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With the widespread promotion of the concept of green development, China’s green credit policy system has been established, developed, and gradually improved during the past decade. Against the background of the country’s vigorous development of green finance, this finance has had an increasingly important influence on agricultural green total factor productivity (GTFP). In this study, we took 30 provinces (autonomous regions or municipalities directly under central government control) in China as research samples (Hong Kong, Macao, Taiwan, and Tibet were not included due to a lack of data). The time period from 2010 to 2020 was selected as the research period, given that 2010 was the year when the development stage of China’s green finance was first initiated. Through in-depth analysis of the spatial correlations of agricultural GTFP in China and the influences of green finance on agricultural GFTP, we constructed a research framework with multiple dimensions, including green credit, green bonds, green insurance, green investment, and carbon finance. We then systematically studied the influences of green finance on agricultural GTFP. Our results showed that: (1) The development levels of green finance and agricultural GTFP in China were high, but there were not able differences among provinces, with higher agricultural GTFP in northern China and lower agricultural GTFP in central China; (2) green finance had the greatest promoting effect in western China, a weaker promoting effect in central China, and the weakest promoting effect in eastern China; and (3) green finance can indirectly promote improvements in agricultural GTFP by promoting the upgrading of industrial structure, driving technological progress, and optimizing energy consumption structure. Our work not only provides valuable reference data and suggestions for the green and sustainable development of China’s agriculture but also academic support for the development of China’s agricultural economy.
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1 INTRODUCTION
Following the adoption of the UN’s Sustainable Development Goals and the Paris Agreement in 2015, the international development of green finance was included as part of the core agenda at the G20 Summit for the first time in 2016. This accelerated the pace of green development in both the public and private sectors of multiple economies. Since 2020, green finance has gradually become part of an international consensus. Under the dual boost of the 15th Conference of the Parties (COP15) to the Convention on Biological Diversity in 2021 and the 26th Conference of the Parties (COP26) to the United Nations Framework Convention on Climate Change, green finance has been accepted as an important tool to address climate change and protect biodiversity and has achieved penetration into global capital markets. In 2021, the volume of global green financing reached a record of $540.6 billion, indicating that today’s green finance has moved to center stage in global capital markets.
In recent years, with the increasing awareness of environmental and social responsibilities, the concept of green development has been widely promoted in China, especially in the field of agriculture. The promotion of agricultural green total factor productivity (GTFP) has become an inevitable requirement for China’s sustainable development (Shi, 2022). The report of the 19th National Congress of the Communist Party of China clearly stated that “high-quality development is the primary task of comprehensively building a modern socialist country”. As the world’s largest agricultural producer and consumer, China’s agricultural production has become an important part of the global food security system, and it is imperative to promote a transformation in China’s agricultural economy from large quantity to high quality (Hong, 2017; Du and Lingxiao, 2023). The top-level design of China’s green finance has now essentially finished, and related business is developing rapidly, promoting economic and social transformation and upgrading. Since 2012, the Chinese government has incorporated green development into its national strategy and promoted the rapid development of green finance. In 2020, the President of China, Xi Jinping, announced the “3,060” dual-carbon goals at the United Nations General Assembly, which showed the direction for promoting the development of green finance in China.
According to the White paper on China’s Green Development in the New Era (2023), China’s fiscal expenditure on energy conservation and environmental protection increased from 236.07 billion yuan in 2010 to 692.82 billion yuan in 2019, with a year-on-year growth rate of 193.48% and an average annual growth rate of 21.49%. By the end of 2020, the outstanding green credit of major Chinese banks had exceeded 10 trillion yuan, and they had issued 229.754 billion yuan of green bonds. China has become the world’s largest issuer of green bonds. In 2022, green financial products will perform well, and green credit and green bonds will make remarkable progress. By December 2022, the balance of green credit in China has reached 22.03 trillion yuan, with a year-on-year growth rate of 38.5%, 5.5 percentage points higher than that in 2021, with a relatively balanced and diversified structure. In 2022, the issuance of labeled green bonds in China and abroad was us $155 billion (RMB 1 trillion yuan), up 35% year on year. Among them, the issuance of green bonds meeting the CBI definition was US $85.4 billion (RMB 575.2 billion yuan), ranking first in the world. At the same time, most of China’s green bonds will mature by 2025, and the issuance scale still has the potential for growth. Affected by the volatility of the capital market, the number and scale of environmental-themed and ESG-themed funds have declined, but the number and scale of funds in new energy and other industries have increased. The implementation plan for carbon peak reaching compiled in 2021 was released in 2022, and the local or regional peak reaching implementation plan was not disclosed. By the end of 2022, a total of 18 provinces, municipalities and autonomous regions had announced plans, including those in energy, industry, urban and rural construction, agriculture and rural areas, as well as non-ferrous metals and building materials industries. The dual-carbon policy system has been further improved, bringing about a boom in investment in carbon neutrality. The first batch of carbon neutral ETF issuance reached 16.4 billion yuan; ABS market is closer to the concept of “carbon neutral” and the field concentration increases; China issued carbon neutral bonds totaling 470.56 billion yuan. 3, accounting for 33.2% of the total issuance and scale of green bonds. In the futures market, 16 futures varieties, including carbon emission right, electricity and other major strategic varieties related to the basic fields of national economy and energy price reform, indicating that carbon financial futures trading is about to begin.
Green finance plays an important role in promoting and guiding the green development of rural agriculture. According to the overall requirements of rural revitalization, financial institutions can provide diversified financial services, such as green funds, bonds, and credits; these can then be used to meet green, environmentally-friendly, and sustainable financial needs (Chen, 2021). Green finance can promote the green development of agriculture and simultaneously has a strong spillover effect. This means that agricultural GTFP in a given region will be affected by the development of green finance in local and neighboring regions (Xiao and Hu, 2023). Green finance is a driving force for the construction of rural ecological civilization and an important mechanism that affects rural ecological civilization. Consequently, increasing agricultural GTFP can improve the level of rural ecological civilization (Zhu and Zhang, 2023). Green finance can also improve the degree of food security by improving rural human capital and accelerating the agglomeration of agricultural industries (Jiangiang et al., 2024). In regions with a greater degree of marketization and more human capital, green finance can have a greater influence on rural revitalization (Tingting and Meiju, 2023). From the perspectives of increasing supply-side structural reform in the financial field, providing “agriculture, rural areas, and farmers” with a high-quality service, and achieving its own sustainable development, it is an inevitable choice to use green finance to support rural revitalization (Song, 2023). Green finance is a financial investment concept with environmental protection and pollution control as its core ideas, and it aims to achieve coordination and cooperation between financial and industrial policies (Gao, 2019). Green finance is a financial tool that follows market rules and plays an important role in improving the efficiency of agricultural production and protecting the ecological environment (Ji, 2023). By promoting the rational allocation of agricultural resources, green finance can enhance agricultural green productivity, thus promoting the upgrading of agricultural industry, improving agricultural productivity, optimizing the utilization efficiency of agricultural production resources, strengthening scientific and technological innovation in agriculture, and increasing farmers’ income (Qin, 2023; Zhao, 2023). In general, green finance has a positive influence on the level of integration of rural tertiary industry, and green investment and green insurance can effectively enhance the level of integration of green securities, carbon finance, and green credit. Green finance can increase consumer spending by rural residents, while fiscal expenditure, per capita GDP, and urbanization rate can also have a positive influence on consumer spending by rural residents (Yan and Wu, 2024; Fang, 2023).
