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Green innovation has emerged as a crucial driver for advancing green and high-quality development. Exploring the evolutionary patterns of green innovation efficiency is crucial for achieving the “dual carbon” goals and realizing the benefits of both economic growth and environmental sustainability under the framework of new development concepts. This study employs the network SBM-DEA model under meta-Frontier and group-Frontier. Additionally, it considers the GML index and Moran’s I to conduct a comprehensive analysis of the evolving efficiency of green innovation in Chinese provinces from 2008 to 2020, then uses the Tobit regression model to verify the influencing indicators for green innovation efficiency. The examination covers various aspects, including the stage of green innovation, the diversity of technology accumulation, the comparability of pre- and post-development, the spillover effects in geographical space, and the diversity of influencing factors. The research findings indicate the following: 1) The group division exhibit a high level of geographical correlation, and the efficiency of green innovation in the two-stage and network displays heterogeneity across distinct frontiers. The efficiency loss in the Green Achievement Transformation stage is bigger than that in the Green Technology Research and Development stage. 2) There is an overall increase in green innovation efficiency of each type during most years, and the spatial correlation and stability of the two-stage and network green innovation efficiency have improved year by year. Provinces with higher Green Innovation Environment Composite Index have the highest concentration of “high-high” efficiency agglomeration. 3) Environmental regulation intensity, factor endowment, property rights structure, foreign direct investment and energy consumption have varying degrees of constraints on green innovation, and the regional economic development level can significantly improve the efficiency of various green innovations. Finally, this paper provides some suggestions, including stimulating innovation vitality, formulating differentiated policies, strengthening regional innovation collaboration, and mobilizing resources from various stakeholders. These recommendations aim to provide guidance and reference for promoting green innovation and achieving sustainable development in different regions.
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1 INTRODUCTION
With the advent of the “green revolution” characterized by energy and industrial transformation around the world, carbon emissions peak and carbon neutrality have gradually become the strategic focus of all countries, including China. Meanwhile, scientific and technological innovation has emerged as the primary means of realizing the ‘green revolution’. Green innovation incorporates considerations of green development and integrates the two essential elements of the new development concepts, namely ‘green’ and ‘innovation’. Building on innovation-led development, green innovation further prioritizes the sustainable development of the economy, society, and environment that ‘green’ entails. This is a crucial driver for promoting green and high-quality development, and plays a critical role in achieving a balance between environmental protection and the pursuit of economic progress. The fundamental and central aspect of green and high-quality development is the efficiency and advantages of green innovation. The pursuit of effective distribution of resources for green innovation and the attainment of the objective of a “win-win” situation between environmental protection and economic growth hold significant theoretical and practical importance.
Improving the efficiency of green innovation requires not only increasing input, but also focusing on the configuration structure and efficiency of each link in the process of transforming input into output. Due to the different infrastructures such as geographical location, resource endowment, economic development level, environmental regulation strength and the degree of opening up to the external world, there exist discernable variations in the production technology level in the green innovation among regions, which may lead to varying degrees of impact and inaccurate estimation of green innovation efficiency. Furthermore, innovation factors are characterized by scarcity and pursuit of their self-value maximization, which may flow from regions with low marginal returns to regions with high marginal returns through regional innovation coordination and inter-governmental competition. This tendency selection mechanism makes green innovation factors flow among regions, forming a spatial spillover effect. Based on the above analysis, this study introduces the following innovations in the study of green innovation efficiency:
1) In terms of research perspective, this study examines the evolving characteristics of green innovation efficiency from multiple angles. It constructs a multidimensional dynamic analytical framework that considers the stage of green innovation, the heterogeneity of technology collection, the comparability of pre- and post-development, the spillover of geographical space, and the diversity of influencing factors. By unveiling the “black box” of green innovation efficiency, this study provides new insights for targeted improvements in green innovation efficiency from the perspective of regional development heterogeneity.
2) In terms of research content and methods, this study employs a meta-Frontier approach and a non-radial network SBM-DEA model considering unexpected outputs to measure regional green innovation efficiency in two stages and two types of frontiers, which helps to uncover specific stages and reasons for efficiency losses at a deeper level. Additionally, the study conducts a dynamic analysis of the spatiotemporal leapfrogging effects of green innovation efficiency using the GML index and Moran’s I, thereby depicting the spatiotemporal patterns of green innovation efficiency evolution. Finally, the study employs the Tobit regression model to verify the impact of external factors such as environmental regulation intensity, factor endowment, property rights structure, industrial agglomeration, foreign direct investment, regional economic development level, and energy consumption on regional green innovation efficiency. The research content mentioned above provides theoretical support and practical reference for improving local green innovation capacity, exploring the potential value of green innovation, and playing a leading role of green innovation in high-quality development.
The structure is as follows: the literature review is introduced in Section 2. The applied material, method and data are presented in Section 3. The analyzes and discussion of empirical findings are presented in Section 4. Conclusions and discussion are covered in Section 5.
2 LITERATURE REVIEW
Compared to conventional innovation, green innovation incorporates environmental consciousness or “green” elements in its input-output process, making it a dynamic and complex system engineering. In the past, the measurement of green innovation efficiency was approached from a holistic perspective using the traditional single-stage DEA model. This method evaluated green innovation activities as a singular entity and treated the efficiency transformation process as a “black box”. As a result, the stage differences in innovation and the multi-stage linkage mechanism in the efficiency transformation process were ignored. Moreover, it failed to analyze the internal composition and operation mechanism that led to the improvement of development quality, which made it inconvenient to further analyze the deep-rooted causes of efficiency loss. In this regard, Färe and Grosskopf (2000) proposed the concept of network DEA, which specifies the efficiency analyzes to multiple stages and considers the correlation between sub-stages with intermediate products. On this basis, Zha et al. (2008) constructed a two-stage cooperative efficiency model in terms of geometric average to measure the influence of scale and technical factors on the overall efficiency of the network and the efficiency of different stages, and practically verified the superiority of geometric average over arithmetic average for measuring cooperative efficiency. Tone and Tsutsui (2009) further constructed a non-radial network SBM-DEA model to solve the intermediate product problem and thus evaluate the network efficiency and stage efficiency. Such methods are widely used in efficiency measurement, such as Wang et al. (2021) constructed a dynamic network DEA evaluation model to evaluate the eco-efficiency of industrial enterprises in China at both the production and treatment stages.
