on the standard map with the approval number GS (2022) 1873, downloaded from the Map Technical Review Center of the Ministry of Natural Resources of China. The base map has not been modified. The same applies to Figures 2, 4, 6.
As shown in Figure 3, the overall green development index in the Chengdu-Chongqing Economic Zone has significantly increased over time. In 2005, 2010, 2015, and 2020, the regions with a green development level of 1 (low) accounted for 75%, 52%, 32%, and 0%, respectively, while those at level 2 (medium low) accounted for 23%, 36%, 41%, and 36%, respectively, indicating notable progress in green development. Between 2010 and 2015, 10 cities moved from level 1 (low) to level 2 (medium low), with one city directly advancing from level 1 (low) to level 3 (medium), and one city moving from level 3 (medium) to level 4 (medium high), showing a significant improvement in development speed compared to the period from 2005 to 2010. Between 2015 and 2020, 12 cities progressed from level 1 (low) to level 2 (medium low), two cities advanced from level 1 (low) to level 3 (medium), and 14 cities moved from level 2 (medium low) to level 3 (medium), with one city advancing from level 3 (medium) to the highest green development level of 5 (high). By 2020, all cities had reached at least level 2 (medium low). From 2005 to 2020, the Chengdu-Chongqing Economic Zone witnessed significant improvements in green development, with all cities achieving a level of 2 (medium low) or higher, demonstrating substantial progress in the region’s green development efforts.
[image: Figure 3]FIGURE 3 | The green development level of counties (districts, cities) in Chengyu Economic Zone changes by grade by grade.
3.2.2 Change in the green development level ranking
From a spatial distribution perspective (Figure 4), the regions in Sichuan Province that experienced the fastest improvements in green development levels are primarily located in the northern and southern parts of the province. Overall, the development speed shows a pattern of being higher in the north and south, with slower progress in the central areas. The northeastern part of Sichuan saw rapid development between 2005 and 2010, but this trend did not continue in subsequent years. In Chongqing, most areas in the eastern part saw a decline in their rankings, while regions with improved rankings were concentrated in the central and southern parts. Between 2005 and 2020, the areas that experienced the most significant increases in green development rankings were Dadukou District (rising 17 places), followed by Changshou District (12 places), Bishan District (12 places), Guang’an City (11 places), Dazu District (11 places), Nanchong City (8 places), Yibin City (7 places), Luzhou City (7 places), Zhongxian (7 places), and Banan District (6 places).
[image: Figure 4]FIGURE 4 | The ranking of green development level of counties (districts, cities) in Chengdu-Chongqing Economic Zone has changed.
3.3 Analysis of regional development differences
Theil index calculations, as shown in Figure 5, indicate that the overall regional Theil index values (Tz) in 2005, 2010, 2015, and 2020 were 0.1001, 0.0994, 0.1736, and 0.1765, respectively. A significant increase in 2015 reflects that the overall regional disparities had grown compared to 2005. Similarly, both interregional disparities (Tj) and intra-regional disparities within Chongqing (Tn-chongqing) saw substantial increases in 2015,thus, the overall disparity in 2015 was due to the increase in internal disparities within Chongqing. The interregional Theil index values for 2005, 2010, 2015, and 2020 were 0.0346, 0.0319, 0.0503, and 0.0260, respectively. After a sharp increase in 2015, the index dropped rapidly in 2020, showing an overall downward trend, which indicates that the differences between the Chengdu region and Chongqing are gradually narrowing. The intra-regional Theil index for Sichuan (Tn-sichuan) was 0.0218, 0.0187, 0.0226, and 0.0597 in 2005, 2010, 2015, and 2020, respectively, remaining relatively stable during the first 3 years, but showing a sudden increase in 2020. One of the reasons for the sudden increase in internal disparities in Sichuan Province was the green development level index of Chengdu city, which increased from 0.286 in 2015 to 0.522. For Chongqing, the intra-regional Theil index values were 0.0781, 0.0806, 0.1414, and 0.1131 for the same periods, with a rapid increase in 2015, followed by a gradual decline by 2020. The merging of Qijiang County and Wansheng District into Qijiang District, Dazu County and Shuangqiao District into Dazu District in 2011 promoted the rapid development of these new regions, contributing to the increased internal disparities within Chongqing in 2015.