Therefore, the study of this paper is to investigate the background of China’s green credit policy system in a short period of time, green finance to the green agricultural total factor productivity (GTFP) influence how associated, on China’s vast land area, regional environment difference between regional influence, on the influence of the green sustainable development of Chinese agricultural effect.
Compared with other relevant studies, the research contributions and innovations of this paper are mainly reflected in the following aspects: at the theoretical level, it enrich and improve the theoretical system of agricultural socialized service, helps to discuss the connotation, extension, practice path and development law of agricultural socialized service in the exploratory period of green finance promotion, and forms a theory of agricultural modernization and sustainable development with Chinese characteristics. At the practical level, consider agricultural socialization services to promote the modernization of green agriculture, improve agricultural production efficiency and farmers’ income, and enhance competitiveness. By improving the agricultural socialization service system, we can solve agricultural problems, strengthen agricultural economy, promote rural development, achieve sustainable agricultural development, and provide academic support for the development of China’s agricultural economy.
The research structure of this paper is as follows: first, with the help of GIS technology and spatial analysis model, combined with data envelope analysis method (DEA), at the same time, the study of time and space from the two dimensions of time and space. Secondly, with the help of the spatial Dubin model, there are relatively few studies on the impact of green finance on agricultural total factor productivity, and it is still in the preliminary exploration stage. This study in China 30 provinces (autonomous regions and municipalities directly under the Central Government) as the research object (Tibet, Hong Kong, Macao, Taiwan, due to the lack of data, not included in the target area of the study), using GIS technology and EBM-GML model, global space autocorrelation analysis, cold hotspot analysis, spatial Dubin model quantitative analysis, measurement model and index system, the level of Chinese agricultural green total factor productivity comprehensive measurement analysis, and further carry out green finance on agricultural green total factor productivity analysis.
2 LITERATURE REVIEW
2.1 Agricultural green total factor productivity (GTFP)
Against the background of the dual-carbon goals, it is necessary to replace traditional total factor productivity (TFP) with agricultural GTFP, to promote the construction of a more ecological civilization. Agricultural GTFP is a key indicator that can be used to measure agricultural economic growth and environmental sustainability. The methods of measurement include the non-production frontier method and the production frontier method, of which the non-production frontier method has been more extensively studied. Conradie et al. (2021) extended the study of agricultural TFP in the Western Cape Province of South Africa to 11 Northern Cape regions. Hamid and Wang (2022) believed that it is crucial to assess agricultural TFP and that the factors influencing agricultural growth and environmental performance could be determined by combining environmental factors with production efficiency. Shiwen and Hu (2019),using the Solow residual method, found that the contribution rate of agricultural scientific and technological progress in Jiangxi Province, China, was closely related to capital input and that scientific and technological development and capital input were the key factors in promoting agricultural economic development. Huang (2021) believed that the growth of the agricultural green economy could mainly be attributed to technological progress and that it was also necessary to pay attention to the protection of natural resources and the environment. Wang and Feng (2013) studied the agricultural production input from 1995 to 2008 in Liaocheng City, China. They found that the government played a major role, whereas the market had a weak influence; the functions of various agricultural factors were well coordinated, and the agricultural production value increased steadily. Based on their findings, the authors suggested that more support should be given to improve agricultural GTFP. Peng-fei et al. (2018) measured the agricultural GTFP of various provinces in China according to the Luenberger index. They found that agricultural GTFP was successively lower in the eastern, central, and western regions and was successively lower in the main grain producing areas, main sales areas, and balance areas. Zhao and Dang (2023) used a model research method to study the agricultural GTFP of 77 counties and districts in Anhui Province, China, over the past 10 years; they concluded that different counties and districts had differentdegrees of demand and dependence on different factors. Bo and Bao (2023) measured the agricultural GTFP of various provinces in the Yellow River Basin using a slacks-based measure (SBM)-graph machine learning (GML) index model; they found that there were considerable differences in the agricultural production structure among different provinces. Zhang and Sun (2023) studied the influence of agricultural global value chains on total factor productivity in 58 countries. They found that agricultural global value chains had an improvement effect on TFP in high-and medium-to-high-income countries, but no obvious effect on TFP in low-to-medium-income countries. Zhang et al. (2022) analyzed the influences of seven variables on agricultural GTFP and determined which of these variables had direct and indirect influences. Chen et al. (2020) believed that problems in agricultural development could be identified by studying temporal and spatial changes in agricultural total factor productivity.
2.2 Factors influencing agricultural TFP
Agricultural TFP represents agricultural production efficiency. Improving agricultural production efficiency is of great importance for agricultural development. The higher the agricultural TFP, the less dependent the agriculture is on resource factors, the more technologically advanced the agriculture, and the greater the degree of agricultural sustainability. Hence, academics and governments alike have focused on the improvement of agricultural TFP. Jianiun et al. (2023) found that digital rural construction could promote scale management of agriculture and promote the improvement of agricultural GTFP. Xie et al. (2023a) suggested that inclusive rural finance could help farmers obtain increased financial resources, promote the development of agricultural industrialization, and thus considerably improve agricultural GTFP. Li et al. (2022) found that environmental regulations could enhance the influence of farmland water conservancy facilities on the TFP of grain production. Using a spatial panel model, Yang and Tong (2023) conducted an empirical study of the influence of agricultural trade on agricultural GTFP in 31 provinces, autonomous regions, and municipalities in China from 2004 to 2020. Theyfound that agricultural trade had distinct “U-shaped” rules that influenced the technical efficiency of agriculture. Sheng et al. (2016) used the growth accounting method to assess the TFP of the Australian agricultural industry between 1949 and 2012, and improved the measured results of agricultural productivity by considering the heterogeneity of output and input quality. Using the Solow residual method, Moghaddasi and Pour (2016) found that consumption of energy by agriculture in Iran between1974 and 2012 was negatively correlated with the growth of TFP, i.e., energy consumption increased while TFP decreased. Based on survey data from pastoral areas of Inner Mongolia, Zhang and Zhang (2022) found that the improvement in TFP of livestock husbandry in pastoral areas as a result of the grassland ecological compensation policy had a positive effect on the harmonious development of livestock production and grassland ecology in pastoral areas. Anubhab et al. (2021) analyzed the evolution of the influence of climate change on agricultural TFP in various regions of India and estimated that agricultural TFP in all states considered in their study would decline by 2050. Lajos et al. (2020) studied the influence of various types of subsidies on different components of agricultural TFP in Slovenia. Ghebremichael and Potter-Witter (2009) studied the influence of tax incentives on the long-term dynamics of TFP growth and capital formation in Canada’s sawmill industry and found that increased capital formation could considerably increase the total input when driven by tax incentives. Olomola and Osinubi (2018) found that human capital was always the main driving force of national agricultural TFP in both the short- and long-term.
