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Abstract


Green innovation integrates innovation-driven and green development strategies, which helps to realize the green transformation of production and life in the Yangtze River Delta region, and promote high-quality economic development. Based on the multidisciplinary cross attribute of system dynamics (SD), the boundary and influencing factors of the green innovation system are defined, and the system dynamics model of green innovation ability of science and technology enterprises is constructed. With the help of statistical data from 2010 to 2020, the model is simulated to explore the change trend and law of elements. The results show that: (1) The green innovation ability of science and technology enterprises is composed of three stages, knowledge innovation, technological innovation, and innovation application, which are interconnected and progressive. The change trend of each variable is conducive to the improvement of green innovation competitiveness, and the green innovation benefits are significant. (2) Green innovation is driven by multidimensional factors such as R&D investment, technological innovation investment, knowledge innovation ability, and the conversion rate of scientific research achievements. The improvement of the conversion rate of scientific research achievements has the greatest impact on the enterprise’s green innovation ability, and the change trend is more obvious. (3) Positive and negative two-direction sub-mode regulation of R&D investment, technological innovation investment, and scientific research achievement conversion coefficient will affect the speed of green innovation accumulation of enterprises, and this increment is marginally increasing with the increase of the coefficient in the short term. Finally, some suggestions are put forward to promote the green innovation ability of science and technology enterprises in the Yangtze River Delta.
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1. Introduction


The continuous deterioration of the ecological environment and the shortage of resources have not been greatly improved. The protection of the ecological environment around the world is still a serious proposition. How to change the traditional economic growth model of high energy consumption and high pollution, and explore the green economy of energy saving, clean, and environmental protection, has become one of the strategies for the economic development of all countries in the world. ‘Ecological civilization construction’, ‘sustainable development’ and other concepts are the current global development model actively promoted. Innovation is the driving force of development; green innovation is the key driving force to lead green development and sustainable development, and is the development strategy of organic combination of environmental protection and economic growth. Science and technology enterprises are an important force to enhance China’s independent innovation ability, promote China’s industrial transformation and upgrading, and high-quality economic and social development. They play an increasingly important role in increasing employment and technological innovation.



‘Made in China 2025′ puts forward the strategic goal of innovation-driven and green development. The report of the 19th National Congress of the Communist Party of China pointed out that: “my country’s economy has shifted from a stage of high-speed growth to a stage of high-quality development”. Green development is an inevitable requirement for building a high-quality modern economic system, and scientific and technological innovation has become an important way for enterprises to promote green development and contribute to ecological civilization construction. At the same time, the 19th CPC National Congress made it clear that we should accelerate the building of a market-oriented green technology innovation system. The Fifth Plenary session of the 19th Central Committee further pointed out that we should “promote the development of traditional industries to intelligent and green”, which requires enterprises, as the main body of market innovation must establish a sustainable development mode with green as the guidance, technology as the support, and innovation as the power. During the “14th Five-Year Plan” period, under the dual carbon goals of “peak carbon dioxide emissions” and “carbon neutrality”, innovation and green are the main themes of the new stage of development. Taking the path of green and innovative development not only demonstrates the national green sustainable development concept, but also makes overall planning for the successful realization of the “14th Five-Year Plan” blueprint. Almost all major technological innovations in history are made by enterprises. Enterprises should become the main body of technological innovation and provide green and low-carbon products and services for society [1]. Green innovation is an important strategy for enterprises to achieve sustainable development goals, which has been widely recognized by all sectors of society. Taking the initiative to carry out green innovation will help enterprises to build a green image and improve their competitive advantages. Science and technology enterprises are an organic combination of innovation-driven and green development. Green innovation has become an effective way to break through resource and environmental constraints and promote the optimization, upgrading and transformation of science and technology enterprises. As an important engine of economic and social development, and a leader of the Yangtze River Economic Belt, the Yangtze River Delta plays an important strategic role in the overall modernization drive. Therefore, it is of practical significance to explore the driving factors and internal mechanism of green innovation capability of science and technology enterprises in the Yangtze River Delta for China’s economy to achieve the “14th Five-Year Plan” and the vision of 2035.



Based on the systematic, dynamic and non-linear characteristics of the development of green innovation capability of science and technology enterprises, this paper studies the driving path of the development of green innovation capability of science and technology enterprises from the perspective of multidisciplinary theory. Specifically, by constructing the system dynamics model of the internal and external driving mechanism of the development of green innovation capability of science and technology enterprises, the driving path of green innovation of science and technology enterprises is simulated. The research in this paper enriches the relevant theories of green innovation capability development of science and technology enterprises, reveals the driving mechanism of green innovation, and provides some references for the government to formulate regulatory policies, science and technology enterprises to change their business models, and for enterprises to build green innovation paths to achieve high-quality development.




2. Literature Review


In recent years, there have been much research on green innovation in academia, and rich results have been achieved. In terms of the research content, it mainly focuses on the evaluation index system of green innovation capability [2,3], the selection of green innovation capability model [4], spillover effect [5] and spatial characteristics [6], etc. In terms of research objects, it mainly focuses on green innovation in the manufacturing industry, regional green innovation [7] and green innovation in resource-based cities. The research areas mainly focus on the economically developed urban agglomeration or provincial cities. Some foreign scholars selected small and medium-sized enterprises as research specimen and used AHP, BWM and fuzzy TOPSIS methods to rank and select suppliers from the perspective of green innovation ability [8,9].