Regarding the selection of the efficiency Frontier, green innovation needs to be guided by government through apropriate regulatory behavior because of its significant dual externality characteristics (Porter, 1990; Porter and Linde, 1995). Differences in the intensity and nature of regulation across regions, as well as differences in compliance performance, can greatly affect the available technology set for green innovation activities. In this regard, if external environmental factors that affect the level of production technology are not taken into consideration, and the green innovation efficiency of all regions is measured under the same Frontier, the research findings may deviate to some extent, making it impossible to truly compare the local green innovation efficiency and determine the real source of green innovation inefficiency. Some scholars combine the meta-Frontier and group-Frontier theories proposed by Battese et al. (2004) and O’Donnel et al. (2008), and use the Technology Gap Ratio (TGR) to measure the efficiency gap between the internal optimal production technology within a particular group/decision-making unit and the regional optimal production technology at different Frontier levels. For example, Zou et al. (2022) used the meta-Frontier approach to measure the innovation efficiency in high-tech industry in China, and then used the Technology Gap Ratio (TGR) to check the potential for technological improvement in the central, eastern, and western regions of China.
When comparing efficiency results, although the Network SBM-DEA model can horizontally compare the input-output efficiency of different decision-making units in the same year by constructing the same Frontier, it cannot dynamically compare the efficiency of decision-making units in different years. In response, the Malmquist method, proposed by Swedish economist and statistician Malmquist (1953) to investigate the dynamic production efficiency between multiple input and output variables across periods, which can solve this problem. Since then, the method of measuring dynamic productivity based on the Malmquist method has been improved several times. Among them, Oh (2010) further proposed a Global Malmquist Luenberger (GML) index method, which makes the measured GML index comparable and transferable across all decision-making units in each period by aggregating all current production technologies into a global technology set. Mao et al. (2023) applied the SBM-GML model to analyze green total factor productivity change in Chinese urban agglomerations, and applied a spatial convergence model to explore the spatial convergence of GTFP on this basis, while Xia et al. (2023) used the SBM-DEA model to measure and analyze the Malmquist index of regional environmental governance performance, then used the Sys-GMM model to explore the impact of fiscal decentralization on environmental governance performance.
In terms of the factors influencing green innovation, scholars focus on the effects of different factors such as regulation, economy, structure, and foreign openness on the efficiency of relevant green innovation. For example, the study conducted by Yang et al. (2023) provides further evidence for the application of the “Porter hypothesis” in China. They found that both central and local environmental regulations significantly promote green innovation in heavily polluting enterprises, with central environmental regulation enhancing the effectiveness of local environmental regulation in driving green innovation. In terms of policy implementation, the green credit policies, which is one manifestation of environmental regulation, can also enhance the green innovation capacity of enterprises (Zhang et al., 2022a; Zhang et al., 2022b). Zhao and Lin (2020) constructed a simultaneous equation model including the Tobit model to demonstrate that foreign trade, R&D investment, ownership structure and energy prices seriously affect the energy efficiency of the Chinese textile industry; Tang et al. (2020) divided the industrial system into two stages, clean production and waste treatment, and established a network slacks-based model, and accordingly analyzed the changes of the two types of efficiency and their influencing factors. The results show that the level of economic development can significantly increase the efficiency of clean production and waste treatment, while industrial concentration significantly reduces both types of efficiency, and the intensity of environmental protection only positively affects the efficiency of waste treatment. Su and Zhang (2020) used a panel Tobit model to verify the negative effect of environmental regulation, industrial structure and energy consumption structure on green economic efficiency, and the promotion of GDP on green economic efficiency. Liu et al. (2022) used the two-way fixed-effect model to examine the non-linear effects of environmental regulation on green innovation in China, and explored the mechanisms of influence through the mediation effect model.
To sum up, the relevant literature provides important theoretical and empirical reference for subsequent studies, but there are still some research areas to be expanded: the existing studies on green innovation efficiency are mostly limited to a single stage, which is not conducive to exploring the specific links that lead to the inefficiency of green innovation and the deep reasons that lead to its inefficiency. In contrast, the multi-stage network model can more effectively open the “black box” of green innovation efficiency, find the root causes of inefficiency and reflect the real efficiency value of green innovation. In addition, the differences in the level of production technology caused by environmental regulatory strength and other factors also deviate the results of green innovation efficiency under different frontiers. In view of this, this paper takes provinces, autonomous regions and municipalities directly under the central government as the research objects. Based on the value chain theory, the process of green innovation is divided into two stages: Green Technology Research and Development (GTRD) and Green Achievement Transformation (GAT). By using the network SBM-DEA model proposed by Tone (2002), the radial and slack problems existing in the traditional two-stage DEA method are overcome, and the by-products are included as unexpected outputs, then a non-radial network SBM-DEA model is constructed, which takes into account the cooperative relationship of serial work within the organization under the continuous operation state, and calculates the overall network efficiency in the form of a geometric average of the efficiency of each stage. Meanwhile, a composite index is constructed to divide the decision-making units into groups, the overall and each stage efficiency of green innovation in different regions under the meta-Frontier and the group-Frontier are evaluated. Combined with the technology gap ratio (TGR), the gap between each group and the optimal efficiency under the meta-Frontier level is compared and analyzed. In addition, considering the vertical incomparability of green innovation efficiency calculated by the network SBM-DEA model and the characteristics of strong spatial correlation within groups, this paper introduces the GML dynamic index and the global Moran’s I to explore the dynamic evolution trend of green innovation efficiency in different regions in continuous periods from a global perspective, and to compare the spatiotemporal dynamic changes of the two-stage and network green innovation efficiency. Finally, a panel Tobit regression model is established to verify the influence of external factors such as environmental regulation intensity on the efficiency of green innovation in each stage.
3 MATERIALS AND METHODS
3.1 Green innovation efficiency model framework based on network SBM-DEA model
According to the Innovation Value Chain (IVC) theory, green innovation can be divided into the green technology research and development (GTRD) stage, which generates a green innovation portfolio, and the green achievement transformation (GAT) stage, which transforms innovation achievements into economic benefits (Hansen and Birkinshaw, 2007; Yu, 2009; Fu and Ma, 2011; Li et al., 2014). Among them, the first stage of green technology R&D process mainly involves independent R&D, design, innovation achievement generation and other activities, which reflects the ability of enterprises to transform R&D funds, human resources and other inputs into green independent innovation achievements; while the second stage of green achievement transformation mainly involves the external introduction of green innovation, and the use of imported innovation and the independent innovation achievements in the previous stage for new product production, which finally reflects the economic and environmental outputs.
Based on the two-stage process of green innovation, the network SBM-DEA model considering unexpected output is used to decompose the complex business process of the decision-making unit, and the impact of each stage efficiency on the overall efficiency is investigated. The non-radial network SBM-DEA model based on unexpected output has been constructed, and its basic framework is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Two-stage input-output model of green innovation.
