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Green innovation and the digital economy are the new engine and driving force for Chinese high-quality development and will become the mainstream of China’s high-quality development. Therefore, it is of great significance to explore the interaction between the two for the formulation of economic development policies. This paper constructed an evaluation system of green science and technology innovation efficiency (GSTIE) and digital economy level (DEL) based on 30 provinces in China. Through the corrected coupling coordination degree (CCD) model, this paper measured the coupling coordination degree of green science and technology innovation efficiency and DEL and analyzed its provincial differences and spatial effects. By employing the fuzzy set Qualitative Comparative Analysis (fsQCA) method, this paper further explored the influencing factors configuration affecting the coupling coordination degree of GSTIE and DEL. The research results are as follows. Compared with the development of green science and technology innovation, the development of the digital economy was relatively backward. The coupling coordination degree between China’s provincial GSTIE and DEL showed an overall increasing trend year by year, and there was obvious spatial heterogeneity in which the eastern region was the highest, followed by the western and central regions. A single influencing factor does not constitute a necessary condition for a high coupling coordination degree. There were four paths that improve the coordinated development level between GSTIE and DEL: HC + RD + OP-jointly driven, RD + OP-dual driven, HC + GS-dual driven, and GS-oriented. Finally, based on the research conclusions, this paper proposed corresponding policy suggestions.
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1 INTRODUCTION
Since the reform and opening up, China’s economy has developed and grown rapidly and made remarkable achievements. The major strategic evidence that China’s economy has entered a stage of high-quality development from a stage of high-speed development was clearly highlighted in the meeting of the Political Bureau of the Central Committee of the Communist Party of China. However, pursuing rapid economic development has caused numerous problems, including resource shortage and environmental degradation, which have restricted the sustainable development of the economy and environment in China (Tang and Li, 2022). To solve these problems and achieve high-quality development, China should take the path of green development and rely on the implementation of an innovation-driven development strategy (Wang Q. et al., 2022). Unlike traditional innovation, green innovation, with innovation-driven and green development two special characteristics, is a combination of technology innovation and environmental protection (Dai et al., 2021). As an important carrier to promoting green development, green science and technology innovation is a kind of technology innovation, which focuses on environmental management and highlights the concept of sustainable development (Zheng et al., 2021). The improvement of green science and technology innovation efficiency (GSTIE) is an important way to accelerate the realization of green and sustainable development (Zhou et al., 2020). With green sustainable development becoming increasingly popular, GSTIE is gradually becoming a hot topic that is studied in academia and practice (Hosan et al., 2022). At the same time, with the rapid development and wide application of digital technology, the digital economy came into being, which is a new type of economy different from the traditional agricultural and industrial economy (Li et al., 2023). The new round of scientific and technological revolution represented by the digital economy has led human society into the era of digital economy (Zhao T. et al., 2020). According to the White Paper on China’s Digital Economy (2022) released by the China Institute of Information and Communication, the scale of China’s digital economy has reached 45.5 trillion yuan in 2021, with a year-on-year nominal growth of 16.2%, accounting for 39.8% of the proportion of GDP. The rapid rise of the digital economy provides not only opportunities for China to build new national competitive advantages but also an important path for China’s green innovation development. Digital technology, represented by big data, artificial intelligence and the Internet, has the advantages of high intelligence, which can provide favorable environmental support and factor supply for green technology innovation (Wang F. et al., 2022). Green science and technology innovation and digital economy will become the mainstream of China’s economic development. It can be seen that both green science and technology innovation and the digital economy perform an essential role in promoting the green development in China. At present, improving GSTIE and DEL is the strategic focus in China. According to systems theory, both green science and technology innovation and the digital economy are constantly developing and perfect dynamic systems. What is the coupling relationship between the two subsystems in the same social market environment? What is the degree of coupling development of the two and what factors jointly affect their coordinated development? To answer these questions, this study explores the coordinated development of GSTIE and the digital economy level (DEL) subsystems and its influencing factors, which is conducive to the formulation of a two-way driving strategy and the formation of a virtuous cycle between the two subsystems.
The remaining parts of this paper are arranged as follows: Section 2 reviews relevant literature; Section 3 introduces the construction of indicator system, data sources, and research methods; Section 4 reports the measurement results, temporal and spatial dynamics, and spatial correlation; Section 5 provides information on variable selection and discusses the influencing factors of the coupling coordination degree (CCD); Section 6 summarizes the research results and proposes policy recommendations.
2 LITERATURE REVIEW
In academia, many researchers have studied the efficiency of technology or science and technology, whereas there is still a lack of research on GSTIE. Based on the content, the existing literature can be mainly classified into the aspects outlined below. In studies that evaluated GSTIE, most of the researchers built evaluation index systems that contain multiple indicators based on the perspective of input-output and used data envelopment analysis (DEA) (Luo et al., 2019; Wang et al., 2020; Liu B. et al., 2021), stochastic frontier analysis (Faria et al., 2019), and other methodologies to measure or evaluate the innovation efficiency. In addition, some scholars measured the efficiency of green innovation by applying the super-efficiency slack-based measure (SBM) model (Peng et al., 2021). The super-efficient SBM model, which was developed by Tone after making improvements based on the traditional DEA model, could effectively overcome the problem that the undesired output was ignored by the traditional DEA model, as well as achieve the comparison of multiple effective decision units (Zhao P. et al., 2020). It has become a mainstream method widely used by academic researchers to evaluate innovation efficiency.
Other studies focused on the spatial difference of GSTIE. For instance, using the method of the Dagum Gini coefficient and its subgroup decomposition, kernel density estimation, and the spatial Markov chain, Yao et al. (2022) discussed the convergence characteristics and dynamic evolution rule of industrial green technology innovation efficiency in 110 cities of the Yangtze River Economic Belt from 2006 to 2020 (Yao et al., 2022). Utilizing the combination of the global Super-Epsilon-based measure (EBM) model, vector autoregression model, block model, and Moran index, Wang and Zhang (2021) conducted an empirical study on the spatial-temporal features of the green innovation efficiency of China’s 30 provinces and analyzed its spatial heterogeneity and spatial correlation network characteristics (Wang and Zhang, 2021). Moreover, some scholars have conducted studies on the spatial differences in green innovation efficiency using different scales. For example, Peng et al. (2019) studied the green innovation efficiency in the Yangtze River Economic Belt, and their results showed that the green innovation efficiency levels of the upper, middle, and lower reaches of the Yangtze River were substantially different (Peng et al., 2019). Besides, Liu et al. (2020), taking China’s high-tech industry as the research object, conducted an empirical study on the regional differences and influencing factors of the green technology innovation efficiency of China’s high-tech industry clusters, the results revealed that the factors affecting the green innovation efficiency of high-tech industry varied by cluster area (Liu et al., 2020).