2.1. The Concept of Green Innovation Capability


The concept of “innovation” was first put forward by Schumpeter, who believed that innovation was the main factor driving economic cyclical growth [10]. Innovation ability can be understood as a kind of ability to integrate and apply material, economic, intellectual or social resources [11]. Green innovation is a variety of innovative activities that are driven by multiple factors, which are conducive to improving energy and resource utilization efficiency, reducing pollution emission level and improving environmental governance capacity, so as to ultimately promote sustainable economic and social development [12]. Green innovation ability, and the general innovation ability, has the connection and the difference. It embodies the principles of innovation, capability and sustainable development, and is the integration of “green + innovation + capability”. Among them, capability is the basis, innovation is the core, and green is the condition [13]. According to Braun E et al., green innovation capability refers to the technology and process used to reduce environmental pollution, raw materials and energy consumption, and the ability to produce green products. This view focuses on environmental impacts and production levels [14]. Ge SS et al., believed that regional green innovation ability was the ability of regional production or living activities to create new values, while consuming less environmental resources than before. It mainly reflected three principles: innovation, low consumption and strong ability [15]. Lee KH et al. considered that green technology innovation capability included green technology innovation input capability and green technology innovation output capability. Among them, the input capacity included the input capacity of green R&D expenses and the input capacity of green R&D personnel, and the output capacity included the output capacity of green patents and green products [16]. Zhang YZ et al. studied that green innovation capability was a kind of overall driving capability, which refer to the ability of enterprises to continuously introduce and implement new products, processes, raw materials, markets, organizations, systems and management innovation projects over a long time to realize the benefits of the innovative green economy and circular economy [17].




2.2. Evaluation Method of Green Innovation Capability


Yousaf Z thought that SMEs’ (small and medium enterprises) lack of green innovation, easily increased pollution and environment damage. Keeping in view these issues, the structural equation model was used to investigate the impact of green dynamic capability, green practice and green value co-creation, on green innovation in SMEs, and to test the mediating role of value co-creation in the links between green practices-green innovation and green dynamic capability-green innovation [18]. Tseng ML et al. refined innovation indexes from four aspects of management, process, product and technology, and used the entropy weight method to construct a green innovation capability evaluation system [19]. Singh, SK et al. investigated and collected multisource data from 248 manufacturing small and medium-sized enterprises (SMEs), and used the partial least squares (PLS) path modeling approach (PLS-PM) to examine the direct and indirect impacts of stakeholder pressure, green dynamic capability, green innovation and the performance of SMEs in emerging markets [20]. Wang Y et al., based on the panel data of 30 Chinese provinces in 2009–2017, adopted the fixed-effects model to analyze the direct impact of technical innovation capability on green economic growth, and how this impact is regulated by the technical financial environment and mediated by eco-environment governance [21]. Qiu L. et al. explored the relationship between manufacturing green product innovation and competitive advantage, i.e., green dynamic ability. He found that the resource integration capability, resource reconstruction capability and environmental insight capability of green dynamic capability played an intermediary role between green product innovation and competitive advantage [22]. Huang SZ took 212 enterprises established within 4 years in the Pearl River Delta region as the research sample, and utilized the structural equation model to analyze the impacts of exploratory learning and applied learning (dual learning) on green innovation capability, and verified the environmental protection awareness of senior executives and the adjustment effects of environmental regulation [23].




2.3. Influencing Factors of Green Innovation Capability


Green innovation capability is the ability to integrate and use innovation resources in the process of innovation, transform into new knowledge, technology, process and product, and finally create new value to support sustainable economic and social development with the goal of green development. The formation and development of green innovation capability not only depends on the interaction of internal subsystems, but also is influenced and promoted by external factors [24]. Deng YP et al. believed that the effect of environmental regulation had a significant promoting effect on enterprises’ green innovation ability, and there was a significant qualitative difference between the central and eastern regions and technology-intensive enterprises, but it had little effect on whether enterprises were state-owned enterprises [25]. Tan DQ et al. analyzed the conduction effect of foreign direct investment (FDI) under environmental regulation on regional green innovation capability at the national level, and believed that FDI under environmental regulation could significantly improve green innovation capability in eastern China, while the opposite was true in central and western China [26]. Liu ZS et al., based on the global SBM direction distance function and the global Malmquist-Luenberger index (GML index), measured the green innovation capability of China’s provinces from 2003 to 2013, and concluded that technological progress was the key factor for the change of GML index and the green innovation capability shows a time and space regular fluctuation trend of “convergence—differentiation—convergence” [27]. Xu JZ et al. empirically explored the green innovation capacity of two manufacturing enterprises in Heilongjiang Province, from the three levels of green innovation input capacity, output capacity and support capacity, by using the binary semantic combination weighting method [28]. Dai WL et al. selected 201 manufacturing enterprises to carry out an empirical study, and concluded that the pressure of public opinion on environmental protection positively affected the green innovation ability of manufacturing industry, and the leadership’s environmental awareness and green learning played a chain intermediary role between the pressure from public opinion on environmental protection and green innovation ability [29]. Sun ZQ et al. used entropy weight TOPSIS and spatial econometrics to explore the spatial agglomeration and spillover effect of green innovation capacity in 30 Provinces of China from 2008 to 2016, and concluded that green innovation output had a significant positive spillover effect in geographical space. Moreover, different green innovation factors are all different for local green innovation output and spatial spillover effects of the surrounding areas [30]. Han YQ et al. used the super-SBM model and the two-way fixed effect model to measure the impact of Internet development and environmental regulation on the green innovation efficiency of high-tech enterprises [31]. Jiang SY used multiple linear regression to explore the influence degree of different types of human capital on different types of green innovation ability from the perspectives of three types of human capital: capability, knowledge and initiative, and three types of green innovation ability: green innovation input, green innovation technology and green innovation control [32].