According to the method of the network SBM-DEA model that can deal with unexpected output proposed by Tone (2002), this paper divides the green innovation process into two sub-stages, and reflects the cooperative relationship of series work within the organization under continuous operation state in a geometric average. Based on the input slack variable [image: image], expected output slack variable [image: image] and unexpected output slack variable [image: image], the two-stage and network efficiency evaluation model with input-output orientation of the decision-making unit DMU0 can be defined as follows (Tone, 2002; Lozano, 2015):
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Among them, [image: image] respectively represent the number of inputs, intermediate linkage variables and expected/unexpected outputs of each stage, and [image: image] represent the slack variables of input and output indicators at each stage. In this paper, free link (LF) is chosen as the constraint condition for the intermediate linkage variable of two stages, that is, [image: image], which means that the linkage activity between the two sub-processes is free and unconstrained while preserving the coherence between the input and output. On this basis, the efficiency model of the two-stage cooperative network in terms of geometric average is constructed, and the network efficiency [image: image] is equal to the geometric average of the efficiency [image: image] of the two sub-stages, that is, [image: image] (Zha et al., 2008; Oh, 2010).
3.2 Meta-Frontier and group-Frontier
O’Donnell (2008) established group-Frontier and non-parametric meta-Frontier model to calculate the technical efficiency under group-Frontier and meta-Frontier, and the technical gap ratio between different decision-making units. As shown in Figure 2, the primary contrast between the two relates to the utilization of distinct technology sets: Meta-Frontier pertains to the conceivable technological capabilities of all entities involved in making decisions, whereas the group-Frontier serves to differentiate decision-making units into multiple groups based on the amalgamation of intrinsic and extrinsic features of regions, forming a multi-layer Frontier, with the intention of examining the actual technical level of each group of decision-making units. This paper selects several external factors that affect green innovation behavior, such as environmental regulation intensity, factor endowment, property rights structure, industrial agglomeration, and foreign direct investment, as measurement indicators, and then calculates the regional green innovation environment comprehensive index (GIECI) by using the entropy value method. Based on the findings of the index measurements, it can be inferred that each decision-making unit is divided into three group frontiers of higher, medium and lower GIECI, and the green innovation efficiency under the meta-Frontier and group-Frontier of each region is calculated and compared, so that it can truly reflect the change of green innovation efficiency (He et al., 2016; Li and Wu, 2017; Xie et al., 2017; Du et al., 2019; Shao, 2019; Peng, 2020). The results showed that the clustering results have a strong spatial correlation.
[image: Figure 2]FIGURE 2 | Group-Frontier and meta-Frontier of green innovation efficiency.
Since the meta-Frontier is constructed by the envelope curve of each group-Frontier, it is possible for the green innovation efficiency of a specific decision-making unit to be lower under the meta-Frontier than it is under the group-Frontier. This discrepancy can also be captured by the technology gap ratio (TGR). As an important indicator to investigate technological heterogeneity, the value range of TGR is between [0,1] (Battese et al., 2004). As the TGR increases, the production technology utilized by the decision-making unit or group becomes closer to the level of co-production technology, and the higher its actual production technology level; on the contrary, as the TGR decreases, the distance between the group production level and the meta-Frontier technology production level increases.
As shown in Figure 2, under the meta-Frontier boundary of convexity, a point M is selected to represent the position of a decision-making unit, and the technology gap ratio (TGR) can be derived (Battese and Rao, 2002):
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3.3 GML index
This paper uses the GML index to measure the dynamic changes of two-stage and network green innovation efficiency. Its representative formula is as follows (Zhang and Wang, 2022):
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Among them, [image: image] represents the input-output relationship of the decision-making unit in the t period; [image: image] represents the directional distance function of the reference in the t-period, and [image: image] denotes the directional distance function of the global reference. As shown in Eq. 8, the GML index can be further decomposed into the EC index, which represents efficiency changes, and the TC index, which represents technology changes.
3.4 Spatial Moran’s I
To analyze the spatiotemporal transition features of the green innovation efficiency, this study employs a spatial autocorrelation measure known as the global Moran’s I. The formula is expressed as follows (Oden, 1995):
[image: image]
Among them, [image: image] denotes the green innovation efficiency value of the ith decision-making unit; [image: image] is the adjacency spatial weight matrix element of the ith decision-making unit and the jth decision-making unit. If i and j are adjacent, [image: image] takes 1, otherwise [image: image] takes 0. In this paper, the spatial weight matrix [image: image] = 1 for Hainan Province and Guangdong Province.
Moran’s I ranges from -1 to 1. When Moran’s I > 0, it means that there is a positive spatial correlation between decision-making units, whereas there is a negative spatial correlation. The closer the absolute value is to 1, the stronger the dependence between the units (Li and Du, 2021).
3.5 Balanced panel Tobit multiple regression model
The green innovation efficiency value is generally between 0 and 1, which is consistent with the characteristics of a limited dependent variable, and is suitable for empirical analysis of the factors influencing regional green innovation efficiency using a panel Tobit model based on the maximum likelihood estimation (MLE) method (Amirteioori et al., 2020). This paper integrates various factors affecting green innovation, such as environmental regulation intensity (ERI), factor endowment (FE), property rights structure (PR), industrial agglomeration (Agg), foreign direct investment (FDI), regional economic development level (pGDP) and energy consumption (EC). The specific representation of the variables is shown in Table 1. The data of the above influencing factors are logarithmically processed in this paper. The specific regression equation is as follows:
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TABLE 1 | Descriptive statistical results of input-output variables.
[image: Table 1]Where [image: image] denotes the k-stage green innovation efficiency value of the I decision-making unit in period t, [image: image] is the regression coefficient, and [image: image] is the random error term.
3.6 Variable selection and data description
The Green Technology Research and Development stage reflects the independent innovation ability of the enterprise, and the input index mainly considers the three aspects of capital, labor and technology. In terms of capital investment, the fix capital stock calculated by Perpetual inventory system (PIM) is selected (Zhang et al., 2004). The labor and technology input are expressed by full-time equivalent of R&D personnel and internal expenditure of R&D funds, respectively. For the innovation output at this stage, we choose the number of green invention and utility model patent applications, which are less restricted by patent examination and granting agencies, to represent the output of the Green Technology R&D stage, which is also used as an input variable of Green Achievement Transformation stage. The Green Achievement Transformation stage mainly reflects the process of enterprises transforming the independent R&D and imported knowledge and technology into achievements with practical economic benefits. In addition to the green patent application produced in previous stage, non-R&D funds and new product development investment are also selected as the input in achievement transformation stage, and takes the total non-R&D investment and new product development funds of industrial enterprises above designated size as agency indicators respectively. In addition, energy consumption is taken as the input index of Green Achievement Transformation stage. Correspondingly, the comprehensive emission index of COD, SO2 and smoke (powder) dust calculated by the entropy weight method will be used as the unexpected output indicator to comprehensively calculate the green innovation efficiency.