[image: Figure 5]FIGURE 5 | Change of theil index in Chengdu-Chongqing economic zone.
3.4 Spatial autocorrelation analysis of green development levels
The results of spatial autocorrelation analysis indicate that the global Moran’s I indices for the green development levels in the Chengdu-Chongqing economic zone in 2005, 2010, 2015, and 2020 are significant at the 5% level, with z-scores all exceeding 1.96. This demonstrates strong spatial autocorrelation of green development levels across the region, with a high degree of integration and clustering. As shown in Table 3, Moran’s I index exhibits a trend of first increasing and then decreasing, indicating that the spatial clustering of green development levels strengthened initially and then weakened, peaking in 2015.
TABLE 3 | Global Moran’s I calculation results for green development levels in the chengdu-chongqing economic zone.
[image: Table 3]To further investigate the spatial clustering of green development levels in the Chengdu-Chongqing economic zone, a Getis-Ord Gi* statistical analysis was performed on the green development indices for each region, and a heatmap was generated (Figure 6). Spatially, the hotspots of green development are concentrated in the southeastern part of the zone, primarily around the central urban areas of Chongqing, suggesting a strong radiation and driving effect of Chongqing’s core urban areas. Temporally, from 2005 to 2015, the spatial clustering of green development levels gradually increased, while from 2015 to 2020, the clustering weakened, indicating a relative increase in spatial distribution uniformity. These findings align closely with the global Moran’s I results.
[image: Figure 6]FIGURE 6 | Heat map of green development levels in the Chengdu-Chongqing economic zone.
3.5 Analysis of the factors affecting green development
Using the optimal scaling regression analysis tool in SPSS, we analyzed the factors influencing the green development index. The results indicated that the adjusted R-squared value for the model summary was 0.874, with a Sig value of less than 0.001, confirming that the overall model passed the variance test. This suggests that the model is statistically significant and that at least one independent variable significantly affects the green development index. As shown in Table 4, variables such as Forest coverage rate, Ecological sensitivity, Advanced industrial structure index, and Per capita industrial profits failed to pass the significance test at the 1% level, while other indices did pass the test at this level. Tolerance, which ranges from 0 to 1, was used to assess the linear correlation of a variable with other variables in the model. Lower tolerance values indicate stronger multicollinearity with other variables; therefore, higher tolerance values are preferred. The results showed that Per capita regional GDP and Number of physicians per million people was relatively low, but overall, none of the factors had excessively low tolerance values, indicating that multicollinearity was not a major concern, and the optimal scaling regression model performed well.
TABLE 4 | Optimal scale regression analysis of the factors affecting green development.
[image: Table 4]The importance coefficient results indicate the order of impact on the green development level as follows: Number of physicians per million people > Public library book collections Per 100 people > Per capita regional GDP > Number of secondary schools Per million people > Fertilizer application volume per 1,000 ha > Soil stability. This suggests that Number of physicians per million people, Public library book collections Per 100 people, Per capita regional GDP, and Number of secondary schools Per million people have a significant influence on the green development level, with each contributing over 15% to the overall impact.
Using the Geographically and Temporally Weighted Regression (GTWR) model, the regression coefficients of the number of physicians per million people, public library book collections per 100 people, per capita regional GDP, and the number of secondary schools per million people on green development levels were calculated. Box plots for each factor were created by year to explore their temporal heterogeneity, as shown in Figure 7. During the study period, all four factors exerted a positive influence on green development levels. The impact of the number of physicians per million people exhibited an inverted “U-shaped” Kuznets curve, indicating that as economic development progressed, its influence first increased and then declined. In contrast, the effects of public library book collections per 100 people, per capita regional GDP, and the number of secondary schools per million people reached their peak in 2005, followed by a decreasing trend and then an upward rebound.
[image: Figure 7]FIGURE 7 | The box plot of the regression coefficients of the GTWR model for the green development level of the Chengdu-Chongqing Economic Zone.