Overall, there are few literatures on the driving path and simulation of green innovation capability of science and technology enterprises, which are still in the exploratory analysis stage. Based on the existing research, this paper analyzes the internal and external driving factors of green innovation capability of science and technology enterprises in the Yangtze River Delta region from the perspective of interdisciplinary theory. Then, by using the system, dynamic and nonlinear characteristics of the system dynamics model, the causality tracing diagram and flow inventory diagram of the three subsystems of knowledge innovation, technology innovation and innovation application, are drawn. Finally, the driving path of green innovation capability of science and technology enterprises is simulated; the numerical value of key influencing factors is regulated and controlled; the sensitivity changes of green innovation ability of science and technology enterprises in different situations are analyzed; and the driving mechanism of green innovation is clarified, in order to provide reference for the government to formulate regulation policies, industrial transformation direction, and innovation input.





3. Materials and Methods


3.1. System Structure Analysis


3.1.1. System Boundaries and Assumptions


The green innovation development of science and technology enterprises in the Yangtze River Delta is a complex, dynamic and nonlinear opening process, and its green innovation driving force originates from internal driving force and external driving force. Figure 1 depicts the correlation mechanism of the internal and external driving factors of the green innovation capability system of science and technology enterprises in the Yangtze River Delta. The external driving factors are composed of policy regulation, regional economic development level and market factors, while the internal driving factors include the technological innovation ability of enterprises, the degree of industry-university-research cooperation, the conversion rate of R&D achievements, and the willingness of green innovation. Driven by green innovation willingness, science and technology enterprises enhance their green innovation motivation based on innovation input, green innovation culture and green innovation application and other green innovation management forces. Internal drive and external drive interaction and dynamic integration, promote the green innovation ability of science and technology enterprises to achieve high-quality development. In this paper, the spatial boundary is the Yangtze River Delta region, and the system boundary is the three subsystems of knowledge innovation, technology innovation and innovation application. The starting time point of the system model is selected as 2010, the ending time point is 2030, and the step length is set as one year.



The following assumptions are considered: (1) the three subsystems of knowledge innovation, technology innovation and innovation application are logically related, coupling with each other to form the green innovation ecosystem of science and technology enterprises; (2) the economic growth of the Yangtze River Delta region is relatively stable without major fluctuations, and the system does not need major structural adjustment due to uncontrollable variables; (3) capital, personnel, achievement transformation and other inputs are periodic and continuous activities, and the time delay of the model is not considered temporarily. The R&D data of universities and scientific research institutions in the Yangtze River Delta are used to measure the knowledge innovation ability, and the sales revenue of new products of scientific and technological enterprises is used to measure their green innovation ability.




3.1.2. System Element Analysis and Subsystem Division


Driven by internal and external environmental factors, the green innovation system of science and technology enterprises is a continuous, gradual and accumulating dynamic process [33]. From the perspective of innovation knowledge flow, this paper analyzes the influencing factors of the green innovation system of science and technology enterprises, clarifies the interaction mechanism of each factor, and further divides the green innovation capability system into subsystems.



The input in the field of knowledge innovation is mainly reflected in research and development, talents and scientific facilities and equipment, and other aspects [34]. Zou H et al. combined with simulation analysis, the influence of knowledge innovation subsidies, knowledge absorption and knowledge assimilation on the coordinated innovation strategy of knowledge innovation groups in the game system discussed [35]. Liu HY et al. thought that the three hotspots of knowledge innovation research were based on research on the knowledge innovation system within enterprises, research on the knowledge innovation mode based on innovation cooperation among enterprises, and research on the knowledge innovation among enterprises based on inter-organizational knowledge [36]. These results suggested that knowledge innovation is committed to basic science and theoretical research, and determines the development prospect of green innovation of science and technology enterprises. The knowledge innovation subsystem mainly includes government R&D investment, research institutions R&D investment, knowledge innovation ability, R&D personnel investment, number of R&D institutions, R&D conversion efficiency and other factors, which are the key and primary factors in the whole green innovation system. In the aspect of technological innovation, science and technology enterprises can transform previous knowledge innovation achievements into concrete practice and improve the number of employees in science and technology enterprises. Additionally, it can promote the transformation of scientific research achievements and the investment ratio of technological innovation through knowledge transfer, technological transformation and industry university research cooperation, as well as increasing long-term stable cooperation with R&D institutions, attracting investment, driving the rapid and stable diffusion of advanced technology along the industrial chain, and improving the technological innovation ability of enterprises [37,38]. In the aspect of innovative application, science and technology enterprises need to give full play to the leading role in innovation and improve the efficiency of resource allocation of the government, market, society and other multi-bodies, in addition to establishing long-term cooperation strategies from consultation and guidance, skill training, industrial planning and other aspects, and speeding up the free circulation and efficient interconnection of innovative elements, before realizing the penetration and integration between subsystems [39]. On this basis, the schematic diagram of the three subsystems of green innovation of science and technology enterprises in Yangtze River Delta is drawn, as shown in Figure 2.