In summary, previous studies related to agricultural TFP have made some achievements, but some shortcomings remain. First, there have been few studies on the spatio-temporal comprehensive analysis for the evolution laws and characteristics of agricultural GTFP from both temporal and spatial dimensions that have involved GIS technology and spatial analysis models using the data envelopment analysis (DEA) method. Second, there have been relatively few studies that have used the spatial Durbin model to analyze the influence of green finance on agricultural TFP, with such research still in the preliminary exploration stages. In this study, we took30 provinces (autonomous regions and municipalities directly under the control of the central government) in China as the research objects. We constructed a measure model and index system using GIS technology and various quantitative analysis methods, including explainable boosting machine-graph machine learning (EBM-GML) model, global spatial autocorrelation analysis, cold-and hot-spot analysis, and the spatial Durbin model. (Tibet, Hong Kong, Macao, and Taiwan were not included in the targeted regions of this study due to a lack of data.) We then conducted a comprehensive spatio-temporal measure analysis of the level of agricultural GTFP in China; we also analyzed the influence of green finance on agricultural GTFP. At a theoretical level, our study enriches and improves the theory of agricultural socialized service, and is helpful to explore the connotation, extension, practice paths, and development laws of agricultural socialized service, which facilitates the formation of a theory for agricultural modernization and sustainable development with Chinese characteristics. At the practical level, agricultural socialized services promote agricultural modernization, improves agricultural production efficiency, increases farmers’ income, and enhances agricultural competitiveness. By improving the agricultural socialized service system, we can solve agricultural problems, strengthen the agricultural economy, promote rural development, and achieve sustainable agricultural development. Our work thus provides academic support for the development of China’s agricultural economy.
2.3 The influence path of green finance on agricultural total factor productivity
The main content of this paper is to study the impact of green finance on agricultural green total factor productivity. This paper discusses the impact mechanism of green finance on agricultural green total factor productivity from four aspects, and proposes the research hypothesis through the analysis of the impact mechanism.
(1) Through the collation and analysis of existing literature, it is found that green finance has positive effect to agricultural green total factor productivity, Shi and Shi (2022) points out that the improvement of green financial development level can promote the improvement of green total factor productivity: Xie and Shihua (2023) research found that green finance through various green financial tools for reasonable allocation of resources can effectively improve green total factor productivity. Green finance is to promote the development of agricultural green through the rational application of green finance has a supervision and management role. After farmers obtain financial services, the use of funds must be used for agricultural green production and related aspects, which ensures that farmers invest funds into green production and guarantee the productivity of green finance.
Hypothesis 1. green finance has a significant positive impact on green total factor productivity in agriculture.
(2) Through the collation and analysis of existing literature, it is found that green finance promotes agricultural green total factor productivity regional heterogeneity, Xie et al. found that green finance can effectively improve green total factor productivity, and regional heterogeneity in the central and western regions; Liu and Chun (2021a) proposed that the development level of green finance on agricultural green total factor production has significant heterogeneity, which shows that the eastern region is greater than the central region and the western region, and the western region has the least influence. Although there is regional heterogeneity in the effect of green finance, green finance still promotes the agricultural green total factor productivity in eastern, central and western China, due to the different levels of economic development among different regions. However, with the continuous advancement of the new round of central region rise strategy and the western development strategy, the differences between the eastern, central and western regions will gradually narrow and tend to be consistent.
Hypothesis 2. the influence of green finance on agricultural green total factor productivity is heterogeneous.
(3) Green finance has an impact on agricultural green total factor productivity by promoting technological progress. Because green finance will guide the flow of capital from energy-intensive and polluting industries to enterprises with low energy consumption and advanced technology, First of all, green credit can broaden the channels for related enterprises to obtain funds, So that environmental protection enterprises have sufficient funds to research and develop new technologies; Secondly, green production enterprises can give priority to issuing green bonds, Enable enterprises to conduct direct financing, On the one hand, it can not only change the financing environment of green and environmental protection enterprises, It can also improve the development confidence of green and environmental protection enterprises themselves, On the other hand, it can improve the infrastructure construction of enterprises, To promote its better technological innovation: the government will also actively participate in the green finance activities, Provide risk compensation and guarantee subsidies for green technology innovation enterprises, It will also improve the enthusiasm of enterprises to make green technology innovation. Finally, relevant departments have strict approval systems and supervision and management for all kinds of green financial instruments, which further ensures that green finance encourages enterprises to improve green technology by providing financial support for environmental protection enterprises, so as to have a positive impact on the green total factor productivity of agriculture. Cui and Peng (2023) believed that green finance promotes the improvement of green total factor productivity through green R & D investment; Liu (2021); Liu and Chun (2021b) concluded that improving the development level of green finance can promote green technology innovation.
(4) Through the collation and analysis of existing literature, it is found that green finance for agricultural green whole orderly productivity has significant space spillover effect, the green financial region green agricultural total factor productivity promoting effect at the same time, also to its adjacent areas of agricultural green total factor productivity. Now the economic development between more and more close, the economic development of the region will also promote the economic development of adjacent areas, with the higher the green financial level of the region will drive the development of green financial level of adjacent areas, and the use of a green technology innovation, will take the region as the core to the surrounding radiation, drive the surrounding areas of the use of the green innovation technology. Zhang and Kui (2021) found that green finance has a significant promoting effect and spatial spillover effect on total factor productivity: Yin et al. (2021) pointed out in the study that there is a “U” -shaped spatial spillover effect between the development level of green finance on green total factor productivity. It can be seen that the promotion of green total factor productivity in this region will be indirectly affected by adjacent areas.
Hypothesis 3. the influence of green finance on agricultural green total factor productivity has a spatial spillover effect.
3 DATA AND METHODS
3.1 Index system and data sources
Taking into account existing research results (Zhu and Zhang, 2023; Han and Yang, 2023; Hong et al., 2023; Manyao et al., 2023; Shuai et al., 2022; Yang and Zuo, 2022; Luo and Wu, 2024; Longteng and Fan, 2024-02; Wang and Lei, 2023; Wu et al., 2023), in this study we comprehensively considered the United Nations Sustainable Development Goals and the characteristics of China’s agricultural industry. Wes elected input indexes from five aspects: Agricultural resources, labor, energy, innovation, and government support. The expected output indexes were selected from the perspective of useable outputs, and the non-expected output indexes were selected from the perspective of the main pollutants arising from agricultural production. We then constructed an index system to assess China’s agricultural TFP (Table 1).
TABLE 1 | Assessment index system of China’s agricultural TFP.
[image: Table 1]Based on existing research results (Zhang and Jiang, 2006; Gang, 1995; Zhang, 2006; Zhu, 2009; Xia, 1999; Luyuan, 2024; Lu et al., 2024; Tong, 2024; Gu and Hao, 2024) and the characteristics of China’s agricultural development, we established an index framework to quantify green finance from multiple perspectives, including green credit, green education, green insurance, green investment, and carbon finance; we then constructed an index system for green finance, as shown in Table 2. The development of green finance can guide the flow of funds to environmental protection industries and effectively inhibit the transfer of industries that are highly polluting and have high energy consumption and excess capacity to rural areas, thus maintaining the fair development of urban and rural ecology. The green and low-carbon development of agriculture is a complex systematic project, which requires not only scientific, technological, and institutional innovation but also the promotion of talented individuals. Education is an important way to cultivate talent, with its importance lying in its ability to enhance individuals’ learning and ability to innovate while also shaping their sense of value and behavior patterns, thus promoting the green and low-carbon development of agriculture. Moreover, through the innovation of green insurance products and green claims management, insurance products and services can contribute to the sustainable development goals that relate to agriculture. The core of the policy of establishing green finance reform and innovation pilot zones is to improve innovations in green agriculture and the level of agricultural mechanization, thus improving agricultural production efficiency. Against the background of the dual-carbon goals, green development has become the main theme of rural economic development. Green finance can promote energy conservation and emission reductions by leveraging green financial tools. Combining green finance with agricultural and rural development can create a strong empowering effect for rural revitalization.