4 DISCUSSION
4.1 Selection of evaluation indicators conforms to the characteristics of the actual region
To establish a practical evaluation system, it is crucial to select scientifically sound evaluation indicators (Wang and Zhang, 2023). The evaluation indicators for urban green development should adhere to the following principles: comprehensiveness, meaning that the indicators should cover environmental, economic, and social aspects to fully reflect the level of green development; quantifiability and measurability, ensuring that the selected indicators can be specifically measured and quantified (Xue et al., 2021); comparability, meaning that the indicators should be defined and measured consistently across different cities to allow for meaningful comparisons; and practicality, ensuring that the indicators provide results that can guide policymakers in improving green development strategies and promoting sustainable urban green development (Sharma et al., 2023). In existing studies, Meng used indicators related to green production, green living, and green ecology in his research on measuring green economic development, its influencing factors, and spatial spillover effects in China (Meng and Shao, 2022); Li, in studying the impact of clean energy development on the green economy, employed indicators encompassing social life, economic development, and ecological environment (Li et al., 2023); Yuan utilized indicators of economic growth, social stability, and environmental friendliness in his study on the development of green industries in China (Yuan et al., 2020); and Yang applied indicators covering regional ecological environment, economic environment, social environment, and policy environment in his research on regional ecological green development in the Yangtze River Delta (Yang et al., 2020). In summary, existing research largely focuses on establishing indicators around social, economic, and environmental dimensions. The green development evaluation indicators for each county (district, city) in the Chengdu-Chongqing Economic Zone were selected based on the principles outlined above, encompassing three dimensions: ecology, livability, and production. The evaluation system is constructed using 10 indicators such as forest coverage rate, per capita educational resources, and the advanced industrial structure index. Therefore, the selection of our evaluation indicators is scientifically sound and aligns well with the characteristics of the actual region.
In studies on green development levels in small-scale regions, the selection of evaluation indicators should be optimized based on well-founded reasoning and the specific characteristics of the region. In practice, natural factors such as topography, landforms, and climate conditions have profound impacts on green development paths in different areas. For instance, mountainous regions should emphasize indicators related to forest resource conservation and eco-tourism development, while coastal regions should focus on the sustainable use of marine resources and marine ecological protection.From a policy perspective, local governments should be encouraged to develop personalized evaluation systems tailored to their unique natural and geographical characteristics. At the national level, a categorized guidance framework could be provided to ensure that the evaluation indicators reflect both the common requirements of green development and regional realities, offering a reliable basis for precise decision-making.
4.2 National strategy has played a significant role in promoting the improvement of the regional green development level
National strategies have achieved remarkable success in advancing regional green development practices. During the implementation of the Yangtze River Economic Belt development strategy, significant progress has been made in ecological restoration and the green transformation of industries in riverine areas. By systematically closing, consolidating, and transforming heavily polluting enterprises, the transition of traditional manufacturing industries toward intelligent and green manufacturing has been effectively promoted.At the same time, substantial investments in the ecological protection of the Yangtze River have not only led to notable improvements in water quality but also elevated the overall green development level across the region.The Chengdu-Chongqing Economic Zone was officially approved by the State Council in May 2011, covering 15 regions in Sichuan Province and 29 regions in Chongqing. From 2005 to 2010, before the establishment of the economic zone, 36% of the regions advanced to a higher level of green development, with the average green development index in the region being 0.197 in 2005 and 0.205 in 2010. From 2010 to 2015, during the initial development phase of the Chengdu-Chongqing Economic Zone, 40% of the regions advanced to a higher level of green development, with the average green development index reaching 0.229 in 2015. From 2015 to 2020, during the rapid development phase, 66% of the regions advanced to a higher level of green development, with the average green development index reaching 0.254 in 2020. Since the establishment of the Chengdu-Chongqing Economic Zone, both the development speed and the green development index in the region have significantly improved, indicating that the establishment of the economic zone has contributed to the joint development of the two regions.
The implementation of national strategies also faces challenges, such as inadequate policy enforcement and funding shortages in certain regions. Therefore, it is crucial to strengthen the supervision and evaluation mechanism of national strategies to ensure their effective implementation. Additionally, the central government should increase fiscal transfers to local projects, encourage the participation of social capital, and create a diversified financial support system. Establishing regional cooperation mechanisms will also promote close collaboration among regions in the pursuit of green development.
