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This article is based on the mixed ownership reform, with energy enterprises as the research object, and constructs a fuzzy set qualitative comparative analysis game framework for path optimization in complex systems. Using fsQCA and game theory from the perspective of knowledge sharing, reasonable assumptions are made for the sharing of green innovation knowledge between state-owned and non-state-owned shareholders in energy enterprises, providing policy support and institutional guarantee for the sharing of similar green innovation knowledge in multiple industries, to some extent, it facilitates the exchange and flow of green innovation knowledge among different enterprises, providing the optimal path for complex systems. This article can draw the following conclusions: 1. Government led, government enterprise driven, and enterprise led are the three major influencing paths for promoting green innovation knowledge sharing. The final trend of stable gaming among different types of shareholders depends on sharing profits. 3. The fuzzy set qualitative comparative analysis game framework has certain universality.
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1 INTRODUCTION
The proposal of the reduce carbon emissions goal requires China to take a green development path, develop green and low-carbon industries, advocate green consumption, and promote the formation of green and low-carbon production and lifestyle. With the launch of the carbon emission trading market in China in 2021, the government set a quota for the monthly emissions of carbon and carbon compounds by enterprises. Enterprises exceeding the basic quota need to purchase carbon dioxide quotas in the Carbon emission trading market. Under the constraints of the carbon emission trading market mechanism, enterprises will continue to increase the innovation and development of green technology to seize the green development advantage in the future to meet the carbon emission standards issued by the government. Key industries such as electricity, steel, paper making, non-ferrous metals, petrochemical, chemical, as well as aviation and building materials are the main sources of carbon emissions and key areas for green technology innovation. In these high carbon industries, the state-owned economy is basically the leading force, which determines that state-owned enterprises must take on the responsibility of green technology innovation and play a key role in promoting the achievement of the reduce carbon emissions goal and high-quality economic development (Peng et al., 2022), energy companies play a crucial role.
The reason why this article focuses on energy enterprises is that due to the increasing requirements for environmental protection and the continuous development of technology and the emergence of new energy, energy enterprises must engage in green innovation (Wang et al., 2023). This not only requires energy enterprises to transform themselves, but also due to issues such as equity, knowledge related to green innovation flows among energy enterprises, forming a trend of knowledge sharing. In the process of mixed ownership reform, groups represented by different types of equity can make decisions to choose whether to engage in green innovation knowledge sharing.
In the reform of mixed ownership, energy enterprises face certain challenges in sharing green innovation knowledge. For energy enterprises, green innovation, in addition to institutional and cultural innovation, is mainly manifested in technological innovation (Hao et al., 2023). In the process of technological innovation, it may involve the core technologies of various energy enterprises, which creates difficulties for the knowledge sharing process. Knowledge sharing is a two-way choice and a continuous pursuit of win-win situations. During this process, different possible situations and cooperation paths may arise. This article aims to address the issue by considering as many analysis paths as possible and optimizing them among numerous cooperation paths to choose the optimal win-win path.
Compared to private enterprises, state-owned enterprises are more willing to engage in green technology innovation due to their political attributes and social responsibilities (Lan and Mao, 2020). However, because state-owned enterprises do not take profit maximization as the first goal, the enthusiasm of the company’s employees and the initiative of green transformation are weak in the actual work process, so their innovation motivation and innovation efficiency are naturally insufficient (Yuan et al., 2023). To alleviate these problems, our country proposes that we should actively develop the mixed ownership economy, focus on promoting the mixed reform of state-owned enterprises, and use the best demands of non-state-owned enterprises for Profit maximization to stimulate the innovation vitality of state-owned enterprises. However, in the specific practice of mixed ownership reform, most state-owned enterprises only have the form of mixed and have not undergone substantive reforms. In the process of mixed ownership reform, the goals of various stakeholders are not completely consistent. The first purpose of state-owned shareholders is to fulfill their corporate social responsibilities and political responsibilities in the market. Accordingly, during the course of green innovation, they exhibit a greater willingness to collaborate and engage in dialogue with non-state-owned stakeholders, aiming to embark on the journey of green transformation for their enterprises (Liao et al., 2022). The primary goal of non-state-owned shareholders is to maximize the enterprise’s profit maximization, but the green transformation of enterprises requires a large amount of investment in green technology research and development, and it is difficult for enterprises to obtain reports in the short term, and non-state-owned shareholders are not willing to communicate with state-owned shareholders in the process of green innovation. The exchange of green innovation knowledge between state-owned and non-state-owned enterprises in the process of mixed reform of state-owned enterprises is a dynamic change, and the game behavior of shareholders also determines the potential decision-making and results of green innovation knowledge sharing (Yuan et al., 2021).