TABLE 2 | Index system for green finance.
[image: Table 2]Considering that 2010 was the start of the initial development stage of China’s green finance initiative, we took the time period from 2010 to 2020 as the research period. We selected the indexes of 30 provinces in China (including autonomous regions and municipalities directly under the control of the central government) as the research samples to analyze the spatial correlation of agricultural GTFP in China, as well as the influences of green finance on the agricultural GTFP. (Hong Kong, Macao, Taiwan, and Tibet were not included in the targeted regions of this study due to a lack of data.) The research data were collected from the China Statistical Yearbook, China Rural Statistical Yearbook, China Environmental Statistical Yearbook, provincial statistical yearbooks and statistical bulletins, national economy and social development statistical bulletins, environmental status bulletins, and other literature covering the research period. For any data missing from the sample, linear interpolation was used to complete the data.
3.2 Research methods
3.2.1 EBM-GML model
Data envelopment analysis (DEA) is a widely used method because it is suitable for studying multi-input and multi-output problems and does not need to set the production function form. During the early stages of its development, this method did not consider unexpected outputs, leading to calculation results that may have been biased. The improved SBM model is a non-radial model and cannot deal with radial problems. The EBM model can overcome this shortcoming. Considering that the global GML index has the characteristics of transitive, cyclic accumulation, comparable and reflecting long-term changes. Therefore, GML index is selected to measure agricultural green total factor productivity, and GML index is used to compare the changes of agricultural green total factor productivity. The EBM-GML model was selected to measure agricultural green total factor productivity and growth rate (Zhou and Nie, 2022). The specific model is expressed as shown in Equations 1, 2:
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where X, YG, and YB represent m inputs, n expected outputs, and one non-expected output, respectively; H is the number of decision units; [image: image] (0 ≤ [image: image] ≤ 1) is the optimal efficiency value; [image: image], [image: image], [image: image] represent the weights of the i-th input, j-th output, and z-th unexpected output, respectively; [image: image] represent the slack variables of the i-th input, j-th output, and z-th unexpected output, respectively; and ω(0 ≤ ω ≤ 1) is an important parameter for the combined radial efficiency value ϑ and the non-radial relaxation variables.
By combining the above with the technical efficiency parameter, ρ, the GML index can be constructed as shown in Equation 3:
[image: image]
where [image: image] represent the global efficiency values of period t and period t+1 respectively, and G represents the agricultural GTFP index. By taking 2010 as the base period, we can obtain the agricultural GTFP of each province by cumulative accumulation of the calculation results of subsequent years.
3.2.2 Spatial durbin model
The spatial panel model covers the spatial effect and the time effect, which makes the given spatial regression model more realistic. Therefore, we adopted the spatial Durbin model (SDM) to analyze the influencing factors of the level of agricultural green development in China. The specific formula is as shown in Equation 4:
[image: image]
where IGDI it represents the agricultural GTFP of province i at period t; α is a constant term; ρ represents the spatial regression coefficient; β is the regression coefficient of the explanatory variable; θ is the regression coefficient of the spatial lag term of the explanatory variable; W is the spatial weight matrix (if there is a common boundary between two regions, W = 1; otherwise, W = 0. Due to the special geographical position of Hainan province, the common boundary between Hainan and Guangdong Provinces is adjusted to ensure the scientificity and preciseness of the research.); ui represents the space fixed-effect; λt represents the time fixed-effect (if ui and λt are correlated with the explanatory variables, it is a fixed-effects model; if not, it is a random-effects model.); and μit represents the error term of spatial autocorrelation.
4 RESULTS AND ANALYSIS
4.1 Agricultural green total factor productivity
4.1.1 Agricultural GTFP of provincial administrative regions
According to our calculation results (Table 3), the average value of China’s agricultural GTFP from 2010 to 2020 was 0.86, which is much lower than the production frontier value, indicating that the agricultural GTFP level of Chinese agriculture is not high and that there is still much room for improvement. The average values of agricultural GTFP for Beijing, Tianjin, Shanghai, Heilongjiang, Jiangsu, Zhejiang, Fujian, Guangdong, Hainan, Yunnan, and Ningxia were all greater than 0.9, ranking among the top 11 of China’s provincial administrative regions. Moreover, their efficiency values were all greater than the national average value, also indicating that their agricultural GTFP level was higher than other provinces. Among these 11 provincial administrative regions, Beijing, Tianjin, Shanghai, Jiangsu, Zhejiang, Guangdong, and Hainan are economically developed regions in eastern China. These regions attach great importance to green finance policies and have made rapid technological progress and full use of scientific and technological innovation. Fujian, Heilongjiang, and Ningxia rigorously promote the development of green finance, which not only conforms to the mainstream policies of green development but also accelerates economic transformation and development, impelling their agricultural industry to move toward modernization. For Gansu and Shanxi Provinces, their comprehensive efficiency values were both lower than 0.6, ranking the lowest in China. Moreover, their average efficiency values were much lower than the national average. These results indicate that the comprehensive efficiency of the agricultural green economy in these two provinces is poor. Gansu Province is in the economically underdeveloped region of northwestern China, and its poor level of economic development has greatly affected its agricultural GTFP development. Shanxi Province is in the central economic region, and its unique resource-based industrial structure and economic structure bring difficulties and problems for the development of agricultural GTFP. To sum up, there are clear inter-provincial differences in China’s agricultural GTFP. The provinces with higher agricultural GTFP are mostly distributed in the eastern and northern regions, while the provinces with lower agricultural GTFP are mostly distributed in the central and western regions.
TABLE 3 | Agricultural GTFP of provincial administrative regions in China.
[image: Table 3]To more directly reflect the spatial distribution characteristics of China’s agricultural GTFP at the provincial level, we selected data relating to China’s agricultural GTFP in 2010, 2015, and 2020, taking 5 years as the time node. We then created visual representations using ArcGIS10.4 software (Figure 1). The 30 provinces in China were categorized into five types: low productivity areas, low-to-medium productivity areas, medium productivity areas, medium-to-high productivity areas, and high productivity areas.
[image: Figure 1]FIGURE 1 | Spatial Distribution of agricultural GTFP at provincial level in China (2010–2020).
4.1.2 Growth impetus analysis of agricultural GTFP
Table 4 provides the agricultural GML values and related decomposition indexes of 30 provinces in China between2010 and 2020. As can be seen, the average annual growth value of agricultural GTFP in China from 2010 to 2020 was 1.03, with an average annual increase of 3.79%. The average annual growth value was greater than 1, indicating that the technical efficiency of agriculture showed an improving trend. The maximum value (1.1913) occurred in 2010–2011, and the minimum value (0.8969) occurred in 2011–2012. During the study period, there were 4 years in which the agricultural GML value did not exceed 1: 2011-2012, 2012-2013, 2016-2017, and 2017-2018. These results indicate a relatively high level of agricultural GTFP in China. From the perspective of the change trend of agricultural GML, the agricultural GTFPbetween2010 and 2014 and between2014 and 2020 showed a similar wave-like trend of first decreasing and then increasing, with a maximum value of 1.1508 in 2014–2015.