3.2. SD Model Construction and Simulation


Most of the literature on the selection of innovation ecosystem evaluation methods is based on the direct summary of relevant data. This evaluation does not quantitatively describe the relationship between the subsystems in the innovation ecosystem and the influencing factors inside and outside the system. Therefore, it cannot adapt to the performance of green innovation capability of science and technology enterprises, which is a typical open, nonlinear and complex system. Some evaluation methods usually show the limitations of super-fuzzy, insufficient intelligence and the lack of dynamics. To some extent, the analysis and evaluation of the green innovation capability of technology-based enterprises show that the diversity, sustainability and stability of the enterprise green innovation ecosystem is the top priority of research. In this paper, the theory of system dynamics is applied to the evaluation of the green innovation ability of science and technology enterprises, and the system dynamics method is used to deal with the problem of nonlinear, time-varying and multiple feedback green innovation of enterprises.



3.2.1. Construction of Causality Diagram


The improvement of the green innovation capability of science and technology enterprises is influenced and restricted by internal and external driving factors, which is a dynamic and complex feedback loop. Through knowledge innovation, technology innovation and innovation application, enterprises can improve the knowledge innovation investment ratio and technological innovation ability, so as to improve the quality and efficiency of the number of R&D results and conversion rate, promote green innovation of science and technology enterprises, and achieve high-quality development. According to the theoretical model analysis framework, the system boundary, key variables and policy optimization status are clarified, and the interaction correlation and action path among various elements are clarified. The system dynamics causality diagram of green innovation capability driving path of high-tech enterprises in the Yangtze River Delta is constructed by using VENSIM PLE, as shown in Figure 3.



Feedback loop 1: regional economic development level → government R&D investment → R&D investment in universities and scientific research institutions → knowledge innovation investment ratio → knowledge innovation capability → industry-university-research cooperation degree → new product R&D efficiency → enterprise technological innovation capability → new product sales revenue.



Feedback loop 2: regional economic development level → government R&D investment → enterprise R&D investment → enterprise technological innovation investment ratio → new product R&D efficiency → enterprise technological innovation capability → new product sales revenue.



Feedback loop 3: Number of enterprises → investment of R&D personnel → investment ratio of technological innovation of enterprises → R&D efficiency of new products → technological innovation ability of enterprises → sales revenue of new products.



Feedback loop 4: Number of universities and scientific research institutions → investment in R&D of universities and scientific research institutions → investment ratio of knowledge innovation → efficiency of R&D transformation of universities and scientific research institutions → number of R&D achievements → transformation number of R&D achievements → technological innovation ability of enterprises → sales revenue of new products.




3.2.2. Flow Stock Diagram


According to the causal feedback loop and research hypothesis, the flow stock diagram of the green innovation system of science and technology enterprises is constructed (Figure 4). The flow chart of green innovation capability of science and technology enterprises in the Yangtze River Delta is mainly composed of four variable forms: state variable, rate variable, constant variable and auxiliary variable. The state variables include the number of enterprises, the number of universities and scientific research institutions, the number of R&D achievements, and the sales revenue of new products. The rate variable is the change in the number of enterprises, the change in the number of universities and scientific research institutions, the increase in the number of R&D achievements, and the change in the sales revenue of new products. The constant is the innovation policy index. Instrumental variables for the regional economic development level are: the government R&D investment, enterprise R&D investment, research and development of colleges and universities and research institutions, enterprise R&D investment fund, universities and research institutions R&D input, knowledge innovation investment ratio, knowledge innovation ability, the innovation service support level, degree of manufacture-learning-research cooperation, the number of enterprise employees, the enterprise technology innovation investment ratio, user innovation demand, new product R&D efficiency, R&D achievement conversion rate, R&D achievement transformation number, enterprise technological innovation capability and enterprise operating revenue. Each variable can truly and objectively reflect the actual status of knowledge innovation, technological innovation and innovation application of science and technology enterprises in the Yangtze River Delta, and accurately represent the logical relationship and dynamic correlation between each indicator variable.



Based on the real availability of China’s statistical data and the research ability of data reflecting China’s economic reality, the China High-tech Industry Statistical Yearbook, China Science and Technology Statistical Yearbook from 2010 to 2020 and other academic literatures related to China’s statistical data research, were reviewed [40,41]. We take 2010 as the base period of the investigation and research. According to the actual situation of the long-term development of China’s science and technology industry, and on the basis of summarizing a large number of previous and long-term practical investigation and research experiences, the change rate of the number of scientific and technological enterprises, the change rate of the number of universities and scientific research institutions, the investment rate of technological innovation, the intensity of industry-university-research cooperation, and the efficiency of new product R&D, are calculated. Furthermore, the DYNAMO equation of the green innovation capability ecosystem model is obtained.