For the key indicators affecting the green innovation efficiency, combining the existing literature and the actual situation of green innovation, this paper introduces environmental regulation intensity, factor endowment, property rights structure, industrial agglomeration. Foreign direct investment, regional economic development level and energy consumption to verify the impact of external environment on green innovation efficiency. Among them, referring to the studies of Yuan and Zhang (2020) and Wu et al. (2020), the existing environmental regulation is classified into five types: command-and-control, market incentive-investment, market incentive-cost, market incentive-subsidy and autonomous participation, and the entropy weight method is used to measure the comprehensive index of environmental regulation intensity; Elemental endowment is expressed by the ratio of fixed assets investment stock to regional employees over the years (Shao et al., 2022); Property rights structure is expressed as the ratio of the sum of the main business income of “private industrial enterprises, foreign-invested and Hong Kong, Macao and Taiwan-invested enterprises” to the main business income of “state-owned and state-controlled industrial enterprises” in the state-owned economy. (Du et al., 2019); Industrial agglomeration is measured by location quotient (Zhang et al., 2021); Foreign direct investment is directly measured by total foreign direct investment; Select per capita GDP to represent the regional economic development level (Su and Zhang, 2020; Qian et al., 2021); Energy consumption is referred to Su and Zhang (2020), characterized by the proportion of coal consumption to total energy consumption.
Considering the availability, comparability and timeliness of the data, the panel data of 30 provinces, autonomous regions and municipalities directly under the central government in China (excluding Hong Kong, Macao, Taiwan and Tibet) from 2008 to 2020 were selected as the sample. The specific indicators and data sources reflecting the green innovation efficiency inputs and outputs and the influencing factors are shown in Table 1. Among them, Missing data for individual provinces in individual years were managed by using interpolation, exponential smoothing, and the mean method. Considering the effect of price, we convert all price-related indicators to constant prices uniformly.
4 RESULTS
4.1 Results and difference of green innovation efficiency
4.1.1 Results and difference of green innovation efficiency
According to the network SBM-DEA model, MaxDEA software is used to calculate the efficiency of GTRD, GAT and the network green innovation efficiency under the meta-Frontier and group-Frontier models for each region from 2008 to 2020. The results are presented in Table 2.
TABLE 2 | Efficiency value of green innovation in two-stage and network under two frontiers.
[image: Table 2]The data presented in Table 2 indicates that the national average efficiency of the GTRD stage, the GAT stage, and the network green innovation under the meta-Frontier is smaller than the corresponding three types of efficiency under the group-Frontier. On one hand, although the average values of the three types of green innovation efficiency are gradually approaching the Frontier, there are still losses in the two-stage green innovation resource allocation and utilization process in most provinces. On the other hand, the group-Frontier takes the optimal technology level within each group as the reference, and the average efficiency will be overestimated due to the different resource endowments that promote green innovation, which leads to the failure of the three types of efficiency averages under the meta-Frontier to break through the corresponding efficiency averages under the restriction of the group-Frontier.
This paper will mainly analyze the three types of green innovation efficiency utilizing the meta-Frontier and takes the green innovation efficiency under the group-Frontier as a comparison. Firstly, from the stage perspective, there are more provinces at the forefront of the GAT stage (the efficiency value is 1) compared to the GTRD stage, but the variation coefficient of green achievement technology efficiency is relatively large, leading to the average efficiency at the GAT stage being lower than at the GTRD stage. From the comparison between groups in Figure 3, the strength of GIECI does not necessarily have a linear relationship with the fluctuation of efficiency values. The average efficiency of the three types of green innovation in the medium GIECI group is lower than that of the other two groups, which may be related to the low level of the two-stage green innovation efficiency in traditional industrial provinces in GIECI medium group such as Hebei, Shanxi, Inner Mongolia, and Heilongjiang (as shown in Figure 4). The average efficiency of each group fluctuates widely in the GTRD stage, which can be explained by the contingency generated by patent achievements. In the GAT stage, the average efficiency of each group in the GAT stage tends to move closer to the Frontier are becoming more and more clearly, and the efficiency of higher GIECI group remains stable at a relatively high level, while those with medium and lower GIECI show a fluctuating upward trend. The reason for this trend is that the higher GIECI areas are superior in the transformation of green advanced technology due to factors such as the more thorough implementation of regulatory policies and the more mature market-oriented environment that stimulate innovation. At the same time, the central and western regions have progressed, and urban agglomeration strategies have been implemented. These factors have led to noteworthy advancements in the efficiency of the GAT stage in provinces situated in the medium and lower GIECI groups predominantly located in the central and western regions. The fluctuation of network green innovation efficiency in each group is similar to that of the GAT stage.
[image: Figure 3]FIGURE 3 | Average evolution of two-stage and network green innovation efficiency in the national and groups under the meta-frontier. (A) Average evolution of GTRD efficiency (B) Average evolution of GAT efficiency (C) Average evolution of NGI efficiency.
[image: Figure 4]FIGURE 4 | Evolution of two-stage and network green innovation efficiency in provinces under the meta-frontier. (A) GTRD efficiency evolution in provinces within the higher GIECI group. (B) GAT efficiency evolution in provinces within the higher GIECI group. (C) NGI efficiency evolution in provinces within the higher GIECI group. (D) GTRD efficiency evolution in provinces within the medium GIECI group. (E) GAT efficiency evolution in provinces within the medium GIECI group. (F) NGI efficiency evolution in provinces within the medium GIECI group. (G) GTRD efficiency evolution in provinces within the lower GIECI group. (H) GAT efficiency evolution in provinces within the medium GIECI group (I). NGI efficiency evolution in provinces within the medium GIECI group
Second, at the individual provincial level, according to Figure 4, most provinces in the Beijing-Tianjin region and the Yangtze River Delta have reached or approached the meta-Frontier in the GTRD stage, indicating that the input-output structure of green innovation at this stage has gradually become reasonable, and it is imperative to optimize resource utilization and strive towards sustained progress. In the GAT stage, most provinces show a more obvious efficiency improvement pattern than the previous stage. Among the provinces that have reached or basically reached the Frontier level, except for Hainan and Qinghai, all others belong to higher GIECI areas, indicating that at this stage, external environmental factors such as environmental regulation intensity and regional resource endowment can effectively promote the resource utilization efficiency of green achievement transformation. From the perspective of the connection between the two stages, Tianjin, Shandong and Jilin have lower efficiency of the GTRD stage but higher efficiency of the GAT stage, representing a situation of “inferior before and superior after”, with a strong industrialization ability of scientific and technological achievements but a relatively insufficient level of independent R&D. Attention should be paid to optimizing the resource allocation in the GTRD stage and then promoting R&D efficiency while maintaining the advantages of back-end industrial development. Heilongjiang, Anhui and Sichuan in the medium GIECI group and Guangxi, Guizhou, Yunnan, Shaanxi, Gansu and Xinjiang in the lower GIECI group have higher GTRD efficiency but lower GAT efficiency, showing the characteristics of “superior before and inferior after”. The ability of industrialization and commercialization of scientific and technological achievements in these provinces is not obvious due to location factors, and the early scientific and technological R&D and the later transformation of achievements have failed to form an effective connecting chain. Therefore, more attention needs to be paid to improving the application of innovative achievements. The green innovation efficiency of the two stages in Liaoning, Henan, Hebei, Shanxi, Inner Mongolia and Fujian is lower than the national average. The reason for the “simultaneously inferior” phenomenon may be the dependence on traditional heavy industries in the past and the “resource curse” effect of resource-based provinces, leading to low concentration of innovation resources. Among the 17 provinces with lower-than-average network green innovation efficiency, most of the provinces lacking in the transformation of innovation results are located in regions with lower GIECI, while most of the provinces located in regions with medium GIECI have certain distance from the Frontier in two-stage efficiency and need further improvement.