TABLE 4 | Growth rate of China’s agricultural GTFP and its decomposition efficiency between 2010 and 2020.
[image: Table 4]The agricultural GML index of China was decomposed into a technical efficiency change (EC) index and a technical progress change (TC) index. The EC index represents the ratio between the actual output value and the optimal value in a given period. It measures the level of technical efficiency and reflects the degree of effective allocation of agricultural production resources by agricultural technologies. The TC index represents the ratio between the actual output value and the optimal value by using the same input factors in different periods. This measures the level of technological progress and reflects the degree of application of new agricultural technologies in agricultural production activities. Therefore, from the perspective of China’s EC and TC indexes, the average value of China’s EC index was 1.0059, which is greater than 1, and the average value of the TC index was 1.0313, exceeding the EC index.
Figure 2 shows more clearly the change trends in China’s GML, EC, and TC indexes. On the whole, the TC and GML indexes showed approximately consistent change and fluctuation rules, indicating that the TC index is the main influencing factor of the GML index. From the perspective of different time periods, from 2010 to 2014, the GML, EC, and TC indexes fluctuated considerably around 1.0000, showing overall the characteristics of steep declines followed by steep rises. The growth rate of agricultural GTFP and its decomposition efficiency fluctuated in a similar manner, indicating that the EC and TC indexes acted jointly on the development of agricultural GTFP between2010 and 2014. From 2014 to 2017, the change trends of the GML and TC indexes always maintained a downward trend, where as the EC index showed an upward trend. As this was contrary to that of the GML index, it indicated that a decrease in the growth rate of technological progress can improve the growth rate of technical efficiency. From 2017 to 2020, the change rates of the TC and EC indexes were both high, indicating sufficient technological input during this time period, which could effectively improve agricultural GTFP. To summarize, from 2010 to 2020, technical efficiency showed an overall trend of fluctuating decline. The growth impetus for agricultural GTFP mainly came from technological progress, whereas the contribution of technical efficiency improvement was relatively small. This means that although the level of agricultural technology progress in China had been further improved between 2010 and 2020, the level of technical efficiency was not satisfactory. Hence, technological progress should be combined with the enhancement of technological application ability and improvements in the level of technology management. Then, the effective improvement of agricultural GTFP could be achieved.
[image: Figure 2]FIGURE 2 | Growth rate of China’s agricultural GTFP from 2010 to 2020 and its decomposition broken line graphs.
4.1.3 Growth impetus analysis of agricultural GTFP in the eastern, central, and western regions of China
According to the distribution of natural resources and the level of economic and social development of each provincial administrative region in China, China is roughly divided into three economic zones in the east, central and west with reference to the research practice of the academic circle, thus forming three major research areas. The eastern region includes Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong and Hainan; the central region means Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei and Hunan; and the western region is Inner Mongolia, Guangxi, Chongqing, Sichuan, Chuzhou, Yunnan, Shaanxi, Gansu, Qinghai, Ningxia and Xinjiang, as shown in Table 5.
TABLE 5 | Composition of eastern, central, and western regions in China.
[image: Table 5]According to Table 6, the average GML index in the eastern region between2010 and 2020 was 1.0063, while this value between 2011 and 2013 and between2016 and 2020 was less than 1, indicating that the agricultural GTFP in the eastern region showed a trend of fluctuating decline. The average value of the EC index across the 11-year period was 0.9972. The EC index was greater than 1 in 2010–2011, 2012-2014, and 2014-2016, whereas the EC index in the other years showed a declining trend. The EC index in the eastern region can thus be considered to have been in a retrogressive state from 2010 to 2020. The TC index, however, was always greater than 1 except for in the years 2011–2013 and 2016-2018, confirming that this value improved in most years from 2010 to 2020. In the central region, the GML index was always greater than 1 except for in the years 2011–2013 and 2015-2017. The maximum value of the GML index occurred in 2010–2011, when it was 1.2285 (22.85%) higher than during the previous year. The minimum value of the GML index occurred in 2011–2012, which was 0.8319 (16.81%) lower than that in the previous year. The EC index was less than 1 in the years 2011–2012, 2015-2016, 2017-2018, and 2019-2020, and greater than 1 in all other years. Hence, in most years, the EC index in the central region had a promoting effect on agricultural GTFP. The TC index was greater than 1 in all years except for in the years 2011–2013 and 2015-2017, with the highest value of 1.2061 occurring in the year 2010–2011, which played a crucial role in promoting the development of agricultural GTFP. In the western region, the GML index was less than 1 in the years 2011–2012, 2013-2014, and 2015-2017, indicating the retrogression of agricultural GTFP in these years compared to that in the corresponding previous years. In the remaining years, the GML index was greater than 1, indicating an improvement in agricultural GTFP in these years compared to that in the corresponding previous years. The growth rate of the GML index reached its highest value of 29.78% in 2010–2011, while the greatest decrease in this index, of 9.26%, occurred in 2011–2012, which were similar values to those seen in the central region. The EC index in the western region was less than 1 in the years 2011–2012, 2014-2015, 2017-2018, and 2019-2020, indicating that the EC index had an inhibitory effect on the GML index in these years. In the remaining years, the EC index showed an increasing trend. The TC index was less than 1 in the years 2011–2012, 2013-2014, and 2016-2019, with the most rapid decrease compared with that in the previous year (of 11.55%) occurring in the year 2013–2014. In all other years, the TC index showed an increasing trend.
TABLE 6 | Growth rate of agricultural GTFP in the eastern, central, and western regions of China and the corresponding average values of decomposition efficiency.
[image: Table 6]As can be seen from Figure 3, the GML index in the eastern region was in a continuously fluctuating state between 2010 and 2020. The period from 2010 to 2014 was in a sharply fluctuating stage, while the period from 2014 to 2020 was in a steady stage. The minimum value of the GML index (0.9335) occurred in 2011–2012, while the maximum value (1.0866) occurred in 2014–2015. From the perspective of growth impetus, the TC and the GML indexes showed similar fluctuation trends, indicating that agricultural GTFP in the eastern region was driven by progress in agricultural technologies. The change trend of the EC index could also be divided, into a period with large fluctuations from 2010 to 2014 and a period with smaller fluctuations from 2014 to 2020, but the EC index showed an opposite fluctuating trend to that of the GML index. The GML index in the central region fluctuated greatly between 2010 and 2020, with a maximum value of 1.2245 occurring in the year 2014–2015 and two low values, of 0.8319 in 2011–2012 and 0.9525 in 2015–2016. During the sampling period, the TC and EC indexes both changed sharply, but showed opposite fluctuating trends, and the EC index fluctuated less than the TC index. In the western region, the change trend of the GML index between 2010 and 2020 was similar to that seen in the central region, with a maximum value of 1.1859 occurring in the year 2014–2015 and three low values, of 0.9074 in 2011–2012, 0.9119 in 2013–2014, and 0.9493 in 2016–2017. However, the GML index in the western region fluctuated less than that in the central region. As the GML index is the product of the TC index and the EC index, in the three regions, the increase in the TC index was accompanied by a decrease in the EC index in almost all years from 2010 to 2020. This may be due to an unreasonable allocation of the input of agricultural technology and agricultural efficiency in the process of agricultural development. Moreover, this may also reflect that agricultural technological progress plays an important role in promoting the growth of agricultural GTFP.