4.3 Synergy of the “sansheng” dimensions is key to enhancing green development levels
The level of green development reflects a region’s capacity for healthy and sustainable growth and is influenced by factors such as economic development, social capital, and governance efficiency. In his research, Li found that the use of clean energy significantly promotes green economic development (Li et al., 2023). Liu emphasized the necessity of controlling energy consumption, reducing pollution emissions, and protecting water and mineral resources for the green development of the Yangtze River Economic Belt (Liu L. et al., 2023). Huang’s research revealed that promoting energy transitions, strengthening environmental protection efforts, and avoiding hasty industrial restructuring can enhance urban green development efficiency (GDE) (Huang et al., 2023). Cui found that improving living services and ecological protection is crucial for enhancing green development levels (Cui et al., 2021), while Qin’s research highlighted that green development encompasses multiple dimensions, including economic, environmental, and social aspects (Qin and Huang, 2023). For example, in 2020, the Nanan District ranked 17th in comprehensive green development, indicating a lagging position among core urban districts. Analysis of its performance across the three dimensions revealed that while it ranked seventh in the “livability” dimension, outperforming most cities, it fell significantly behind in the “ecology” and “production” dimensions. Poor scores in indicators like “Fertilizer usage” and “forest coverage” contributed to its lower overall ranking, despite strong economic development and living standards. Productive activities enhance quality of life in both material and spiritual aspects but simultaneously lead to resource consumption and environmental pollution, impacting the ecological environment. Changes in the ecological environment, in turn, constrain production through resource scarcity, regulatory measures, and public pressure, while also influencing the living sphere in terms of health and living costs. Therefore, in the process of advancing green development levels, it is essential to adjust production methods, strengthen public infrastructure services, and improve the ecological environment in a coordinated manner. To enhance urban green development levels, the “sansheng” dimensions must progress collaboratively.
In the practice of “sansheng” coordinated development, numerous challenges persist.At the production level, promoting environmentally friendly technologies faces obstacles such as high costs and limited market acceptance. At the living level, although public awareness of eco-friendly consumption has improved, the high prices of green products and restricted purchasing channels hinder the widespread adoption of sustainable lifestyles. At the ecology level, the long-term and complex nature of ecosystem restoration and conservation often conflicts with short-term local economic development goals.To address these issues, it is essential to implement green production incentives, such as tax breaks and financial subsidies, to reduce the cost burden on businesses for adopting sustainable practices. Strengthening regulation in the green consumer market, coupled with scaling up production and optimizing supply chains, can help lower the prices of eco-friendly products. Additionally, establishing long-term ecological compensation mechanisms can ensure that local residents receive stable economic benefits from ecological protection efforts, thereby fostering the coordinated development of production, livability, and ecology.
4.4 Rural and cities need to develop in harmony
In promoting green development, both urban and rural areas must participate jointly, as harmonious urban-rural development promotes urbanization and fosters rapid and healthy socio-economic growth. Since the 20th century, there has been a shift from initial urban-rural opposition to emphasizing coordinated and integrated development. The 18th National Congress once again highlighted the importance of urban-rural development and related policy measures (Li, 2023). In his study on spatial disparities and influencing factors in the integrated development of urban and rural areas in the Yangtze River Delta, Liu found that integration is uneven, with central cities driving the development of neighboring cities (Liu N. et al., 2023). Chen argued that urban-biased urbanization has widened the urban-rural development gap, and integrating new urbanization with rural revitalization can facilitate coordinated and high-quality development (Chen et al., 2021). Li emphasized that the development of urban and rural areas requires balanced infrastructure and public services (Li, 2023), while Fang suggested that future government efforts should aim at synchronizing and deepening the integration between urbanization and rural revitalization (Fang, 2022).The Yuzhong District, as a central urban area, plays a radiating role in driving the coordinated development of surrounding counties and rural areas, creating a positive trend in urban-rural integration. In contrast, Chengdu needs to advance the coordinated development process with its surrounding cities and counties. Therefore, it is essential to enhance the green development level in urban areas while simultaneously increasing support for underdeveloped rural areas by improving local infrastructure and optimizing industrial structures, thereby promoting coordinated urban-rural development.
Challenges in coordinating rural and urban development include significant rural-urban disparities, underdeveloped infrastructure, and a shortage of skilled personnel. Policies should prioritize enhancing rural infrastructure in areas such as transportation, communication, and wastewater treatment; providing livelihood support through entrepreneurship subsidies, housing allowances, and talent attraction initiatives; and promoting the integration of urban and rural industries by establishing development zones that encourage the flow of urban capital, technology, and talent into rural areas.