4.1.2 Analyzes on the technology gap ratio of green innovation
Table 3 displays the differences in the average TGR of three groups’ green innovation. Among them, the average TGR in the medium GIECI is obviously lower than that of the other two groups, which mainly reflects the disadvantages of technology introduction and the insignificant effect of patented technology put into production in the GAT stage. Combined with the development background of each province, several provinces with lower TGR in the GTRD stage may be due to the neglect of social and environmental benefits in pursuit of economic benefits in the development process, resulting in a relatively insufficient awareness of green independent R&D, and the output of green patent results does not match the investment of R&D resources. Among the group with higher GIECI, the TGR of each province in the GAT stage is close to 1. Most of these provinces are located in the core areas of developed economic circles such as Beijing-Tianjin-Hebei, or Yangtze River Delta and Pearl River Delta. These areas, while leading the economic development, pay more attention to the rational allocation of resources and the implementation of social and environmental responsibilities, and also have more advantages in technology introduction and development. Most of the provinces with smaller TGR are concentrated in the medium GIECI group, which is mostly located in the inland areas and give relative importance to traditional industries/agriculture, resulting in failure to prepare for the long-term, uncertain and high-risk factors associated with the complex process of scientific and technological achievement transformation. In terms of network green innovation efficiency, the fluctuations observed in each province/group are roughly similar to those observed in the GAT stage. Results from the non-parametric test (K-W test) indicate that the corresponding p-values for the TGR of the three types of green innovation efficiency are less than 0.001. This suggests that a significant test has been passed, indicating that the technical gap between the groups is evident.
TABLE 3 | TGR of two-stage and network green innovation in each province.
[image: Table 3]4.2 Results and discussion of spatiotemporal dynamic evolution
4.2.1 Analyzes on the time evolution of green innovation efficiency based on GML index
The GML index represents the fluctuation in the efficiency of green innovation over time. As illustrated in Table 4, an examination of the evolution of temporal trends reveals that, in the GTRD stage, apart from a decline in national average efficiency in individual periods, the GML index in other periods is greater than 1. The highest increase in range is observed from 2014 to 2015. However, overall, the efficiency improvement has been counteracted by the efficiency decline. In the GAT stage, the GML index shows that the overall efficiency has slightly improved. The GML index changes of the three types of green innovation in the three groups generally follow the fluctuation of the national GML index. In the GTRD stage, efficiency change is mainly influenced by technical efficiency in the early stage, but after 2010, technological progress became an important factor in improving the efficiency of GTRD. In the GAT stage, efficiency improvement is primarily due to the alternating impact of technological progress and technical efficiency.
TABLE 4 | GML index Changes of two-stage and network green innovation in each group.
[image: Table 4]In cooperation with the individual level of the sample, as shown in Table 5, in the GTRD stage, only seven provinces have an average GML index greater than 1, of which 5 provinces are in the lower GIECI group. However, in the GAT stage, 22 provinces’ GML index is greater than 1. Therefore, the two-stage structural configuration of “one increase and one decrease” causes a small-scale growth trend in the national network green innovation efficiency. Provinces with GML indices greater than 1 in both the GTRD stage and the GAT stage include Beijing, Inner Mongolia, and Guizhou. Provinces with GML indices greater than 1 in the former stage and less than 1 in the latter stage include Hainan, Gansu, Qinghai, and Xinjiang in the lower GIECI group. Provinces with GML indices less than 1 in both stages include Tianjin and Fujian in the higher GIECI group and Yunnan and Ningxia in the lower GIECI group. Apart from the above-mentioned provinces, the GML index results of other provinces indicate that efficiency decreases in the GTRD stage, while efficiency increases in the GAT stage. Combining the green innovation efficiency results calculated by the network SBM-DEA model, all of them exhibit unstable results in the GTRD stage and certain randomness in the input-output ratio. However, in the GAT stage, due to the continuous attention to the transformation of scientific and technological achievements and the joint promotion of the “dual subjects” of government and market, the application conditions of patented achievements to the production stage are more complete, resulting in an improvement in the efficiency of green achievement transformation.
TABLE 5 | Variation and decomposition of average GML index of two-stage and network green innovation in each province
[image: Table 5]4.2.2 Analyzes on the spatial evolution of green innovation efficiency based on Moran’s I
To examine spatial correlation in green innovation efficiency, we utilized Stata 17.0 software to calculate the Moran’s I statistic and its distribution for each province between 2008 and 2020. As shown in Table 6, the Moran’s I was greater than 0 for all years during the sample observation period, and the spatial correlation of regional green innovation efficiency is more stable and significant in the Green Achievement Transformation stage than in the Green Technology R&D stage. Specifically, the Moran’s I of innovation efficiency in the GTRD stage stabilized after 2014, indicating an emphasis on independent R&D capability and increased interaction and technical dependence of green innovation between urban agglomerations and provinces, resulting in improved spatial correlation with the phenomenon of “high-high” and “low-low” agglomeration. In the GAT stage, the Moran’s I passed the significance test in all years except 2017, while the Moran’s I of network green innovation was significant in every year. In the GTRD stage, the global Moran’s I showed an annual upward trend, with the lowest value of 0.174 in 2010 and the highest value of 0.366 in 2019, indicating increasing spatial correlation over time. In the GAT stage, the Moran’s I fluctuated over time, with the lowest value of 0.181 in 2011 and the highest value of 0.381 in 2020. The Moran’s I of network green innovation increased and reached a peak of 0.412 by 2020.
TABLE 6 | Global Moran’s I of two-stage and network green innovation efficiency.