In studies on the influencing factors of GSTIE, scholars selected indicators such as economic development level, research and development (R&D) investment in science and technology, education level, government subsidies, and environmental regulation and conducted empirical research and quantitative analysis on the factors influencing green innovation efficiency in combination with econometric models (Yi et al., 2020). Furthermore, other scholars studied the influence of carbon trading policies (Liu B. et al., 2021), upgrading industrial structure (Du et al., 2021), and green finance (Lee and Lee, 2022) on green innovation efficiency.
Moreover, studies on the digital economy paid particular attention to the definition, measurement, and influential mechanism of the digital economy. The digital economy was first formally defined by American scholar Tapscott (1996) as a virtual economic system developed by relying on information infrastructure such as the Internet and e-commerce. At the Hangzhou G20 Summit held in China in 2016, the leadership of all the countries gave a unified definition of the digital economy: an economic activity, in which digital knowledge and information were taken as a key factor of production, the modern information network was regarded as an important carrier, and the effective use of information and communication technology was taken as an important driving force for the improvement of efficiency and optimization of economic structure. Bukht and Heeks (2018) understood the digital economy as a proportion of economic output, which is generated based on digital technology, the digital sector, and platform services (Bukht and Heeks, 2018).
In terms of research methods, increasingly diverse research methodologies have been used for the measurement of DEL in the academic world. Most scholars chose the entropy method (Li and Liu, 2021; Luo and Zhou, 2022), whereas a few scholars chose principal component analysis and the coefficient of variation method based on sub-analysis to conduct relevant studies on the measurement of DEL. Regarding the measurement method, the academic community mainly adopts the comprehensive measurement method of constructing the evaluation system of the digital economy, composed of multiple dimension indicators such as infrastructure construction and internet level (Li and Liu, 2021; Luo and Zhou, 2022; Zhang et al., 2022). At present, there has not yet reached a unified standard on the comprehensive evaluation index system for the development of the digital economy. In the research on the impact mechanism of the digital economy, previous studies paid particular attention to the social and economic impact of the digital economy. Scholars have conducted studies on the impact of the digital economy on green development efficiency (Luo K. et al., 2022), carbon emission performance (Zhang, et al., 2022), resource consumption (Pouri, 2021), regional sustainable development (Yang Q. et al., 2022), and high-quality green development (Ma and Zhu, 2022).
As shown above, the academic community has generated fruitful research achievements related to the construction and measurement of green science and technology innovation index systems; temporal and spatial differentiation or evolution pattern; influencing factors; and the connotation, measurement, and impact mechanism of the digital economy; however, there is still a lack of studies that directly linked green science and technology innovation with the digital economy, and the research on the relationship between the two is still in the stage of further exploration. Although some researchers have studied the relationship between the digital economy and green innovation or green technology innovation (Cao et al., 2021; Lin and Ma, 2022; Ma and Zhu, 2022), most of them have only studied the one-way influence between the two. A few scholars have regarded the two as separately developed but mutually influencing systems and applied the coupling coordination theory to quantitatively study the coupling and coordinated relationship between the two subsystems.
Based on the above, by selecting China’s 30 provinces as the research objects, this paper directly connected green science and technology innovation and the digital economy on the foundation of the perspective of coupling and aimed to reveal the coupling and coordinated relationship between the two subsystems and its influencing factors by constructing an index system to evaluate GSTIE and DEL. The innovations of this study mainly lie in the following three aspects. First, this research introduced the “coupling” theory and focused on studying the coupling and interaction between GSTIE and DEL in China’s provinces, broadening the research perspective of green science and technology innovation and the digital economy, and further enriching the research results on the relationship between the two subsystems. Second, this study analyzed the evolution characteristics of Chinese provincial GSTIE and DEL from the two dimensions of time and space, which is of benefit to enrich the theoretical system of the research on GSTIE and DEL. Third, in this study, the configuration influencing factors that can affect the CCD between GSTIE and DEL were studied by means of the fuzzy set Qualitative Comparative Analysis (fsQCA) methodology, which could have a more comprehensive relationship with the development of provincial green science and technology innovation, the development of the digital economy, and even the coupling and coordinated relationship between the two subsystems in China.
3 DATA AND METHODOLOGY
3.1 Construction of index system
Following systematic, scientific, feasible, and comparable principles, we constructed the evaluation index systems of GSTIE and DEL (Table 1). In this study, to measure the GSTIE of provinces, by referring to the previous research on the construction of a green science and technology innovation evaluation index system (Wang et al., 2020), the GSTIE subsystem was divided into three aspects on the basis of the perspective of input-output: green innovation input, green innovation desired output, and unexpected output. For the green innovation input evaluation, this study chose three indicators: the full-time equivalent of R&D personnel, the internal spending on R&D, and the new product development funds of industrial enterprises above the designated size. The indicators of the turnover of the technological market, the number of domestic patent applications granted, and the sales revenue of new products in industrial enterprises above the designated size were chosen as the expected output indicators of GSTIE. The indicators of undesired output mainly included the total emission of industrial wastewater, emission of industrial sulfur dioxide, and emission of industrial smoke and dust.
TABLE 1 | GSTIE and DEL index system.
[image: Table 1]Scholars and organizations at home and abroad have carried out many explorations and studies on the measurement of DEL and proposed statistical indicators and measurement methods from multiple dimensions; however, no unified evaluation index system has been developed. Therefore, with reference to the existing literature (Chen and Miao, 2021; Wang J. et al., 2022; Xu et al., 2022) and considering the data availability, 12 index factors were selected from the four dimensions of the digital infrastructure, internet development, the development of the digital industry, and the digital transactions, to construct an evaluation index system for measuring DEL of China’s provinces. In this study, the evaluation indicators of the number of cell phone users, the number of fixed phone users, and the length of long-distance optical cable lines were selected to measure the level of digital infrastructure development (Li and Liu, 2021). Regarding Internet development, the Internet is the carrier and bedrock of the development of the digital economy (Han and Zhang, 2019). This study selected three evaluation indicators: internet port access, internet broadband access users, and web pages (Ding et al., 2021). Digital industry development is generally used to measure the development of digital production in the digital context, including industrial income and the number of industry practitioners. Therefore, in this study, the total amount of telecom businesses, total postal business, and the number of urban unit employees who are working in information transmission, software, and information technology service industries were selected to measure and reflect the development of the Chinese digital industry (Luo and Zhou, 2022). In this research, we chose three evaluation indicators to reflect the development level of digital transactions: the proportion of enterprises with e-commerce transactions activities, e-commerce sales, and e-commerce purchases (Liu et al., 2020).