Based on the SD model, this paper takes the Yangtze River Delta region as an example to carry out the simulation. Combined with the economic development of the Yangtze River Delta region and the actual development status of science and technology enterprises, the SPSS software is used to analyze the relationship between variables, fitting and establishing the corresponding functional equations. The functional equations of some variables are shown in Table 1 below.




3.2.3. Determination of Simulation Variables and Parameters


Based on the system boundary mentioned above, the model simulation time is between 2010 and 2030, in which, 2010–2020 is the model operation and actual scenario data verification stage, and 2021–2030 is the system simulation prediction period. Variables were assigned from the Statistical Yearbook of the Yangtze River Delta over the years, China Science and Technology Statistical Yearbook, China High-tech Industry Statistical Yearbook and related research documents. The measurement method of variables is mainly determined according to the regression relationship and corresponding coefficients between dependent variables and independent variables [42]. The calculation of innovation policy index refers to the PMC index measure method in the study of Zhang YG et al. (2017). The basic data of regional economic development level, the change rate of the number of enterprises, the change rate of the number of universities and scientific research institutions, the support level of innovation service institutions for users’ innovation, and the number of employees of high-tech enterprises, are obtained from the corresponding database and statistical yearbook, and calculated based on the above data.




3.2.4. Model Test


In order to test the effectiveness and credibility of the model simulation results, it is necessary to compare the simulation results of the green innovation capability system model of science and technology enterprises in the Yangtze River Delta with the actual data to verify the degree of coincidence [43,44]. Sensitivity analysis is a method to study and analyze the sensitivity of state or output changes of a system (or model) to changes in system parameters or surrounding conditions. Sensitivity analysis can also reflect which parameters have a greater impact on the system or model, as well as the associated changes of various variables in the system. This paper mainly uses historical test and sensitivity test to verify the three stock variables of the number of enterprises, scientific research achievements and the number of universities and scientific research institutions in the Yangtze River Delta from 2011 to 2020, and judges the fitting degree of the model according to the relative error between the real value and the simulation value. The calculation results show that the relative errors of the three variables are controlled within 5%, showing a good fitting and prediction effect.



We adjust the R&D achievement conversion rate in the green innovation system model of science and technology enterprises in the Yangtze River Delta region from the original 0.14 to 0.15; we compare the simulation results of new product sales revenue and its change before and after the observation of parameter changes; “Current” is recorded as the parameter value before the adjustment, and “Current1” is recorded as the adjusted value, as shown in Figure 5. Its effect is better optimization than the original model in amplitude, and the overall model is still running smoothly, with close evolution trends before and after. Therefore, it can be seen that the green innovation system of science and technology enterprises in the Yangtze River Delta has passed the parameter sensitivity test. The model can reflect the actual situation of each subsystem of green innovation, and can be used to simulate the development trend of green innovation capability in the Yangtze River Delta.






4. Results


In order to explore the effect mechanism of different innovation perspectives on the green innovation capability of science and technology enterprises and the influence degree of policy intensity regulation on the innovation ecosystem of enterprises, the SD model is simulated from the policy dimensions of government R&D investment, technological innovation and achievement transformation. With the remaining parameters unchanged, three schemes are set for each dimension, in which scheme 1 regulates variable parameters in the negative direction, and scheme 2 and scheme 3 regulate variable parameters in a positive direction, to analyze the impact of different regulation efforts on key variables under the same target policy.



4.1. Influence of Government R&D Investment Dimension


Xu Z et al. analyzed the influence of government R&D investment on enterprise R&D investment by using the system dynamics method, and found that government R&D investment has double the effect of leverage and crowded out on enterprise R&D investment, and there is an inverted U-shaped relationship between them [45]. Romer P believed that R&D investment could significantly improve the innovation efficiency and promote economic growth through technological progress, and first analyzed the positive effect of government investment in enterprise R&D on economic growth [46]. Park WG introduced government R&D investment and enterprise R&D investment at the same time, and used the improved Romer model to study that government R&D investment indirectly improved the level of economic development, and enterprise R&D investment directly promoted economic development [47]. In this paper, the innovation policy index is taken as the regulatory factor of government R&D investment, and its initial value is 0.027. the parameter value in scheme 1 is set to 0.025, and scheme 2 and scheme 3 are set to 0.029 and 0.031, respectively. Under the influence of different R&D investment policies, the evolution trend of new product sales revenue (measuring the green innovation ability of enterprises) and high-tech enterprise operating revenue is compared and analyzed, as shown in Figure 6.