[image: Table 6]As shown in Figure 5, spatiotemporal aggregation maps of Moran’s I for the two stages and network green innovation efficiency are drawn, respectively, for the maximum and minimum values of the sample observation period to analyze the spatiotemporal transition of green innovation efficiency. In the GTRD stage, when Moran’s I was at its lowest in 2010, the distribution of provinces in quadrants was relatively even, and clustering was not apparent. By 2019, 21 provinces were located in the first and third quadrants, indicating that the efficiency of the GTRD stage exhibits “high-high” agglomeration or “low-low” aggregation in the same direction. Compared to 2009, the linear slope in the figure has increased, indicating further improvement in spatial correlation. The efficiency value of the GAT stage has also shown increasingly obvious agglomeration characteristics over time. On the one hand, there are fewer provinces in the second and fourth quadrants, and more provinces are concentrated in the first and third quadrants. On the other hand, the linear slope increases, and spatial correlation is further enhanced. From the change in the Moran’s I scatter plot of network green innovation efficiency, it can also be concluded that spatial agglomeration is enhanced toward the first or third quadrants. From the Moran’s I distribution of the three types of green innovation efficiency, it is obvious that the provinces gathered in the first quadrant are mostly developed provinces such as Beijing, Tianjin, Shanghai, Jiangsu, and Guangdong, and the spatial correlation of green innovation efficiency in these provinces is relatively stable, which can form a synergistic situation with neighboring provinces. However, provinces in medium and lower GIECI groups, such as Heilongjiang, Jilin, Shanxi, Inner Mongolia, Henan, Guangxi, and Ningxia, are mostly concentrated in the third quadrant. These provinces are relatively backward in innovation development, and their technology and management levels are somewhat different from those of developed provinces.
[image: Figure 5]FIGURE 5 | Spatiotemporal aggregation maps of two-stage and network green innovation efficiency. (A) Spatiotemporal transition of GTRD in 2010. (B) Spatiotemporal transition of GTRD in 2019. (C) Spatiotemporal transition of GAT in 2011. (D) Spatiotemporal transition of GAT in 2020. (E) Spatiotemporal transition of NGI in 2017. (F) Spatiotemporal transition of NGI in 2020. Note: This figure is created based on the standard map from the Map Technical Review Center of the Ministry of Natural Resources (Map Approval No. GS (2019)1822). The base map has not been modified.
Referring to the spatiotemporal dynamic analyzes method of regional systems by Rey and Janikas (2004), this paper classifies the spatiotemporal transition types of green innovation into four categories according to the specific changes of Moran’s I in different regions. As shown in Table 7, in the GTRD stage, the provinces belonging to the transition type I are Guizhou, Guangxi, Hubei, Shandong and Beijing, among which Guizhou has jumped from the first quadrant to the fourth quadrant due to the decline of GTRD efficiency in neighboring provinces; Guangxi and Hubei have low efficiency at the GTRD stage, which is further affected by the “siphon effect” of Guangdong and Anhui in the development process, then forms a “low-low” inefficiency agglomeration of GTRD efficiency with other neighboring provinces such as Yunnan and Hunan, forming a “reverse” driving situation; the GTRD efficiency of the provinces around Shandong and Beijing has been greatly improved, forming a “high-high” agglomeration situation. The provinces belonging to the transition type II are Yunnan, Chongqing and Tianjin, which have a large transition scale, in which Yunnan, Chongqing and their neighboring provinces have transitioned from “high-high” agglomeration to “low-low” agglomeration. The development of such provinces is relatively slow, and the neighboring provinces (such as Sichuan, Shaanxi, etc.) have failed to form a benign interaction. Tianjin benefits from the favorable influence of the development strategy of the Beijing-Tianjin-Hebei urban agglomeration and realizes the spatial agglomeration of “high-high” efficiency type. There are four provinces belonging to the transition type III, among which Sichuan and Xinjiang has developed at a relatively slow space, while the neighboring provinces, such as Guizhou, Gansu and Qinghai, are in the first echelon of innovation, forming an evolution from “high-high” efficiency type to “low-high” hollow type; Heilongjiang and Shaanxi, with the continuous upgrading and development of industries, have no longer show the original advantages of industrialization and lack of innovative vitality, thus shifting to the direction of “low-low” inefficiency type. The other 18 provinces have relatively strong spatial stability and have not experienced significant spatiotemporal transitions. In summary, the mutual driving effect of neighboring units in the process of green innovation and development in various provinces in the GTRD stage is still unstable. To achieve higher efficiency, it is necessary to strengthen the connection of urban agglomerations and economic zones to form a virtuous development cycle. This can help overcome the challenges faced by provinces that have shifted towards “low-low” inefficiency type and support the continued improvement of green innovation efficiency in other provinces that have shown strong spatial stability.
TABLE 7 | Spatiotemporal transition path and type of two-stage and network green innovation efficiency.
[image: Table 7]In the GAT stage, 25 provinces and their neighboring units did not experience any transition, belonging to type IV. It can be observed that at this stage, relatively stable spatial agglomeration and spatiotemporal transition path dependence have been formed. Among the provinces where spatiotemporal transition occurred, Heilongjiang and Guangdong belong to type I transition. The reason for the transition in Heilongjiang is mainly due to the decline in GAT efficiency in neighboring provinces, such as Inner Mongolia and Jilin. On the other hand, Guangdong has played a crucial role in space radiation, utilizing the central advantages of the Pearl River Delta and the Greater Bay Area, to drive neighboring provinces towards improved efficiency in the GAT stage, resulting in the spatiotemporal transition from the “high-low” polarization type to the “high-high” efficiency type. Shandong belongs to the spatiotemporal transition of type II, and its GAT efficiency has not kept up with the development growth rate of neighboring provinces, leading to the reversal of the spatial correlation type. Jiangxi, which underwent a type III transition, has almost all neighboring provinces in the first quadrant, belonging to the “high-high” efficiency type. By absorbing the spillover resources of neighboring provinces, Jiangxi has achieved the optimal allocation and rational utilization of resources, resulting in a noticeable improvement in GAT efficiency and spatiotemporal transition. As a former old industrial base, Jilin no longer shows its former advantages and has even become an obstacle to green transformation to some extent. Similar problems exist in neighboring provinces, resulting in a transition from the “high-low” polarization type to the “low-low” inefficiency type. Due to the joint influence of the two stages, the network green innovation efficiency obtained by integrating the two-stage green innovation efficiency shows that the spatiotemporal transition path of network green innovation in some provinces has changed compared to the sub-stage. However, most provinces still exhibit a high degree of spatial stability, and spatial relevance has increasingly improved. Among the three types of green innovation efficiency, most provinces with spatiotemporal transition have transitioned from the second/fourth quadrant to the first/third quadrant. This indicates that the green innovation efficiency of each province is increasingly consistent with the spatial theoretical framework of “core-edge”, which once again proves the spatial correlation of green innovation efficiency.