[image: Figure 3]FIGURE 3 | Growth rate of agricultural GTFP and the decomposition point plots in the three regions of China from 2010 to 2020.
From 2010 to 2020, the average annual growth rate of agricultural GTFP in western China was the highest, followed by central China and eastern China. The annual average growth rate of agricultural GTFP in the western and central regions was higher than the national average, while that in the eastern region was lower than the national average. The eastern region has a high level of economic development and rapid renewal of agricultural technologies, so the room for development in the eastern region was smaller than that in the central and western regions, resulting in insufficient technology applications and inability to effectively transform technological progress into agricultural GTFP. Hence, the growth rate of agricultural GTFP was lower in the eastern region. The development concept in the central region was advanced, and the technical efficiency was higher. Although the technological progress lags behind that in the eastern region, the existing technologies can be transformed into productivity increase, resulting in a faster growth rate of agricultural GTFP. The level of technological progress in the western region was the highest among the three regions. Although level of economic development in the western region was low, the room for development was large and technological progress could be effectively transformed into technical efficiency, thus considerably improving agricultural GTFP.
The influence of green finance on agricultural green total factor productivity shows heterogeneity in the eastern, central and western parts of China. Analysis of the possible reasons: First, the economic development in eastern, central and western China is significantly unbalanced. Due to the early economic start in the eastern region, its economic level is ahead of the central and western regions. Economic advantages enable the eastern coastal developed economic zone to better promote green finance, make full use of its rich financial resources advantages, and effectively promote the construction of green industry and agricultural technology innovation in local rural areas. In contrast, the rural economic foundation of the central and western regions is relatively weak and lacks of necessary technical support. Secondly, the economic foundation of the western region is weak, and the development of green finance can quickly improve the efficiency of financial services for benefiting farmers, and promote agricultural modernization, technological improvement and innovation. In addition, green finance to promote agriculture the main benefit object is farmers, small micro enterprises and other relatively poor vulnerable groups, and the western provinces far more than the eastern and central provinces, means that green finance in the western region has a wider application space and more benefit groups, combined with the western region has fertile soil, diverse climate conditions of natural resources, as well as the national policy support for the western region, provides the foundation of a good for agricultural green development.
4.2 Analysis of factors influencing the level of agricultural green development
Chang and Chen found that while promoting high-quality economic development in the region, financial development has a spatial spillover effect on the neighboring areas. In the process of pursuing the maximization of capital interests, financial development promotes the cross-regional flow of capital, talents and commodities, which must have spatial effect. Whether green finance also has spatial effect is a question worth discussing (Chang and Chen, 2020).
There are two types of effect models that can be used for panel data analysis. According to the statistical values obtained from the Hausman test and Lagrange multiplier (LM) test, adual fixed-effects model was chosen for this study. According to the estimated results, Wald test and LR test refused to simplify the spatial Dubin model, through the 1% significance test, R2 value is 0.957, and space overflow term is 0.5821, through 1% significance test, shows that the model fitting effect is good, and agricultural green total factor productivity has significant space spillover effect, green financial level similar agglomeration phenomenon. That is, areas with high green finance level and areas with high green finance level, areas with low green finance level and areas with low green finance level gather. Therefore, we chose the dual fixed-effects spatial Durbin model for our calculation, with agricultural GTFP as the explained variable and various indexes of green finance as the explanatory variables (Table 7).
TABLE 7 | Estimation results of spatial Durbin model.
[image: Table 7]As can be seen from Table 7, the direct influence coefficient and spatial lag coefficient of green bonds (X2) were both negative at the significance level of 1%. Agricultural enterprises can issue green bonds to raise money, and investors decide whether to buy the bonds based on their benefits and risks. The issuance of green bonds can effectively expand financing channels for agriculture and attract more funds to flow into the sector. Moreover, the issuance of green bonds can also improve the transparency and responsibility of agricultural enterprises, promote their sustainable development, and improve the level of agricultural green development. However, due to the stricter regulation on the use of funds raised by green bonds and the requirement for more frequent information disclosure, green financial bonds can negatively affect agricultural GTFP in neighboring regions. The spatial lag coefficient of green insurance (X3) was negative at the significance level of 1%. The direct influence coefficient of green insurance was negative but not significant. The development of green agriculture is faced with risks such as climate change and natural disasters, and green insurance can provide corresponding risk protection for agricultural enterprises and reduce their business risks. Moreover, green insurance can also guide funds to green agriculture and promote its sustainable development through insurance companies that provide insurance services for agricultural development. The direct influence coefficient of green investment (X4) was positive at the significance level of 5%, whereas the spatial lag coefficient was negative but not significant. Green finance, as a financial mode oriented to environmental protection and sustainable development, can provide financial support and an innovative financing mode for the green development of agriculture. Through the guidance and support of green finance, the transformation and upgrading of agricultural ecological development can be promoted, and the efficient use of resources and the protection of the ecological environment can be achieved, providing strong support for the sustainable development of agriculture. The development of green agriculture needs continuous scientific and technological support and technological innovation to improve agricultural production efficiency and resource utilization efficiency. The establishment of special funds can provide financial support for scientific and technological research and development and technological demonstration in agricultural field, promoting the transformation and application of relevant scientific and technological achievements, and thus improving the level of green agricultural development. However, due to regional restrictions on agricultural development, local environmental regulations may bring higher production costs and risks to rural green development and reduce the demand for green finance, thus weakening the promoting effect of green investment on rural green development. As a result, the spatial lag term of green investment was not significant.
In the effect decomposition of the spatial Dubin model, due to the spatial spillover effect, the coefficient of each factor cannot explain the influence on the green total factor productivity of agriculture alone. The partial differential decomposition is conducted, and the influence of each explanatory variable on the green total factor productivity is divided into direct effect and indirect effect (Xie, 2024; Zhao et al., 2024; Ma et al., 2024; Wu et al., 2024; Hu et al., 2024; Zhao et al., 2023; Wang et al., 2023). Both reflect the influence of the changes of the local and adjacent regions on the green total factor productivity (Table 8).
TABLE 8 | Estimation of direct and indirect effects by the Durbin model.