4.5 Recommendations
Under the concept of sustainable development, the Chengdu-Chongqing Economic Zone shows a promising trend in green development, but attention should be given to the following issues:
(1) Develop custom evaluation systems to reflect local characteristics. Design layered and multidimensional green development assessment systems tailored to regional natural, economic, and social conditions to guide transitions. Resource-based cities should prioritize indicators like resource efficiency, while tourism-based cities should emphasize tourism environmental carrying capacity. A dynamic evaluation indicator adjustment mechanism should be established to maintain scientific accuracy and adapt to regional characteristics.
(2) Integrate national strategies with local specifics. While implementing national strategies, regions should develop detailed execution plans tailored to local contexts, ensuring alignment between national strategies and regional plans. For instance, based on regional advantages in transportation, resources, and markets, differentiated green development strategies can be crafted to form locally distinctive green industry clusters and enhance collaboration and exchange in green development.
(3) Promote policy integration and innovation for “sansheng” coordination. Governments should integrate existing green development policy resources to achieve coherence and synergy. In production, offer tax, financial, and land incentives to encourage enterprises to transition to green production and innovation. In daily living, foster public awareness of green consumption through campaigns and education, while assisting businesses in promoting green products. For ecological preservation, establish compensation mechanisms and implement systemic governance of ecosystems, including mountains, rivers, forests, farmlands, lakes, grasslands, and deserts, to enhance economic and social benefits.
(4) Strengthen comprehensive policy support for urban-rural coordination. Coordinate funding and projects to create integrated urban-rural infrastructure plans and construction. Establish talent attraction mechanisms to bring skilled individuals to rural areas, fostering partnerships between academic institutions and rural communities. Support urban enterprises in cooperating with rural entities, driving urban-rural economic integration.
5 CONCLUSION
We developed a green development evaluation method that integrates the dimensions of ecology, production, and livability, and applied it to the Chengdu-Chongqing Economic Zone to identify evolution patterns and analyze driving factors. This study primarily reveals the influencing factors of green development in the Chengdu-Chongqing Economic Zone and discusses in depth the role of national policies, regional coordination, and other factors in promoting green development. The key conclusions are as follows:
(1) The measurement results show a clear upward trend in the green development level of the Chengdu-Chongqing Economic Zone, with the average green development index rising from 0.197 to 0.254. In the Chengdu region, the average index increased from 0.187 to 0.244, while in the Chongqing region, it rose from 0.202 to 0.259. Notably, Yuzhong District and Chengdu have the highest levels of green development, with green development indices of 0.568 and 0.522, respectively, in 2020.
(2) The spatial clustering of green development levels in the Chengdu-Chongqing economic zone exhibited a trend of first strengthening and then weakening, with the highest clustering degree observed in 2015. In terms of spatial distribution, the regions with the fastest improvements in green development in Sichuan Province are primarily located in the northern and southern parts, showing a pattern of faster development in the north and south, with slower progress in the middle. In Chongqing, areas with rising rankings are concentrated in the central and southern regions, while most eastern regions experienced a decline in rankings.
(3) The establishment of the Chengdu-Chongqing Economic Zone has positively influenced the green development levels of various cities. In 2010, before the zone was established, the average green development index was 0.205. By 2015, during the initial development phase, the index rose to 0.229, and by 2020, during the rapid development phase, it further increased to 0.254. Since the zone’s establishment, both the development speed and green development index within the region have seen significant improvements.
(4) The Theil index results indicate that in 2005, 2010, 2015, and 2020, the Theil indices were 0.1001, 0.0994, 0.1736, and 0.1765, respectively, reflecting an increase in the disparities in green development levels across the regions within the Chengdu-Chongqing Economic Zone.The results of the optimal scaling regression model show that the driving factors with a significant impact on the level of green development include the Number of physicians per million people, Public library book collections Per 100 people, Per capita regional GDP, and Number of secondary schools Per million people, each contributing over 15% to the impact.
Due to limitations in data sources and research methods, we believe the following constraints still exist: (1) Due to the limited data available from statistical yearbooks and bulletins, we only conducted statistical analysis using panel data for the years 2005, 2010, 2015, and 2020. In the future, we plan to collaborate further with relevant departments to include additional environmental monitoring data and conduct a series of studies. (2) The classification of statistical indicators requires further research, such as categorizing each indicator into high, correlated high, correlated low, and low levels based on their characteristics. In the future, scientific classification standards for different indicators will be developed.
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