Normally, government R&D funding plays a role in resource allocation in two ways: (1) to solve the spillover problem by sharing the green innovation capital input of enterprises; (2) to increase the green innovation power of enterprises to avoid the loss of social welfare caused by insufficient green innovation. It can be seen from Figure 6 that the greater the positive adjustment of government R&D investment strength and intensity, the more conducive it is to improve the green innovation ability of science and technology enterprises in the Yangtze River Delta, enhance the pulling role of enterprises, further consolidate the coordinated development of regions, and it can also drive the further penetration and integration of economic development and green innovation. In addition, it can be seen from the curve trend that the green innovation ability of science and technology enterprises in the Yangtze River Delta during the “12th Five-Year plan” and “13th Five-Year Plan” has been improved year by year, and a large number of “bottleneck” core technologies have been made breakthroughs, which cannot be separated from the scientific and technological R&D support of the government. Therefore, according to different science and technology enterprises and industrial development stages, appropriately increasing technological policy innovation input can promote the improvement of industrial technology and resource efficiency, and stimulate the green innovation ecological development potential of science and technology enterprises in the Yangtze River Delta.




4.2. Influence of Technological Innovation Dimension


Green technology innovation is characterized by high risk and high investment. Under the effect of market mechanism, enterprises can easily fall into the game dilemma of green technology innovation and choose the waiting strategy. The government’s appropriate investment in science and technology can increase the green innovation income of enterprises. Driven by interests, enterprises will carry out green innovation. Once the innovation successfully enters the market, green innovation will produce spillover effects and form certain social benefits. According to the theory of technological innovation and the theory of government intervention, in order to achieve optimal social output, the “visible hand” of the government should give full play to its role in resource allocation [48]. Therefore, the technological innovation dimension mainly observes the change of enterprises’ green innovation ability by regulating and controlling the proportion of enterprises’ technological R&D capital investment. The original technological innovation input coefficient is 0.51, and the parameter values in schemes 1, 2 and 3 are set to 0.49, 0.53 and 0.55, respectively; the change trend of key variables under different technological innovation policy schemes is shown in Figure 7.



It can be seen from Figure 7, that with the passage of time, increasing the proportion of technological R&D investment of enterprises can increase the sales revenue of new products, promote the continuous accumulation and release of innovation elements of science and technology enterprises, drive more and more enterprises to become innovation subjects, and improve the contribution rate of technological innovation to economic growth. The low level of technological input will slow down the speed of technological upgrading and reduce the contribution of innovation to economic growth. Therefore, enterprises are encouraged to increase their investment in technological development research projects and stimulate their enthusiasm for R&D; enterprises will gradually become the main body of R&D investment in technological innovation. Universities and scientific research institutions can undertake more horizontal scientific research projects from enterprises, so that scientific research can be truly combined with the actual production, and enterprises can naturally become the main body of technological innovation.




4.3. Influence of R&D Achievements Transformation Dimension


Science and technology are the main driving factors to promote high-quality economic development. To improve the conversion rate of scientific and technological R&D achievements, the government, universities and R&D institutions, enterprises and third-party technical service institutions and other main body need to participate in coordination and make efforts at the same time. Only in this way can we develop high-tech achievements that are more in line with the development of the real economy, and then transform them into new products with high added value to facilitate their incubation and upgrading. The R&D achievements transformation dimension is mainly to observe the changes in the green innovation ability of enterprises by regulating the parameters of the transformation rate of R&D achievements of enterprises. The value of the original R&D achievement transformation rate of enterprises is 0.14, and the parameter values in schemes 1, 2 and 3 are set to 0.12, 0.16 and 0.18 in turn, then the change trend of key variables under different R&D achievement transformation efficiency policy schemes is shown in Figure 8.



It can be seen intuitively from Figure 8 that adjusting the conversion rate of R&D results has a greater impact on the sales revenue of new products, which can greatly improve the green innovation ability of science and technology enterprises in the Yangtze River Delta, and the change trend is the most significant. In terms of R&D achievements transformation, Qian L et al. believed that for regions with high green R&D and low achievements, it was necessary to start from the transformation stage of green scientific and technological achievements, pay attention to the construction of scientific and technological achievements transformation platform, create a good innovation atmosphere, and establish a good enterprise awareness of cleaner production and consumption. For enterprises in low green R&D and low achievement transformation regions, it was necessary to take a two-pronged approach, focused on the marketization and commercialization of technology, while focusing on the transformation of innovation resources into patents and other outputs [49]. For building an innovation-oriented country, Wu Z et al. concluded that it was inevitable to speed up the scientific and technological achievements transformation [50]. Guan XX et al. thought that applied computer technology effectively transforms, and scientific and technological achievements in universities is of great significance to promote mass entrepreneurship and innovation [51]. The creation and transformation of scientific and technological achievements covers many stages, such as basic research, applied basic research, technology development and industrialization. It is a long process of multi value creation and realization that requires the multi-cooperation of scientific and technological personnel, colleges and universities, scientific research institutions, enterprises and governments, and others. Therefore, we can put forward suggestions and countermeasures to promote the transformation rate of scientific and technological achievements from multiple dimensions. For example, we should pay attention to stimulating the enthusiasm of scientific and technological personnel, and personnel who transform scientific and technological achievements, promoting the output of high-quality scientific and technological achievements, and accelerating the transformation of scientific and technological achievements into real productive forces.