3.2 Data sources
In this paper, the objects of study were 30 provinces in mainland China (considering the availability of data, excluding Tibet, Hong Kong, Macao, and Taiwan), and the time span was 2013–2019. All the index data are from the China Statistical Yearbook, China Environmental Statistical Yearbook, China Science and Technology Statistical Yearbook, China Internet Network Information Center, and the National Bureau of Statistics from 2013 to 2019 (http://www.stats.gov.cn/), as well as statistical yearbooks of provinces. In addition, to ensure the availability and scientificity of the research data, the missing data in a few years and provinces are supplemented by linear interpolation during the research process.
3.3 GSTIE evaluation model
Data envelopment analysis (DEA) is a powerful non-parametric technical efficiency evaluation method first proposed by Charnes in 1978 (Charnes et al., 1978). The method is suitable for evaluating the relative efficiency of decision-making units (DMUs) with multiple input and output indicators (Shang et al., 2020). There are different DEA models proposed for different purposes. However, conventional DEA models are radial and fail to consider the slack of inputs and outputs. To solve this problem, Tone (2001) proposed a non-radial SBM-DEA model with slack variables, which perfectly solves the impact of slack variables on the measurement value. The non-radial SBM-DEA model can only calculate the efficiency value of the effective DMUs equal to 1, and cannot further evaluate multiple effective DMUs (Li and Du, 2021), Tone (2002) proposed the super-efficiency SBM-DEA model to remedy this defect. The model can make the efficiency value of the decision unit not limited by the (0, 1) and can more accurately calculate the DMUs with an efficiency value of 1 (Jiang et al., 2021). To significantly reflect the provincial differences in GSTIE, this study constructed a super-efficiency SBM-DEA model based on undesirable output. The specific model is as follows:
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where n represents the number of decision units; m, r, and p denote inputs, expected outputs, and unexpected outputs involved in each DMU, respectively; x, [image: image] represent the necessary elements of the input matrix, the desired output matrix, and undesired output matrix, respectively; [image: image] is weight vectors, and [image: image] [image: image] represents the final value GSTIE, with a larger value indicating that there is a higher level of GSTIE.
3.4 Coupling coordination measurement model
3.4.1 Revised CCD model
Coupling refers to the phenomenon by which two or more systems influence each other through interactive mechanisms, and the coupling degree reflects the degree of mutual dependence and mutual restriction among systems (Zhang et al., 2023). However, it cannot reflect the coordinated development level among systems (Sun and Cui, 2018). For example, the coupling degree between GSTIE and DEL is high while the overall level of development is low, which is not the best state of high-quality development. CCD is used to reflect the degree of mutual balance and coordination between different systems (Dong et al., 2021; Yang et al., 2022a). Because traditional CCD has errors in writing, coefficient, weight and model, Wang Shujia and others revised the model, which improves the scientificity and rationality of the research (Wang et al., 2021). Therefore, this paper applied the revised CCD model to assess the coupling coordination development level of the two subsystems of GSTIE and DEL in China’s provinces. The specific calculation formula of the revised CCD model is:
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where C represents the coupling degree, and [image: image]. The greater the C value is, the stronger the interaction between the two systems. [image: image] represents the comprehensive evaluation index of the GSTIE system; [image: image] represents the comprehensive evaluation index of the DEL subsystem, and [image: image] is assumed to [image: image]; T indicates the comprehensive coordination index of GSTIE and DEL, [image: image], [image: image] is the undetermined coefficient, and [image: image]. In addition, it is generally believed that GSTIE is as important as DEL, and therefore [image: image]; D refers to the CCD, and [image: image]. Specifically, the larger it is, the more harmonious and balanced the GSTIE and DEL subsystems are. In this research, after referring to relevant research (Liu T. et al., 2021), we have divided the CCD into five levels by using the median segmentation method, as shown in Table 2.
TABLE 2 | Grade division of CCD between GSTIE and DEL.
[image: Table 2]3.4.2 Spatial autocorrelation model
The spatial autocorrelation model can observe the degree of aggregation in the study area of an attribute value, mainly including global spatial autocorrelation and local spatial autocorrelation (Yang et al., 2022b). This study applied global spatial autocorrelation to reflect the global spatial association pattern of CCD of the GSTIE and DEL subsystems in the whole research area to determine whether there is a spatial correlation in the space. Global Moran’s I is generally used for the calculation. The specific calculation formula is:
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where [image: image] denotes Moran’s I, n represents the number of provinces and cities, [image: image] are the CCD of i province and j province, respectively, and [image: image] is the average value of the CCD; and [image: image] represents the space weight matrix. Moran’s I value ranges from −1 to 1, with [image: image] indicating a positive spatial correlation. The larger the value is, the more significant the spatial correlation is, with [image: image] indicating a negative spatial correlation. The smaller the value is, the greater the spatial difference is, with [image: image] indicating that there is a randomness of the space.
As the global spatial autocorrelation analysis can only reflect the overall situation of spatial correlation and difference of the study area and cannot sufficiently reflect the coupling and coordinated relationship between local elements and adjacent elements (Yang et al., 2022c; Li et al., 2022). The local spatial autocorrelation analysis can effectively identify the spatial dependence and heterogeneity of CCD. The calculation formula is:
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where [image: image] denotes the CCD value in i province, and [image: image] refers to the average CCD value in all provinces; [image: image] represents the spatial agglomeration (H-H or L-L) with similar coupling coordination values of a province or city, and [image: image] represents the spatial agglomeration (L-H or H-L) with different coupling coordination values of a province or city.
3.4.3 Fuzzy set qualitative comparative analysis
On the basis of the perspective of configuration, by utilizing the fsQCA method, this study explored how the seven factors—human capital, R&D investment, openness, industrial structure, economic development, environmental regulation, and government subsidies—interacted to jointly affect the coupling and coordinated development between GSTIE and DEL in each province and identified the condition configuration that can achieve the coordinated development of the two subsystems. Unlike traditional statistical analysis and qualitative analysis methodologies, QCA can analyze the complex causal relationship between different combinations of antecedents and results (Liu et al., 2017). As one of the QCA techniques, fsQCA is a novel research methodology between variable and case orientation and goes beyond qualitative and quantitative research (Guo, and Lin, 2022). This method can be effectively applied to explore the synergy and linkage between various factors and can identify different causal paths leading to the same result by comparing and analyzing multiple causal conditions in each case (Mercado-Caruso et al., 2022).
In this study, fsQCA was applied to identify the factors influencing the provincial CCD, which was mainly based on the following considerations. The coupling coordinated development between GSITE and DEL is comprehensively affected by multiple factors, conforming to the basic assumption of fsQCA. Moreover, traditional research methods are mainly applicable for analyzing the net effect of a single influencing factor, whereas fsQCA can explore the complex non-linear and asymmetric causal relationship between multiple factors and results (Sun et al., 2022). In this paper, 30 provinces are taken as research samples, with small sample size, and fsQCA is the best method to perform a comparative analysis of small and mid-sized samples (Yifan and Bei, 2022). Furthermore, in this study, we aim to investigate the influence of different combinations of seven factors of the CCD between GSITE and DEL, as well as the multiple driving paths behind the coordinated development of the two subsystems, and fsQCA can effectively identify the equivalent paths that have different antecedent condition configurations leading to the same result; therefore, it is more suitable to explore the differentiated driving paths of the coordinated development of GSTIE and DEL in various areas.