[image: Table 8]In terms of direct effect, the elasticity coefficient of green credit (X1) is negative but not significant. Green financial credit institutions green development concept and consciousness is not strong, specializing in the development of green financial institutions outlets, green credit business and professionals, and due to the rural agricultural development integration project new pledge to set up, green rights and interests value identified, public welfare green project difficult to ground is widespread, lead to green credit support rural industrial integration is not enough. The elasticity coefficient of green bonds (X2) and green insurance (X3) is negative, which has passed the significance test of 1% and 5%, respectively. Green finance compared with the traditional financial support, more focused on green, low carbon contribute to environmental protection and maintenance of ecological balance, is conducive to enhance the availability of funds needed for green agricultural development, targeted at the same time strong financial support can improve the financing efficiency of demand subject, is conducive to quickly promote the green transformation of traditional agriculture, realize agricultural green development. Due to China region across dimension range, there are huge differences in regional agricultural production structure, and the current support for agricultural production funds mostly provided by banking institutions, insurance, securities and funds and other financial products for the participation of green agriculture is low, financial institutions demonstration guide role is not strong, cannot become a strong support of the green financial system. Compared to manufacturing, service industry, green insurance for green agriculture development of product types is less, and can perfect implementation and efficient application of green insurance category, green insurance in support green agriculture development has not yet formed a complete system, which greatly interfere with the green financial support for green agriculture, restricting the development of green agriculture conditions increase. This shows that every 1% increase in green bonds and green insurance in the region will increase the green total factor productivity in regional agriculture by-0.2098% and-0.6255% respectively. The elasticity coefficient of green investment (X4) is positive and has passed the 10% significance test. The largest direct effect of green investment is 1.565, indicating that green investment is the most important factor affecting the level of green development of Chinese agriculture in the indicators of green finance, and will play a significant role in China’s agricultural total factor productivity. That is, every 1% increase in green investment in the region will increase the green total factor productivity of agriculture by 1.565%. The elasticity coefficient of carbon finance (X5) is positive but not significant. Carbon finance is mainly measured by carbon intensity indicators. In addition, carbon finance started late in China, so it has s impact on the green agricultural development is not significant.
From the perspective of indirect effects, the elasticity coefficients of green bonds (X2) and green insurance (X3) were both negative at the significance level of 1%; the elasticity coefficients of green credit (X1) and green investment (X4) were both negative but not significant; and the elasticity coefficients of carbon finance (X5) were positive but not significant. Among these, the issue of green bonds can strengthen the guidance and support for green finance and achieve a win-win situation between agricultural ecological development and economic benefits, thus providing strong support for sustainable agricultural development. However, the application of green bonds in agricultural development still faces some challenges, such as information asymmetry, risk assessment and other problems, local governments, financial institutions and agricultural enterprises need to work together to strengthen cooperation, promote the development and application of green finance, and achieve green agricultural development. Green insurance can provide economic compensation for farmers in the region and help them resume production, but the complexity and uncertainty of the agricultural ecosystem make it difficult to design and price green insurance. Insurers need to accurately assess the risks and potential losses of crops to determine reasonable insurance rates. The above reasons lead to the negative indirect effect of green bonds and green insurance on agricultural green total factor productivity in neighboring areas. In general, green bonds (X2) and green insurance (X3) both have negative direct and indirect effects on green total factor productivity. It shows that the green development of agriculture in this region is mainly affected by local green finance, perhaps that the transportation, information and other connectivity in neighboring regions is more advantageous than that in the region. The innovation of green financial system products in a region is more likely to be imitated and overflowed by neighboring regions, thus promoting the green development of agriculture in neighboring regions.
5 CONCLUSIONS AND SUGGESTIONS
This paper can supplement and improve the research system of agricultural geography and regional financial research theoretically and empirically, enrich the theoretical content of human economic geography and sustainable development, and has certain theoretical significance. It can also provide a scientific basis for China to further improve the level of green agricultural development and narrow regional differences, and provide theoretical support and decision-making basis for the further promotion of green finance and the green and sustainable development of China’s agriculture, which has important practical significance. Green finance promotes the increase of agricultural GTFP and is of great importance for the realization of green and sustainable development in China. Here, we have systematically analyzed the direct and indirect effects of green finance on agricultural GTFP and drawn the following conclusions:
(1) Although China has made some achievements in green finance and agricultural GTFP development, there are significant differences between specific provinces, especially in northern China, where green total factor productivity is significantly higher than that in central and western China. From the perspective of spatial spillover effect, both EBM and SDM models can conclude that the development level of green finance can significantly improve the development level of agricultural GTFP in the region and neighboring regions, which is similar to the research of Xie et al. (2023); Shi-qing and Ling-cheng (2024). Green finance has obvious spatial spillover effect. Moreover, the promotion effect of green finance on agricultural GTFP of neighboring cities is greater than that of local cities. At the same time, due to the imbalance of economic development between regions, environmental governance policies are not uniform and other reasons, this difference will continue to exist in the future for some time. Therefore, we need to pay attention to and study this inter-provincial difference, and actively find solutions to further improve the integration of green finance and agricultural GTFP in China, and promote the sustainable development of China’s agricultural economy.
(2) From the analysis of regional heterogeneity, the agricultural green total factor productivity in China shows obvious imbalance among different regions, and its influence of green finance also varies from region to region. The influence of green finance development level on agricultural green total factor productivity is significantly greater in the eastern region than in the central and western regions. The effect was positive in the western region and negative in the central region, but neither significant. Due to the high level of economic development in the eastern provinces, more financial resources are available to support the green development of local agriculture and agricultural technology innovation, which plays a better role than the other two regions. However, the rural economy in the central and western regions is relatively weak and lacks technical support, so its role will be weakened.
(3) The green financial system can upgrade the industrial structure and promote innovation, drive the continuous progress of technology, so as to guide and encourage enterprises to optimize the energy consumption structure, reduce energy consumption and pollution, and improve the overall level of agricultural GTFP. Compared with the eastern region, the western region has the largest role in promoting green finance, which is inseparable from the economic development and ecological barrier needs of the western region. At the same time, the promotion role of green finance in the central region cannot be ignored. With the implementation of a series of ecological and environmental protection policies in the central region, the level of green finance in the central region is also constantly improving. Compared with the western and central regions, the eastern region has a higher level of economic development, but its role in promoting green finance is relatively weak. This is mainly due to the rapid process of industrialization and urbanization in the eastern region, which brings greater pressure on the environment, thus restricting the development of green finance to a certain extent. The influence of green finance on the eastern, central and western regions of China is significantly different. The influence of green finance on the total factor productivity of agricultural green is greater in the eastern region, followed by the central region and less in the western region. This is similar to the research results of Xiao and Miao (2023). Both direct effects and spatial spillover effects are significant in the eastern region, while only direct effects are significant in the central and western regions, and spatial spillover effects are not significant. Miao (2023) also believes that this result may be caused by the imbalance of economic development between regions (Miao, 2023), which verifies our research conclusion.
(4) From the perspective of dynamic analysis, China’s agricultural GTFP as a whole presents a wavy change trend, first declining, then rising, then declining and finally stabilizing. From decomposition index, in the process of our country’s agricultural green development, the promoting effect of technical progress on our agricultural green development is obvious, but the level of technical efficiency has no obvious effect on promoting the development of agricultural green development. This is similar to the findings of Hu (2022) and Huang (2020). They confirm that technological progress is the source of green total factor productivity growth in China’s agriculture.
(5) Green investment plays a significant role in promoting China’s green total factor productivity and is the most effective tool to promote the green development of regional agriculture. By guiding funds to sustainable agriculture projects, green investment directly contributes to the improvement of agricultural GTFP by promoting technological innovation, ecological agriculture development and resource utilization efficiency. It provides continuous financial support for long-term green agricultural projects and promotes the green upgrading of the whole industrial chain. However, other green financial instruments such as green credit, green bonds, green insurance and carbon finance may face some negative effects when applied and need to be further improved.