4.4. Comparison of Policies and Schemes


Taking the sales revenue of new products of science and technology enterprises in the Yangtze River Delta as the main output variable, through the above single regulation of a certain dimension parameter, it is found that increasing the government R&D capital investment, increasing the proportion of technological innovation investment, and improving the conversion rate of R&D achievements can all increase the sales revenue of new products of science and technology enterprises in the Yangtze River Delta and strengthens the green innovation ability. Based on scheme 3 of the three dimensions, the parameters of the three dimensions are adjusted in a positive direction one by one and the regulatory variables are combined. A comparative analysis is made with the existing schemes to explore which dimension changes under different policy schemes have the most sensitive impact on enterprises’ green innovation capability, as shown in Figure 9.



It can be seen intuitively from Figure 9 that the improvement of the transformation rate of R&D achievements can greatly increase the sales revenue of new products of the green innovation system of science and technology enterprises in the Yangtze River Delta. The transformation rate of R&D achievements is the most sensitive, following by the government R&D investment dimension, and only increasing technological innovation investment has little impact on the sales revenue of new products. In addition, increasing the government R&D capital investment, increasing the proportion of technological innovation investment and improving the conversion rate of R&D achievements will affect the accumulation speed of green innovation, and this increment has the characteristics of marginal increase with the increase of coefficient.



The causal source of such results should also be found from the causal loop diagram (Figure 3), and the causes of each layer affecting the sales revenue of new products in the green innovation system of science and technology enterprises should be found according to the causes of the results in Figure 3. As shown in Figure 10, the sales revenue of new products is directly affected by users’ demand for innovation and the enterprise’s technological innovation capability, which is determined by the transformation number of R&D achievements and the R&D efficiency of new products. The transformation number of R&D achievements is directly affected by the transformation efficiency of R&D achievements. The R&D efficiency of new products is affected by the ratio of investment in technological innovation, the degree of industry-university-research cooperation and the innovation demand of users. The ratio of enterprise investment in technological innovation is indirectly affected by government investment in R&D through enterprise investment in R&D. Therefore, from the causal tracing diagram, it can be seen intuitively that the government R&D investment is at the front end of the feedback loop, and it takes a long time for the investment to transform into productivity, and the effect is slow. The ratio of investment in technological innovation of enterprises is in the middle, the transformation of R&D results is closest to the sales revenue of new products, and the effect of the transformation of R&D results into enterprise productivity is more obvious.



Scientific research institutions represented by universities and scientific research institutes are the main suppliers of scientific and technological achievements. It is one of the important tasks to implement the innovation-driven development strategy during the 14th Five-Year Plan period, and it is also a key link to strengthen the close integration of science and technology and the mutual promotion of the economy. Therefore, to strengthen the green innovation ability of science and technology enterprises in the Yangtze River Delta, we cannot do without the joint efforts of the government, universities and scientific research institutions, enterprises and third-party service institutions. Science and technology enterprises should adhere to the role of market leadership, government guidance, and the guidance of think tanks in universities and scientific research institutes, eliminate the “island phenomenon” in scientific and technological innovation, further improve the “enterprise problem setting” mechanism, carry out industrial innovation “taking the lead” and technological research and develop “joint research”, strengthen collaborative innovation in government, industry, university, research and application, and promote the innovation of basic scientific theory and advanced and sophisticated R&D technology in continuous and deep integration, effectively solving the “last mile” bottleneck of the transformation of scientific and technological achievements, and accelerating the process of the transformation of scientific and technological achievements.





5. Discussion


This paper applies the SD model to analyze the internal and external influencing factors and their causal relationship of the green innovation driving path of science and technology enterprises in the Yangtze River Delta. By designing different schemes, regulating and controlling the government R&D investment, technological innovation, achievement transformation and other policy dimension indexes, we simulate the action degree of different schemes on the green innovation ability of enterprises. The simulation results show that: first, the system dynamics method can better simulate the actual situation of the change of green innovation capability of science and technology enterprises in the Yangtze River Delta. Second, industry, science and technology and fiscal policies are the source power for the improvement of the green innovation ability of science and technology enterprises. The continuous regulation of R&D investment, technological innovation investment and the conversion rate coefficient of scientific research achievements will affect the accumulation speed of the green innovation of enterprises, and this increment is characterized by marginal increase with the increase of the coefficient in the short term. Third, comparing the effects of different policies, the change of R&D achievement conversion rate can greatly affect the new product sales revenue of green innovation system of science and technology enterprises in the Yangtze River Delta, and the response is the most sensitive. The main policy recommendations are as follows:




	(1)

	
Strengthen policy support for the green innovation of enterprises. According to the causal source chart, the government’s R&D investment has an indirect effect on the green innovation capability of enterprises. In the process of improving the green innovation ability of enterprises, the government plays the role of baton. As a result, government departments should continue to strengthen efforts to actively create an external environment for green innovation, optimize the development environment for green innovation and relevant laws and regulations, pay attention to the joint use of mandatory and incentive regulatory policies, and strengthen policy constraints and incentives.