4 ANALYSIS OF THE SPATIO-TEMPORAL EVOLUTION OF THE CCD BETWEEN GSTIE AND DEL
4.1 Analysis of GSTIE and DEL
4.1.1 Spatio-temporal analysis of GSTIE
The measurement results presented in Table 3 indicate that during the research period, the overall level of GSTIE across the country presented an overall upward trend, and the efficiency value rose from 0.684 at the beginning of the period to 0.734 at the end of the period, with an increase of 7.35%. The overall level was high, and the change range was small. This indicates that the development of green science and technology innovation, as an increasingly important topic of national green innovation, has been accelerating in recent years, and its role in promoting energy conservation, emission reduction, and sustainable economic development has become increasingly significant.
TABLE 3 | Measurement results of GSTIE and DEL.
[image: Table 3]To reflect their spatial distribution differences more intuitively, ArcGIS software has been utilized to visualize GSTIE in representative years, as shown in Figure 1. As observed in Figure 1, the spatial change characteristics of GSTIE in 2013, 2015, 2017, and 2019 were relatively similar, showing a spatial distribution pattern of a low level of GSTIE in western provinces and cities and a high level of GSTIE in central and eastern provinces in China. During the investigation period, the efficiency values of GSTIE in Beijing, Jiangsu, Zhejiang, and Qinghai remained unchanged at the level of 1.00, whereas the efficiency values in other provinces and cities fluctuated. Specifically, in 2013, the efficiency values of GSTIE in Hebei, Fujian, Shanxi, Jilin, Henan, Inner Mongolia, Guangxi, Xinjiang, and other regions were below 0.40. By 2015, the efficiency value of Yunnan dropped to below 0.40, and the efficiency values of Liaoning, Anhui, and Heilongjiang rose from below 0.60 to above 0.60. In 2017, the efficiency values of Shanxi, Jilin, and Guangxi broke through the low-efficiency level of below 0.40, and the efficiency values of Jilin and Guangxi reached 1.00, whereas the efficiency values of Hainan and Ningxia decreased from 1.00 to low-efficiency level of below 0.40. By 2019, the efficiency values of Guangxi and Chongqing dropped from 1.00 to below 0.40, those of Hebei, Hainan, and Xinjiang rose from below 0.40 to above 0.40, and those of Hebei and Xinjiang reached 1.00.
[image: Figure 1]FIGURE 1 | Spatial changes in China’s provincial GSTIE in representative years.
4.1.2 Spatio-temporal analysis of DEL
As shown in Table 3, from 2013 to 2019, the overall DEL of China showed a decreasing trend, decreasing from 0.2757 in 2013 to 0.2658 in 2019, a decrease of 3.59%, and the average annual decline rate was around 1.00%, suggesting that the development of China’s digital economy lagged behind the development of green technology innovation during the investigation period. From the regional perspective, there was a regional imbalance in DEL, and during the investigation period, DEL in the eastern region was always higher than DEL in the central and western regions, and even far higher than the national average level. This is mainly due to the fact that areas in the east have a relatively superior economic foundation and technological R&D, which provides a good growth environment for the development of the digital economy, and therefore DEL is the highest in this region.
From the perspective of the spatial evolution characteristic of DEL (see Figure 2), China’s DEL showed a similar spatial distribution pattern throughout the study period, and in the four representative years, DEL shows a decreasing trend in the eastern, central, and western regions in succession. During the research period, the DEL of provinces in China was generally at a low level, and there was much room for improvement.
[image: Figure 2]FIGURE 2 | Spatial change of China’s provincial DEL in representative years.
Provinces and cities with high DEL are mainly in Guangdong in the eastern region, while provinces and cities with low DEL are mainly located in Xinjiang, Qinghai, Ningxia, and Gansu in the western region and Jilin in the central region. On the whole, in the four periods, Beijing, Jiangsu, Zhejiang, Shandong, and Guangdong in the eastern region occupy the dominant position in DEL. DEL in these provinces and cities has always been at the forefront of the country. However, for the remaining provinces, DEL is at or below 0.40, and around half is at a low level of 0.20∼0.40.
4.2 Analysis of the CCD between GSTIE and DEL
4.2.1 Analysis of the coupled coordination between GSTIE and DEL in provinces
As can be seen from the calculation results, the average CCD of each province has been classified into five grades, as shown in Table 4. The results revealed that there were certain differences in the CCD among provinces, and most provinces and cities were concentrated in the moderate and high coordination stage, with 22 in total, of which there were 15 high coordination provinces and 7 moderate coordination provinces. High-coordination provinces and cities have the potential to develop into high-quality coordinated provinces and cities, and there is much room for improvement. Only Beijing, Jiangsu, Zhejiang, and Guangdong have been in the stage of high-quality coordination. Inner Mongolia, Hainan, Ningxia, and Xinjiang were in the basic coordination stage; however, there were no low-coordination provinces. On the whole, from 2013 to 2019, the average CCD between GSTIE and DEL in each province was above the level of medium coordination, indicating there has been a good development trend, and mainly showed the distribution situation of “more in the middle, less at both ends,” that is, the number of provinces in the middle state of moderate coordination and high coordination was the highest and there were fewer provinces at both ends of basic coordination and high-quality coordination. In the future, we need to strengthen the relevant construction of GSTIE and DEL of basic and moderate coordination provinces and cities, improve their coupling and coordination level to improve the overall level of CCD in the whole country, and let more provinces and cities develop towards the stage of high coordination and high-quality coordination. In addition, more attention should be paid to the sustainable development of high-coordination provinces so that these provinces can develop into high-quality coordination provinces as soon as possible.
TABLE 4 | Mean level of CCD of China’s provinces from 2013 to 2019.
[image: Table 4]This study selected the starting and ending years and the middle years in the research period, namely, the values of CCD in 2013, 2015, 2017, and 2019, and utilized ArcGIS software to conduct spatial visualization processing to further explore the inter-provincial spatial distribution characteristics of the CCD of GSTIE and DEL (Figure 3).
[image: Figure 3]FIGURE 3 | Spatial distribution map of the CCD between GSTIE and DEL in China.