4.3 Results and discussion on the impact of two-stage green innovation efficiency by Tobit model
By using the Stata 17.0 software, the panel Tobit regression results are shown in Table 8.
(1) Environmental Regulation Intensity: According to Table 8, the intensity of environmental regulation has significantly reduced the enthusiasm and effectiveness of enterprises in conducting green technology R&D and achievement transformation. This confirms the cost crowding-out effect of environmental regulation on green innovation, whereby environmental regulations increase compliance costs and penalties for non-compliance, inevitably squeezing out normal production investments of enterprises. As a result, the marginal returns on technological innovation decrease, and the R&D investment and proactiveness of green innovation are greatly weakened. However, some argue that continuous green innovation allows companies to gain differentiation and premium pricing. The resulting profit compensation partially or fully offsets the aforementioned negative effects, thereby encouraging further investment in green innovation and creating a virtuous cycle (Porter, 1995). Nevertheless, based on the results of this study, this long-term trend still requires further verification over time.
(2) Elemental Endowment: The existing elemental structure significantly negatively affects the green technology R&D efficiency, indicating that material capital inputs in the current stage have not completely shifted away from traditional extensive growth tendencies. Repetitive investments made to meet the needs of expanding reproduction lead to excess production capacity, which hinders the widespread development of green innovation by enterprises. In the green achievement transformation stage, in conjunction with actual circumstances, apart from the autonomous innovation results generated in the previous stage, the main innovation comes from technology introduction. This stage is less affected by the crowding-out effect of local endowment structures, which sets it apart from the Tobit results of the previous stage.
(3) Property Rights Structure: The ownership structure has a more significant positive effect on the promotion of the green achievement transformation stage. The reason behind this is that non-state-owned enterprises are more inclined to achieve breakthroughs in green innovation through the introduction of technology compared to state-owned industrial enterprises. However, when considering the results by group, it reveals conclusions opposite to the overall sample direction. An analysis in conjunction with the actual circumstances shows that in the higher GIECI group, the majority of provinces are located in developed eastern coastal areas. These regions face stricter environmental regulation constraints, have more comprehensive supervision mechanisms, and are more sensitive to market reactions to policies. Additionally, due to the unique market position of state-owned enterprises and their subordinate relationship with government departments, enable the effective implementation of green innovation concepts within them.
(4) Industrial Agglomeration: Although industrial agglomeration coefficients have mostly positive effects on the green innovation efficiency in both the national and group samples, they only produce significant effects in specific group situations compared to other influencing factors. The effects about scale economies, resource sharing, knowledge spillover, and green innovation collaboration brought about by industrial agglomeration are not yet apparent, and their related potentials require further exploration.
(5) Foreign Direct Investment: Foreign direct investment has to some extent reduced the enthusiasm and effectiveness of enterprises in conducting autonomous green technological R&D. The “pollution haven hypothesis” suggests that differences in the environmental regulation intensity among regions alter the comparative advantage of their industrial sectors, thereby promoting the relocation of production activities from regions with high environmental regulation intensity to areas with looser environmental regulation standards to reduce pollution control costs (Ahmed, 2012). However, the resulting industrial relocation is detrimental to the local development of green innovation. The results of this study validate this viewpoint.
(6) Regional Economic Development Level: The improvement of the regional economic development level significantly enhances the efficiency of green technology R&D and achievement transformation. Specifically, regional economic development contributes to providing high-quality capital and labor for green innovation. Moreover, regions with higher levels of economic development exhibit stronger public awareness of environmental protection and a greater inclination toward green products, thus creating motivation or pressure for enterprises to engage in green innovation.
(7) Energy Consumption: Energy consumption to some extent reduces the enthusiasm and effectiveness of enterprises in conducting green technology R&D and achievement transformation. It is generally recognized that energy consumption has adverse impacts on the economy, society, and ecology from various aspects such as resource depletion and environmental pollution. This negative externality similarly affects green innovation activities of enterprises.
TABLE 8 | Tobit regression results of two-stage and network green innovation efficiency.
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5.1 Conclusion
Based on an expansion of existing research in this field, comprehensively examine the dynamic changes of green innovation efficiency from the stage of green innovation, the heterogeneity of technology collection, the comparability of pre- and post-development, the spillover of geographical space, and the diversity of influencing factors, so as to reveal the regional disparities and variances of green innovation efficiency, and reveal the “black box” of green innovation efficiency. This study uses a multi-stage network SBM-DEA model that considers unexpected output to measure the staged efficiency of green innovation under the heterogeneity of external environment, and deeply analyze the root cause of efficiency loss. By combining the GML index and global Moran’s I of green innovation efficiency in each stage, we draw the dynamic path of green innovation efficiency and spatiotemporal changes, and verify the factors affecting the efficiency of regional green innovation by Tobit regression model. The conclusions are as follows:
(1) From the stage of green innovation, most provinces have efficiency losses in the process of allocating and using green innovation resources under two stages. Although there are more leading provinces in the GAT stage, the difference of green innovation efficiency among provinces in this stage is relatively large, so the average efficiency in this stage is lower than that in the GTRD stage. Since there is a certain accident in the production of patent achievements, the improvement of the efficiency level of the national and groups in the GTRD stage is less obvious than that in the GAT stage. Provinces with low network green innovation efficiency are mainly composed of medium and lower GIECI groups.
(2) Due to the heterogeneity of technology collection, there are differences in the innovation efficiency of decision-making units in each green innovation stage under the group-Frontier and the meta-Frontier. The intra-group differences within the medium GIECI group with more traditional industrial provinces in the group are more obvious than in the other two groups. Similar results are confirmed when comparing the TGR index.
(3) From the comparability of pre- and post-development, the efficiency of GTRD stage has decreased during the sample observation period, while the efficiency of GAT stage has improved. The two-stage structural configuration of “one increase and one decrease” causes a small-scale growth trend in the national network green innovation efficiency. The improvement range of technical efficiency of each group is different. Based on the GML index, in the GTRD stage, the lower GIECI group has obvious catch-up trend; while in the GAT stage, the advantages of medium GIECI group, where the main provinces in the group are located in the central region, are more prominent.
(4) From the spillover of geographical space, the spatial correlation and stability of the two-stage and network green innovation efficiency are increasing year by year, and the phenomenon of “high-high” agglomeration and “low-low” agglomeration is becoming increasingly pronounced. The provinces in the higher GIECI group are almost “high-high” agglomeration, while some provinces in the lower and medium GIECI group are clustered mostly in the third quadrant, which is in a “low-low” inefficiency agglomeration state. The spatiotemporal transition in a small number of provinces is in the “high-low” polarization or “low-high” hollow aggregation (as shown in Figure 5), which is because the first-mover advantage of advanced regions will further squeeze out and hinder the innovation behavior of regions lagging behind in the green innovation development, forming a “siphon effect”. However, with the passage of time, the synergy of green innovation among provinces has been strengthened, forming a green innovation development cycle that drives and promotes each other, which makes the spatial agglomeration of green innovation increase, and the number of such provinces has decreased year by year.