	(2)

	
Intensify the transfer and transformation of scientific and technological achievements. The transformation of scientific and technological achievements is a systematic project, which needs cross-departmental, cross-field and cross-professional cooperation. The transformation of scientific and technological achievements in universities and research institutes is not only a problem of its own, but also a problem of the construction of the economic chain for the transformation of scientific and technological achievements [52]. This not only requires universities and research institutes to improve the ability to transform scientific and technological achievements, but also needs guidance from the policy and management level, and support from the market management level. The economic environment and economic chain for the transformation of scientific and technological achievements should be activated to enhance the ability and efficiency of the transformation of scientific and technological achievements in universities and research institutes. We will foster a healthy new environment for scientific and technological research, and form an efficient and orderly economic system for transforming scientific and technological achievements. Therefore, relevant departments gradually improve and improve the classification and evaluation system of scientific and technological achievements, step by step across the gap in the transformation of scientific and technological achievements, and effectively display the role of scientific and technological achievements evaluation “baton”, so that the adaptation to industrial development, fresh scientific and technological achievements get the best transformation. In addition, it is necessary to fully and accurately reflect the innovation level of scientific and technological achievements, improve the construction of the ecological system for the transformation of scientific and technological achievements, and explore the high-quality supply of achievements and the transformation and application path.




	(3)

	
Improve the R&D capacity of innovation subjects. Increasing the investment in high-tech talents and R&D investment of scientific research institutions can positively improve the knowledge innovation ability and the efficiency of new product research and development, so as to promote the green innovation ability of science and technology enterprises. As the saying goes, the key to innovation depends on talent. Increasing investment in high-level talents in education, creating a multi-value and demand-oriented classification and evaluation system, stimulating the enthusiasm and the sense of mission of scientific and technological personnel and technology transformation personnel, and improving the social value and sense of honor of technology transfer talents can fully mobilize the enthusiasm of all kinds of innovation subjects [53]. The application of scientific research innovation can be strengthened and the application innovation of scientific research achievements can be promoted through the continuous joining of scientific and technological achievements transformation team. Finally, the transformation efficiency of scientific and technological achievements is greatly improved, and the benefit of green innovation is improved.




	(4)

	
Improve the mechanism of industry, university and research cooperation in the Yangtze River Delta region. It can be seen intuitively from the feedback loop that the improvement of the degree of industry-university-research cooperation can accelerate the efficiency of new product research and development, and then promote the enhancement of the technological innovation ability of enterprises, and finally improve the green innovation ability of science and technology enterprises. Therefore, in the green innovation system, enterprises, universities and scientific research institutions are the direct subjects of green innovation, while governments and financial institutions participate in green innovation as indirect subjects. Through the sharing of ideas, knowledge, technology and opportunities, the main body of the green innovation system can create innovation across the boundaries of enterprises, and then enhance the green innovation power of science and technology enterprises. Therefore, the main body of the green innovation system should avoid and prevent the “island phenomenon” in scientific and technological innovation, promote the efficient cooperation of industry, university and research, and improve the effect of the transformation of scientific and technological achievements. We should encourage all kinds of research institutes to cooperate with schools and enterprises; build independent innovation research and development platforms; build advanced expert teams; consolidate the theoretical basis of scientific and technological innovation and advanced technical support; and actively introduce their scientific and technological achievements into the market.
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Figure 1. Theoretical model of green innovation capability driving path. 
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Figure 2. Division of green innovation subsystem for science and technology enterprises. 
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Figure 3. Causality diagram. 
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Figure 4. Flow stock diagram. 
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Figure 5. Sensitivity test. 
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Figure 6. Simulation of new product sales income and operating income under different government R&D investment schemes. 
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Figure 7. Simulation of different R&D investment proportion scheme. 
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Figure 8. Simulation of different R&D achievement conversion policy schemes. 
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Figure 9. Simulation curves of green innovation capability of enterprises under different policies. 
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Figure 10. Causal tracing diagram. (a) New product sales revenue cause diagram; (b) Technological innovation ability of enterprises cause diagram; (c) Ratio of investment in technological innovation cause diagram. 
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Table 1. Main variable equation design.
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	Ordinal
	Variable
	Variable Equation





	1
	Innovation policy index
	Innovation policy index = 0.027



	2
	R&D Investment in universities and research institutions
	R&D Investment in universities and research institutions = 0.17 × R&D investment by the government



	3
	Investment of R&D personnel in universities and scientific research institutions
	Investment of R&D personnel in universities and scientific research institutions = 96.01 × Number of universities and scientific research institutions



	4
	Number of scientific research achievements
	Number of scientific research achievements = INTEG (Increased number of R&D achievements, 121,900)



	5
	Increased number of R&D achievements
	Increased number of R&D achievements = 0.187 × Number of research achievements × knowledge innovation ability



	6
	Conversion rate of scientific research achievements
	Conversion rate of scientific research achievements = 0.14



	7
	Number of enterprises
	Number of enterprises = INTEG (change of enterprises, 9630)



	8
	Investment of R&D personnel
	Investment of R&D personnel = 26.92 × Number of enterprises



	9
	Enterprise R&D investment
	Enterprise R&D investment = 0.51 × Government R&D investment



	10
	Change in sales revenue of new products
	Change in sales revenue of new products = 0.014 × Enterprise technology innovation capability × user demand



	11
	Sales revenue of new products
	Sales revenue of new products = INTEG (Change in sales revenue of new products, 4066.75)



	12
	Operating Income of technology-based enterprises
	Operating Income of technology-based enterprises = 4.36 × Sales revenue of new products
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