As illustrated in Figure 3, overall, the national CCD between GSTIE and DEL showed a steadily increasing trend (Figure 3). The spatial distribution of the coupling and coordinated development between GSTIE and DEL was unbalanced, showing the distribution pattern of east > west > central. During the investigation period, the spatial pattern of the CCD of China’s provincial GSTIE and DEL changed significantly, and the CCD in most regions was at or above the level of moderate coordination, which indicated that GSTIE in most provinces and cities of China was well coordinated with DEL. Specifically, in 2013, half of the provinces were in the moderate coordination stage, five provinces were in the stage of high-quality coordination, five provinces were in the stage of high coordination, four provinces—Jilin, Hebei, Ningxia, and Hainan—were in the basic coordination stage, and only Xinjiang in the west was in the low coordination stage and remained unchanged until 2019 when it moved from the low coordination stage and entered the medium coordination stage. In 2015, the number of high-coordination provinces increased by five: Hebei, Shandong, Hainan, Chongqing, Anhui, and Heilongjiang. At the same time, Guizhou moved from the highly coordinated stage and entered the moderate coordination stage. In 2017, there was relatively little change in the spatial distribution pattern of coupling and coordination. Guangxi had two periods of moderate coordination and then entered the high coordination stage. Jilin left the basic coordination stage and entered the moderate coordination stage. In 2019, the number of excellent coordination provinces increased from four to six—Beijing, Jiangsu, Zhejiang, Guangdong, Sichuan, and Shandong—Hebei and Jiangxi rose from a moderate coordination stage in 2017 to a high coordination stage, and Guangxi and Chongqing dropped to the stage of moderate coordination and basic coordination, respectively. At the same time, Xinjiang and Ningxia left the low coordination stage, and there was no low coordination province, which suggested that the CCD of GSTIE and DEL in the two provinces had been improved to a certain extent, and the relationship between the two had become slightly closer.
4.2.2 Analysis of the regional CCD between GSTIE and DEL
This paper drew the point map and ridge map of CCD of GSTIE and DEL subsystems of provinces in China (see Figure 4) to further explore the regional distribution characteristics of CCD between the two subsystems.
[image: Figure 4]FIGURE 4 | Zoning map of CCD between GSTIE and DEL.
In Figure 4, it can be seen that there was an imbalance in the coupling and coordinated development between GSTIE and DEL among regions. The regional CCD from high to low was: East China, Central China, South China, Southwest China, Northeast China, North China, and Southwest China, and for every region, there is still substantial room for improvement of the coupling coordination relationship between GSTIE and DEL.
According to the distribution of CCD between GSTIE and DEL among provinces in each region, there was a big difference in the CCD of the provinces and cities in East China, of which the CCD in Jiangsu and Zhejiang provinces was the largest, and the level of CCD in the two provinces fluctuated slightly every year, maintaining the same level. Furthermore, there was a big difference in the CCD among the provinces in North China. The CCD in Beijing fluctuated slightly every year and remained at a high level of 0.80–0.90, and the level of the CCD was the highest in this region and the lowest in Inner Mongolia. There was a small difference in the CCD in the four provinces and cities of Southwest China, among which Sichuan had a higher level than that the other three provinces in this region. Conversely, there was a big difference in the CCD among provinces in Northwest China. The CCD in Ningxia fluctuated sharply every year, followed by Xinjiang, and the level of coupling coordination in the other three provinces showed small fluctuations every year. There was a large difference in the CCD between GSTIE and DEL in the three provinces of Southern China, among which the CCD in Guangdong had a small fluctuation annually and was in the highest position and far higher than that in Guangxi and Hainan, with a maximum gap of 0.76. The CCD was relatively different in the three provinces of Central China, and the CCD in Henan was the lowest, but it was rising as a whole. The CCD in Hubei grew slowly during the investigation period and exceeded that of Hunan. There was a small difference in the CCD among provinces in Northeast China, among which Liaoning and Heilongjiang had small fluctuations in the CCD every year.
4.3 Analysis of the spatial autocorrelation of CCD
In this paper, we explored the coupling and coordinated evolution of GSTIE and DEL in different provinces, but cannot fully understand the whole picture of China’s provincial GSTIE and DEL. Therefore, the spatial autocorrelation model was applied to further explore the correlation among provinces and deepen the research on the development of China’s provinces, so as to provide a reference for the coordinated development of China’s provinces (Yang et al., 2022a).
Based on the CCD of GSTIE and DEL during the period 2013–2019, this paper calculated the global Moran’s I index by applying ArcGIS 10.2 software (Table 5). The results showed that in all four representative years of the sample selection, the global Moran’s I values of the CCD were larger than 0 except for 2013 but did not pass the test of significance, indicating that there was positive spatial autocorrelation in CCD, but its global spatial autocorrelation was not significant. In addition, the results also revealed that the global Moran’s I index showed an upward trend over time, which indicates that the spatial autocorrelation of the CCD is gradually increasing.
TABLE 5 | Global Moran’s I of CCD of GSTIE and DEL in China.
[image: Table 5]The local spatial autocorrelation index can specifically describe the local spatial agglomeration characteristics of the CCD between GSTIE and DEL among provinces. Therefore, this paper calculated the local Moran’s I index of the CCD between GSTIE and DEL of China’s provinces in 2013, 2015, 2017, and 2019, and used ArcGIS 10.2 software to spatially process the results, obtaining the LISA cluster map of CCD between China’s provincial GSTIE and DEL, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | LISA cluster diagram of the CCD between GSTIE and DEL of China’s 30 provinces.
It can be seen from the LISA agglomeration map that from 2013 to 2019, there were three types of agglomeration regions, namely, High-High, High-Low, and Low-High, but there was no Low-Low.
High-high concentration areas (H-H). The CCD in the areas and its surrounding areas is high, and the internal difference in space is small. As shown in Figure 5, this type of province existed in all four-time nodes. In general, the number of provinces in the high-high concentration area was at most 4 and at least 2, and all of them were distributed in the east. In 2013, the high-high concentration areas included Shanghai, Jiangsu, and Zhejiang, forming a linkage region that was adjacent to and promoted each other. In this region, both GSTIE and DEL were at a high level, and the region has taken a leading position in the development of green innovation, which has an important position in driving the integration and development of GSTIE and DEL in China and was an important growth factor to drive the development of other provinces and cities. In 2015, due to its limited radiation capacity and the negative impact of other provinces and cities, Shanghai temporarily left the high-high concentration area, leaving only Jiangsu and Zhejiang. In 2017, under the radiation of Jiangsu and Zhejiang, Anhui and Shanghai joined the high-high cluster type, and both left the cluster in 2019. By 2019, Shandong had joined the high-high concentration areas and become a region with its own radiation capacity.
High-low concentration areas (H-L). In this region, the CCD is higher but lower in its surrounding neighborhood, and the spatial internal heterogeneity is large. It can be seen from Figure 5 that there was no province or city in high-low concentration areas in the three-time nodes of 2013, 2015, and 2017, while there was only Sichuan in 2019. Before 2019, the local agglomeration characteristics of the CCD in Chongqing were not significant. From the distribution perspective, this type of province was located in the western region. In the process of coupling and coordinated development between GSTIE and DEL, it did not drive the surrounding provinces and cities to improve the level of the CCD. Therefore, it should strengthen the connection and interaction with cities, play the role of spatial linkage, and improve the overall CCD in the region.