(5) From the diversity of influencing factors, the crowding-out effect caused by environmental regulations, the excessive inefficient and repetitive investment under the existing factor structure, the “pollution refuge” effect caused by foreign direct investment, and the negative externality of energy consumption have more inhibitory effects on green innovation efficiency, while the improvement of regional economic development can have a positive impact on green innovation efficiency by raising public awareness of environmental protection and increasing high-quality intellectual capital investment.
5.2 Discussion
On the basis of considering the problems above, and combined with the research conclusions of this article, the following suggestions are put forward:
(1) Enhancing the height of green innovation strategy, Stimulating the proactiveness of Market Entities. The green innovation strategy should be regarded as a crucial cornerstone for improving quality and efficiency, the strategic priorities for planning green technology research and development and the achievements transformation should be determined from a long-term and sustainable perspective. Targeted efforts should be made to improve the efficiency levels of different stages of green innovation in various regions. Specifically, for the stage of green technology research and development with high efficiency losses, attention should be given to the dual enhancement of technology and management. This includes strengthening support and providing technical guidance for green innovation R&D, encouraging enterprises to actively engage in substantial green innovation. Furthermore, it is essential to enhance the cultural atmosphere of green innovation and improve relevant management systems, thereby reinforcing the intrinsic driving force behind green innovation, and transforming the “accidental” output of patents into “inevitable” outcomes. Regarding the stage of green outcomes transformation, it is important to strengthen the connection with the previous stage, accelerate the process of patent technology industrialization, and facilitate the flow of green patent licenses between high-quality domestic enterprises and medium-to-low-quality enterprises. Concurrently, efforts should be made to encourage the application and promotion of green technologies and products, thereby strengthening the proactive engagement of market entities in green innovation.
(2) Adopting targeted and differentiated policy measures according to local conditions. There are differences in the technological foundations of green innovation across different regions, and the impact of exogenous factors on the efficiency of green innovation varies. It is crucial to fully leverage the government’s role in guiding, coordinating, regulating, and supporting activities. In regions with a strong foundation, on the one hand, independent innovation should be encouraged to ensure the driving force of their first-mover advantage. Concurrently, efforts should be made to advance the role of digital technology and industrial internet initiatives in driving green innovation, while emphasizing the efficient conversion of green technological achievements. These two processes should mutually reinforce each other, collectively promoting the healthy development of the green innovation cycle. Measures such as establishing special funds for green innovation can be implemented to enhance the leading role of key regions, key sectors, and key enterprises in green innovation. Conversely, for regions with weaker innovation environments, it is possible to address the deficiencies by employing policy preferences and financial support. By employing measures such as government subsidies and establishing guarantee funds, targeted policy support can be provided to attract talent, carry out scientific and technological research projects, and facilitate technology transfer. These approaches encourage the development of local technological advantages based on local conditions, and narrowing the technological gap.
(3) Fully utilizing spillover effects and enhancing regional synergy in green innovation. The positive spatial correlation in regions green innovation has been increasing year by year, with the influence of adjacent provinces on the level of green innovation becoming more evident. This can be achieved by establishing platforms for exchange and collaboration through industry associations and technical exchange forums, thereby creating spatial linkages and mutually beneficial sharing mechanisms for regional green innovation activities. At the same time, it is important to avoid inefficient clustering of green innovation in specific regions by breaking the path dependency through nurturing internal strengths in industries and regions. For regions characterized by “high-low” polarization and “low-high” hollow types, it is important to encourage the driving behavior of advantaged regions, and promote the proactive acceptance of spillover effects from neighboring areas by disadvantaged regions. By capitalizing on the diffusion effect of efficient provinces and the learning and catch-up effect of less efficient provinces, the positive impact of spillover effects can be fully utilized, thereby achieving regional synergy in green innovation.
(4) Leveraging multiple advantages and continuously optimizing the green innovation environment. Various resources should be mobilized to form a collaborative force driven by innovation, aiming to achieve high-quality green development. Governments need to coordinate the use of regulatory approaches, such as command and control, market incentives, and voluntary participation, based on the actual conditions of regions and enterprises. They should also coordinate other resources and policies, such as energy consumption, green finance, innovation guidance and incentives, and intellectual property protection, to promote compensatory and incentive effects of environmental regulations on green innovation, while reducing the inhibitory effects of cost crowding-out on green innovation. Efforts should be made to reduce inefficient and duplicative investments and concentrate the advantages of economic development on enhancing public environmental awareness and increasing high-quality intellectual capital, thus stimulating green innovation from the demand side. Additionally, attention should be paid to the introduction and regulation of external capital while strictly guarding against the occurrence of “pollution havens” phenomenon. Lastly, it is necessary to accelerate the reform of state-owned enterprises towards a shareholder system, simultaneously fulfilling social responsibilities and stimulating the vitality of green innovation while addressing the issue of overcapacity.
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Hainan 1 ¥ 1 1 & 1 1 3 i ; 5 1 1
Guizhou 0.899 0933 0.987 0.920 0.944 0.812 0.764 [ 0.847 0921 | 0.870 0.868 0.883
Lower GIECI Yunnan 0.855 0925 0.784 0.901 0.908 0.611 0.740 0.786 0.881 0752 0.761 0.841
Shaanxi 0.747 0.827 0.752 0.782 0.845 0.170 0.524 0.554 0.794 0.374 0.628 0.658
Gansu 0.879 0.894 0.782 0.882 0911 0.694 0.880 0.865 0.895 0.787 0.830 0.874

Qinghai | 1 [ 1 1 [ 3 | 1 1 [ 1 [ 1 1 1 1
Ningxia 1 0.874 0.846 0.931 0.986 1.011 0.900 0.882 0993 0.940 0.872 0.906
Xinjiang 0.950 L1 1.105 0.961 0.946 0.332 0.404 [ 0.701 0.948 0.608 0.669 0.821
Group mean 0.831 0.946 0.855 0.902 0910 0.624 0.686 0.788 0.870 0.768 0.766 0.843
National Mean 0.764 0.780 0.792 0.800 0.728 0.577 0711 [ 0677 0.746 0.671 0.749 0736

7 Kruskal- Walis Test Chi-Squared = 21561, p = 0.000 Chi-Squared = 22939, p = Chi-Squared = 25.428, p = 0000

0.000
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