Based on the above conclusions, we would like to put forward the following policy recommendations:
(1) To build a better green finance system and strengthen the standardized management of the green financial market, the government should strengthen the supervision off financial institutions at the following three levels. First, the government should establish a comprehensive green financial supervision mechanism, clarify the responsibilities and obligations of financial institutions, and effectively supervise green financial products and services to ensure their legitimacy and safety. Second, the government should introduce the power of social organizations to widely supervise the green financial market, achieving the diversification and universality of regulatory forces. Finally, the government should enhance the public’s attention to green finance and strengthen social supervision, creating a good environment for the whole of society to participate in green finance. In addition, in terms of technological innovation, the government should guide financial institutions to improve their technical ability, strengthen information disclosure and data sharing, and establish a sound risk assessment and monitoring system, thus ensuring the steady development of the green financial market.
(2) To develop the green finance market according to local conditions, China should find an innovative path that can make the most of local advantages and integrate environmental protection regulatory requirements based on local resource endowments and development status. First, based on local resource advantages, local governments should take green energy as the entry point and implement renewable energy projects, such as wind energy, solar energy, geothermal energy, and other energy projects, thus creating rich investment opportunities and growth space for the development of green finance. In addition, the government should increase the financial support for sustainable agricultural industries and encourage the implementation of local ecological conservation initiatives. This can not only improve the production efficiency of the green economy but also improve the local ecological environment, promoting the deep integration of green finance and the real economy, thus achieving a win-win effect. Moreover, this also lays a solid foundation for achieving sustainable development and promoting the growth of the green economy.
(3) To further enhance the sustainable development capacity of green agriculture, the government should seek a deep understanding of the importance of education and scientific and technological innovation for the development of green agriculture. First, the government should increase investment in educational facilities and gradually improve the cultural literacy of workers, providing a larger reserve of talent for the development of green agriculture. Second, the government should increase investment in scientific and technological innovation, continue to develop and launch new green agricultural technologies and products, and seek to continuously improve the competitiveness and sustainability of green agriculture. Finally, the government should pay attention to policy support for the development of green agriculture and provide a more relaxed policy environment and more supportive measures for the development of green agriculture, thus guaranteeing the sustainable development of green agriculture in China.
(4) Considering the vast geographical area of China, different regions should adopt different ways to optimize green finance.
The eastern region, central and western regions can combine their own characteristics and characteristics, and use innovative financial services to fund green industry projects and promote the development of green finance.
The eastern region can strengthen the cooperation with innovation banks, such as Zhejiang Chouzhou Commercial Bank, to use its credit line and its ability to issue green financial bonds to expand the loan scale and trigger greater environmental benefits. Industrial Bank can also introduce the “Belt and Road” green finance project to promote the high level of “smart Made in China” to go abroad. The central region can cite Industrial Bank’s experience in Xinjiang to innovate financial services and help the development of the clean energy industry. At the same time, we will strengthen cooperation with financial institutions, focus on the construction of the ecological civilization pilot zone, support Hunan in speeding up the construction of a world-class port group, and smooth the “Belt and Road” maritime trade corridor. The western region can learn from the experience of Industrial Bank in Fujian, focus on the construction of a pilot zone for ecological civilization, support Xinjiang in speeding up the construction of a world-class port group, and smooth the “Belt and Road” maritime trade corridor (Xu et al., 2023; Chen and Pan, 2019; Luo et al., 2023; Liu et al., 2024). At the same time, we will strengthen cooperation with financial institutions, innovate financial services, and help develop the clean energy industry.
In general, the eastern and western regions can promote the development of green finance by strengthening cooperation with innovative banks, innovating financial services, focusing on the construction of ecological civilization pilot zones, and strengthening cooperation with financial institutions.
(5) Accelerate the pilot zone for green finance reform and innovation, give play to the regional driving role, and improve the imbalance in regional development. The system of the green finance reform and innovation pilot zone is a local practice of the national green finance policy, which is more targeted on the basis of commonality and closely integrated with local development. The promotion of “first and first trial” in the pilot zone is conducive to improving the differences between regions, and discovering the difficulties and problems encountered in the specific implementation process from the practical level, providing a basis for determining the goal, planning the key direction and coordinating the pace of China’s overall green finance development. It is necessary to continue to accelerate the application of green finance reform and innovation pilot zones in other provinces and cities, give full play to the aggregation and spillover benefits of financial factors, drive the development of green finance in surrounding areas, narrow regional development differences, and comprehensively improve the development level of green finance in China.
(6) Strengthen the construction of green finance development system, and give play to the guiding and driving role of policy and strategy support. According to the driving mechanism of green finance development in each region, targeted policies focusing on the standard system and coordination mechanism construction are formulated respectively, and special guidance documents are combined with local power sources to create green finance ecology. For example, green credit is prone to fund misallocation or short-term problems, and loose credit standards may lead to funds flowing to non-green projects. To this end, strict project evaluation criteria need to be established to ensure that credit flows to agricultural projects with green benefits, and long-term, low-interest credit is provided to prevent funding from becoming short-term. Green bonds may suffer from lack of transparency and lower than expected environmental benefits, so detailed issuance standards should be developed, information disclosure and third-party audits should be strengthened, bond funds should be dedicated to green agriculture projects, and environmental impact assessment mechanisms should be introduced to regularly assess their contribution to agricultural GTFP. Green insurance in the agricultural sector faces the challenge of inadequate environmental and market risk assessment, and may not be able to effectively help farmers cope with green risks such as climate change. Therefore, it is recommended to introduce agricultural insurance products against climate risks, combine green credit or green investment, provide integrated financial services, and include provisions in insurance policies to encourage green practices, such as premium concessions. Carbon financial instruments in the agricultural sector face the problems of opaque carbon credit and high market volatility. Therefore, it is necessary to promote the standardization of carbon credit verification mechanism, ensure that carbon emission reduction behaviors in the agricultural sector are accurately quantified, establish a stable carbon trading market, reduce the impact of fluctuations on agriculture, promote agricultural carbon sequestration projects, and encourage the increase of carbon sequestration through soil carbon sequestration, afforestation and other means. Help farmers earn carbon credit income.
There are still some shortcomings in this study: (1) the selection of key indicators needs to be strengthened, and green investment and green energy projects are important influencing factors, but due to the lack of data, it cannot support scientific research, and the selection of key indicators needs to be further strengthened in the future. (2) The research objects of this paper are mainly narrow sense agriculture represented by planting industry, while the forestry, animal husbandry and fishery in the broad sense are not included in the research scope of agricultural green development considering the complex contents, and need to be further improved and explored in the future. (3) Due to the lack of data in some years, this paper uses the linear interpolation method according to the actual situation. The lack of indicators and replacement will affect the overall measurement results to some extent, therefore, this part is still the focus of the research team to continue to deepen the research work in the future. (4) Since the data scope of this paper is panel data of 30 provinces in China, the conclusion of the study on the impact of green finance on agricultural green total factor productivity should be limited to China. Secondly, the construction of green finance index in this paper mainly covers four dimensions: green credit, green bond, green investment, green insurance and carbon finance. But the true meaning of green finance may not be limited to that.
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