Low-high concentration areas (L-H). This type of region has a low CCD, while the CCD in its surrounding areas is high and the spatial internal heterogeneity is large. As shown in Figure 5, this type of province existed only in 2017 and 2019 among the four-time nodes. In 2017, there were two provinces and cities, Hainan and Fujian. In 2019, Hainan, under the reverse influence of other provinces and cities, moved from the low-high concentration areas, leaving only Fujian. The CCD of such provinces was at a low level, whereas that of their surrounding provinces and cities was high and mainly distributed near high-high agglomeration areas. It is most likely to receive the radiation and driving effect of the surrounding provinces’ coupling and coordination development. Therefore, the areas are more likely to develop into high-high concentration areas.
From the perspective of the overall evolution pattern, high-high concentration areas and high-low concentration areas were mainly distributed in eastern China, and low-high agglomeration areas were closely followed by high-high agglomeration areas. In addition, in the study period, the local spatial agglomeration characteristics of the CCD between GSTIE and DEL in most provinces and cities in China were not significant, which indicated that the synergy effect between GSTIE and DEL needed to be strengthened. Therefore, there was a certain spatial structure problem in the overall coupling coordination between China’s GSTIE and DEL at this stage. We should build more high-high concentration areas as soon as possible and make the most of the radiation and driving effect of high-high clustering areas to drive the low-high clustering areas closely distributed to develop into high-high clustering areas to improve the level of CCD of China’s GSTIE and DEL. To solve the problem of regional imbalance in CCD and reduce differences among regions, it is necessary to further explore the factors affecting the development of the coupling coordination between the two subsystems.
5 ANALYSIS OF THE INFLUENCING FACTORS OF THE COUPLING AND COORDINATED DEVELOPMENT OF GSTIE AND DEL
5.1 Variable design and calibration
5.1.1 Variable selection and setting
Before using fsQCA for analysis, variables need to be classified into two categories: result variables and conditional variables. With reference to the research of Luo L. et al. (2022), all the indicator data included in the variables are the average value of relevant statistical data from 2013 to 2019 (Luo L. et al., 2022).
The coupling and coordinated development between GSTIE and DEL can be affected by a variety of factors. Based on previous research and the actual situation, human capital, capital investment, openness, economic development, industrial structure, government subsidies, and environmental regulation were determined as the conditional variables. The full-time equivalent of R&D personnel is a universal indicator that is applied for the measurement of human capital (HC). Therefore, in this study, the full-time equivalent of R&D personnel of each province was selected as the specific evaluation indicator of human capital. R&D investment is commonly used as an indicator reflecting the financial resource investment in technological innovation, and considering the difference in the scale of economic development in various regions, the proportion of internal R&D expenditure in the gross domestic product (GDP) was selected for the measurement of R&D investment (RD). In this study, the amount of foreign direct investment (FDI) was selected as the proxy variable of the level of openness (OP) (Song et al., 2021). GDP per capita was chosen for the measurement of the economic development (ED) level (Yang et al., 2021). The industrial structure (IS) was measured using the proportion of the value of the tertiary industry value to GDP as a specific measure (Hao et al., 2020). The index of “the proportion of government funds in the internal expenditure of R&D funds” was selected to represent the strength of government subsidies (GS). Environmental regulation (ER) represents the intensity of local environmental regulation in a region. To quantitatively evaluate environmental regulation, this study selected the proportion of industrial pollution control investment in the secondary industry as the proxy variable (Li et al., 2020). The descriptive statistics of all the variables are presented in Table 6.
TABLE 6 | Descriptive statistics of variables.
[image: Table 6]5.1.2 Calibration for variables
Calibration, the first step of fsQCA, refers to the process of assigning set membership to a case (Huang et al., 2022). This study calibrated the relevant variables to a fuzzy set by using the direct calibration method. Referring to existing studies (Romero-Castro et al., 2022), the 75%, 50%, and 25% quantile value of the resulting variable and the conditional variable were selected as the three qualitative anchor points of full subordination, intersection, and non-subordination, respectively. The calibration results are presented in Table 7.
TABLE 7 | Calibration anchor point for variables.
[image: Table 7]5.2 Single-factor necessity analysis
Before performing configuration analysis, the single-factor necessity test in QCA was used to determine whether a single antecedent variable is a necessary condition for leading to the particular result (Jiao et al., 2020). A single condition with a consistency level greater than 0.90 can be considered a necessary condition (Jiao et al., 2020; Huang et al., 2022). As shown in Table 8, the values of the consistency level of all conditions do not exceed 0.90, and therefore there was no necessary condition producing high CCD or non-high CCD of GSTIE and DEL.
TABLE 8 | Single condition necessity analysis results.
[image: Table 8]5.3 Configuration analysis
In this study, fsQCA 3.1 software was used to further analyze the condition configurations generating the high CCD and non-high CCD between GSTIE and DEL, respectively, and further explore the combination of various conditions influencing the coupling and coordinated development between GSTIE and DEL. In this study, referring to existing research (Mercado-Caruso et al., 2022; Peiró-Signes et al., 2022), the original consistency threshold was set to 0.80, the Proportional Reduction in Inconsistency threshold was set to 0.70, and the case frequency threshold was set to 1. The core conditions of all solutions were identified by comparing the nesting relationship between the intermediate solution and the parsimonious solution, that is, the conditions that appear in both the intermediate solution and the parsimonious solution are the core conditions, whereas those that only appear in intermediate solutions are auxiliary conditions. The results are presented in Tables 9, 10.
TABLE 9 | Configuration of high CCD between GSTIE and DEL.
[image: Table 9]TABLE 10 | Configuration of non-high CCD between GSTIE and DEL.
[image: Table 10]5.3.1 Configuration of high CCD
The results presented in Table 9 reveal that five configurations could generate a high level of CCD between GSTIE and DEL, and the consistency values of these configurations were above the level of 0.90, indicating that all five configurations were sufficient conditions for high CCD between the two subsystems. The consistency level of the solutions was 0.9263, indicating that all the configurations covering most cases were sufficient for high CCD. In addition, the overall coverage of the solutions was 0.6712, which indicated that all the configurations can explain around 67.12% of the cases with high CCD. Configuration H1a had the same core conditions as configuration H1b, and they can form a second-order equivalent configuration. Accordingly, this paper summarized four configuration paths that can produce the high CCD between GSTIE and DEL.
(1) HC + RD + OP-jointly driven. In configuration H1 (H1a and H1b), the core conditions are HC, RD, and OP, so it was named HC + RD + OP-jointly driven. Configuration H1a showed that the conditional configuration with high HC, high RD, high OP, and non-high ER as core conditions and non-high GS as the edge condition can generate high CCD between GSTIE and DEL. H1a indicated that the areas with insufficient GS and weak ER, relying on rich HC, high RD and high OP, and through independent R&D and introduction and absorption, can achieve high CCD between GSTIE and DEL. In this configuration, the values of consistency and unique coverage were 0.8988 and 0.1765, respectively, which indicated that the configuration could explain around 89.88% of the cases, and around 17.65% of the cases should be interpreted only by this configuration path. The provinces and cities represented by this route include Jiangsu, Zhejiang, Anhui, Guangdong, Hunan, and Hubei. Taking Guangdong as an example, the original driving data showed that the full-time equivalent of R&D personnel in this province ranked first in the whole country, with prominent advantages in HC, and RD and OP ranked among the top five in the country. However, Guangdong was ranked lowest in the country in terms of GS and ER. This showed that the provinces and cities represented by Guangdong, under low GS and weak ER, relying on high HC, high RD and high OP, can drive the coupling coordinated development between GSTIE and DEL, which conformed to the typical characteristics of the configuration solution of HC + RD + OP-co-driven. In configuration H1b, the core conditions included high HC, high RD, high OP, and non-high ER, and the marginal conditions were non-high ED and non-high IS, which indicated that if the level of regional ED is not high, IS is not advanced and ER is not high, it could realize the coordinated development between GSTIE and DEL through the combination of high HC, high RD, and high OP. In this configuration, the consistency value was around 0.9863, and the unique coverage was around 0.0512, meaning that the configuration path could explain approximately 98.63% of the cases, and around 5.12% of the cases could be interpreted only by this configuration path. Provinces with such typical characteristics included Anhui and Sichuan. Taking Sichuan as an example, the original data showed that ED level, advanced IS and the intensity of ER of Sichuan were in the bottom 50% of the country, but in terms of HC, RD, and OP, it ranked in the top 50% of the country, and the CCD of Sichuan ranked sixth in the country. This showed that the provinces represented by Sichuan mainly relied on the combination of high HC, high RD and high level of OP to produce the high level of coupling coordination development between GSTIE and DEL, which conformed to the typical characteristics of the configuration solution of HC + RD + OP-jointly driven.
(2) RD + OP-dual driven. In configuration H2, high RD, high OP and non-high IS were the core conditions, high HC, high ED, and non-high GS were the marginal conditions, and ER was an independent variable. Since RD and OP had a central role in this configuration, this configuration was named RD + OP-dual driven. H2 showed that regions with low IS and low GS, through high RD and OP, supplemented by higher HC and higher ED, could achieve the coupling and coordinated development between GSTIE and DEL. Under this path, strong or weak ER was not necessary to produce a high CCD between the two subsystems. In this configuration, the consistency and unique coverage were 0.8355 and 0.0406, respectively, that is, it could explain around 83.55% of the cases, and around 4.06% of the cases could be interpreted only by this configuration path. The representative provinces were Hubei and Shandong. In Shandong, for example, the original driving data showed that the level of HC, RD, OP, and ED ranked among the top ten in China, of which RD and OP ranked among the top six, whereas the level of IS and GS ranked among the bottom ten in the country. The provinces represented by Shandong reflected the typical characteristics of high coupling coordination between GSTIE and DEL driven by R&D investment and openness.
(3) HC + GS-dual driven. In configuration H3, high HC and high GS were the core conditions, high RD, high OP, high ED, and high IS were the auxiliary conditions, and ER was an independent variable. As HC and GS played a central role in this configuration, it was named HC + GS-dual driven. H3 showed that regions with high ED, through HC and sufficient GS, and with the help of higher RD and higher IS, could achieve high CCD between GSTIE and DEL. In this configuration, the values of consistency and unique coverage were 0.9130 and 0.1473, respectively, that is, the configuration explained around 91.3% of the cases, and around 14.73% of the cases could only be explained by this configuration path. Beijing and Shanghai were the typical provinces for this type of configuration. In Shanghai, for example, the original driving data showed that Shanghai was at the national leading level in terms of HC, RD, OP, ED, IS, and GS, and the CCD of the province’s GSTIE and DEL ranked seventh in the country, with a high CCD. Therefore, in addition to ER, Shanghai has few weaknesses in all aspects. It mainly relied on high HC and high GS as the core driving force and other multiple conditions to achieve high CCD between GSTIE and DEL. This showed that the provinces represented by Shanghai conformed to the typical characteristics of the dual-driven configuration solution of HC and GS.
(4) GS-oriented. In configuration H4, high HC, high RD, high ED, high GS, high ER, and non-high IS were the core conditions, and complementary non-high OP was the marginal condition, which could produce the coordinated development between GSTIE and DEL. H4 showed that areas where the level of OP is not high and the IS is not advanced enough, relying on rich HC, high intensity RD, high ED, high GS, and high-intensity ER, could produce high CCD of GSTIE and DEL. In this configuration, the consistency value was 0.9684 and the unique coverage value was 0.0199, which meant that this configuration path could explain around 96.84% of the cases, and around 1.99% of the cases could be explained only by this configuration path. The representative province was Shaanxi. According to the original driving data, Shaanxi’s HC, RD, ED, GS and ER were among the top ten in the country, whereas its OP level was ranked 17th in the country, and the advanced degree of IS was ranked third from the bottom in the country. It was revealed that OP and IS were the development shortcomings in Shaanxi. As GS had obvious development advantages, this configuration was named GS-oriented.
5.3.2 Configuration of non-high CCD
This study also tested the configurations that produced non-high CCD between GSTIE and DEL, and the results are presented in Table 10. The results showed that six configurations generated non-high CCD, the consistency of the solution was 0.9039, and the coverage was 0.6194, indicating that the interpretation of these six configurations was 90.39% and explained around 61.94% of the cases with non-high CCD.
NH1 showed that non-high RD, non-high OP, non-high IS and non-high ER were the core conditions, indicating that in areas with low RD and OP levels, if the IS was not advanced and ER was weak, even if the HC level was low, it would be impossible to achieve high CCD of GSTIE and DEL. NH2a and NH2b had the same core conditions, namely, non-high RD and non-high OP. NH2a showed that irrespective of whether ER was strong, the lack of high HC, high RD, high OP, high ED, and high IS would not produce high CCD even if there was high GS. NH2b showed that the lack of high HC, high RD, high OP and high ER would not achieve high CCD even though DE, IS and GS were high. In NH3, non-high OP, non-high IS, non-high GS, and non-high ER were the core conditions, and high HC, high RD and high ED were the marginal conditions. NH3 showed that areas with a low level of OP and weak ER, where the IS was not advanced enough and GS were insufficient, even if the ED level was high, and even with a high level of HC and a high level of RD, high CCD between GSTIE and DEL would not be achieved. In NH4, non-high RD and non-high OP were the core conditions, and non-high HC, non-high ED, and high GS were the marginal conditions, which showed that in areas with low levels of OP and ED, the lack of adequate RD and HC, even with high GS and high ER, would still lead to non-high CCD between GSTIE and DEL. NH5 showed that the lack of high RD, high ED, high IS and high GS would eventually lead to non-high CCD between GSTIE and DEL even if HC, OP and ER were high.
6 DISCUSSION
Considering environmental pollution and resource constraints, promoting the coordinated development of green scientific and technological innovation and digital economy is the direct embodiment of the core competitiveness of the economy and society, and is also the new focus of high-quality development. This study has the following theoretical and practical values. For theoretical values, on one hand, from the perspective of coupling development, this paper evaluated the coupling and coordinated development of GSTIE and DEL at the provincial level in China, which is a theoretical supplement to the existing research on green innovation and digital economy and expands the idea of studying green innovation and digital economy from the perspective of coupling. On the other hand, considering the causal complexity of the influencing factors, this paper further explored the influencing factors of CCD by using the fsQCA method to reveal the impact of various configurations on the coupling and coordinated development of GSTIE and DEL, which not only complements the studies on the influencing factors of CCD in terms of methods and conclusions but also provides a quantitative basis for the design of the targeted coordinated development policies in various regions. For practical values, first, the evaluation results are conducive to objectively reflecting the current situation and differences in the development of green science and technology innovation and the digital economy in each province, as well as the strength of the coupling coordination relationship between GSTIE and DEL. Second, from the perspective of coupling and configuration, the research results of this study can broaden the direction of regional policymaking and provide a reference for local governments to accurately implement policies to improve the DEL and promote high-quality development.
However, there are still some limitations: First, limited by the availability of public data, the indicator system for measuring GSTIE and DEL may not be comprehensive and accurate enough. Further research can enrich the construction of the indicator system to improve the accuracy of evaluation results (Liu et al., 2022). Secondly, limited by the number of cases, although this study has integrated as many as possible seven important elements that affect the coupling and coordinated development between GSTIE and DEL, it does not include all possible influencing factors. In the future, we can adopt a new analysis perspective or incorporate more influencing factors to study, so as to supplement and enrich the research conclusions of this paper. Third, this paper used static panel data without considering the time effect. It should be the focus of future research to dynamically discuss the configuration relationship by combining QCA and other analysis methods (Luo L. et al., 2022; Sun and Liu, 2022).
7 CONCLUSION AND POLICY RECOMMENDATIONS
7.1.1 Research conclusion
This paper selected 30 provinces and cities as research objects and constructed the CCD index system of GSTIE and DEL. Using the super-efficiency SBM-DEA model to calculate GSTIE, this paper revealed the distribution characteristics of GSTIE and DEL in China’s provinces and cities from the perspective of time and space and assessed the coupling coordination level of GSTIE and DEL in various provinces and cities. In addition, the fsQCA method was used to explore the influencing factors of CCD from the perspective of configuration, revealing the differential driving path of the coupling and coordinated development in various provinces and cities. The main conclusions of this study are as follows:
According to the evaluation results, it can be concluded that the level of the digital economy is generally low, and the comprehensive score of China’s provincial DEL system has always been lower than that of the GSTIE system, indicating that the provincial DEL system has always been lagging behind the GSTIE system, which is basically consistent with the conclusion of previous studies (Zhao & Meng, 2022). Beijing, Jiangsu, Zhejiang, Shandong, and Guangdong are high-value areas of the DEL, which may be because there is a large scale of digital economy development.
From the CCD evaluation results, it could be found that there were spatial differences in the coupling coordination between GSTIE and DEL systems, showing a spatial characteristic of the eastern region > western region > central region. The coupling coordination of GSTIE and DEL in most provinces has reached a medium or higher level, but the imbalance in some provinces is still obvious. In addition, the results of spatial autocorrelation analysis showed that the local spatial agglomeration characteristics of the CCD between GSTIE and DEL in most provinces and cities were not significant, indicating that it is necessary to strengthen the synergy effect between GSTIE and DEL.
The single-factor necessity test results show that there is no single factor by itself that can lead to the coupling and coordinated development of GSTIE and DEL. However, there are multiple pathways that drives the coordinated development of GSTIE and DEL, each representing a condition configuration composed of different influencing factors. The configuration analysis results showed that five conditional configurations could produce high CCD between GSTIE and DEL, and these five configurations could be categorized into four types: HC + RD + OP-jointly driven, RD + OP-dual driven, HC + GS-dual driven, and GS-oriented.
7.1.2 Policy recommendations
To improve the level of coordinated development of GSTIE and DEL, this research proposes the following policy recommendations on the basis of the above research conclusions.
It is necessary to understand the essence of coordinated development and promote the coordinated development between GSTIE and DEL. First, provinces and cities need to improve their technological innovation capabilities, optimize the innovation environment, and gather innovative talents and innovative capital; increase the R&D funds investment, accelerate the construction of innovation platforms, and provide the essential support for training innovative talents and gathering innovative resources. Second, all provinces and cities should comprehensively optimize the digital economy development environment, improve infrastructure construction of the digital economy, accelerate the deployment of network and information communication facilities, provide policy preferences for the core industries of the digital economy, improve the status quo of the low level of regional digital economy development, and reverse its predicament of lagging behind green science and technology innovation. In addition, the government should effectively control the investment in technology resources, attach importance to the transformation and application of effective invention patent achievements, drive the deep integration of green science and technology innovation and industrial development, and empower digital economic development.
Furthermore, it is necessary to overcome regional barriers and strengthen transregional cooperation. All provinces should strengthen cooperation and exchanges on the green science and technology innovation efficiency and the development of the digital economy and jointly build a regional cooperation mechanism for resource sharing to improve China’s overall level of coordinated development. We should encourage the eastern region with excellent performance in coordinating the development of GSTIE and DEL to play the role of radiation, guidance, and assistance by improving the incentive mechanism to drive the development of the surrounding areas with a low coupling and coordination level. The central and western regions with a low level of CCD should strengthen cooperation with the eastern developed provinces, draw on excellent experience, conduct appropriate exploration according to their own development status, change the situation where most regions in China have no significant spatial characteristics, and strive for cross-regional linkage cooperation.
Moreover, attempts should be made to give full play to the synergistic role of various elements, and according to local actual conditions, a suitable coordinated development path should be chosen. The linkage and synergy effect of multiple conditions fully reflects the complexity of the coupling and coordinated development of GSTIE and DEL. This means that all regions should, from the overall perspective, establish an effective coordinated, united and unified development mechanism and strengthen the deep integration and optimal allocation of various elements. Additionally, each region should carefully select different coordinated development paths and targeted measures on the basis of its own development status and resource endowment to drive the coupling and coordinated development of green science and technology innovation efficiency and the digital economy.
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