The current academic discussion on the mixed ownership of state-owned enterprises mainly revolves around how to carry out mixed ownership. Research (Li, 2014) believes that deepening the reform of state-owned enterprises should first explore a dual track system, granting powers to group subsidiaries, such as board appointment and removal, salary determination, equity incentives, etc. At the same time, executives named by non-state-owned shareholders can overturn the management authority and salary limit set by the administrative department. Research (Xiang, 2018) believes that in the process of mixed ownership reform, it is important to balance the distribution of interests between the executive teams of state-owned enterprises and private enterprises. Research (Qi and Zhang, 2019) believe that the ideal path for the reform of state-owned enterprises in monopolistic industries is effective competition among multiple enterprises, and the reform of mixed ownership should follow the path of state-owned enterprise co governance. In addition, some scholars have studied the impact of mixed ownership reform on innovation performance of state-owned enterprises. Research (Dic et al., 2022) believe that the mixed ownership economy will reshape the innovation capabilities of state-owned enterprises. Through a study of listed companies in China from 2007 to 2018, it was found that the mixed ownership reform significantly increases the innovation advantages of enterprises, especially the state-owned capital holding private enterprises, which improves their innovation autonomy. Research (Zhang et al., 2020), research (Barnabé and Ming, 2020) and research (Wehrheim et al., 2020) have also shown that the institutional advantage of mixed ownership reduces concerns about the risk of innovation behavior in enterprises, greatly improving their innovation capabilities. It is not difficult to find that most scholars believe that after state-owned enterprises introduce private enterprise shareholding, whether it is board appointment or dismissal, salary, or favorable distribution, it is more about the joint operation of state-owned and private enterprises. How to establish a good innovation and entrepreneurship ecology after the mixed reform, achieve knowledge exchange and spillover between state-owned and non-state enterprises, and promote high-quality sustainable development of enterprises is an urgent issue that requires joint attention from academia and industry, in addition to the equity structure.
Regarding the flow and spillover of knowledge, existing research mainly focuses on the knowledge flow generated by collaborative innovation between enterprises and the relationship between knowledge flow outsourcings. Research (Jiang et al., 2016) proposed that partner trust has a positive effect on knowledge acquisition and has different impacts on knowledge leakage. Research (Cheong et al., 2019) studied the relationship between knowledge flow and expatriate purposes under different alliance systems and found that different enterprises have different knowledge flow strategies. Research (Gaur et al., 2019) explored cross-border knowledge flow and proposed a comprehensive knowledge management framework. Research (Rupietta and Backes-Gellner, 2019) explored the emergence of excellent incremental innovation performance based on knowledge creation (KC) systems through knowledge reserves and flow integration. Research (Zhao et al., 2019) established a dynamic system evolution model and analyzed the relationship absorption ability, knowledge potential, and transfer ability of knowledge under different incentive intensities. They found that incentive mechanisms can promote innovation in evolutionary strategic alliances. Research (Li et al., 2019) explored the relationship between knowledge flow, alliances, and clusters in multimedia information, and found that knowledge similarity, complementarity, and spillover are beneficial for the formation of alliances. Research (Zhou and Wu, 2018) used the knowledge flow model in the dynamic Complex network to explore the transmission rate of knowledge in the network. They considered that the average degree of the network, the number of enterprises involved in the transfer and the transmission rate of effective knowledge have a significant impact on the efficiency of knowledge flow. Research (Wensley, 2015) emphasized the value and significance of willingness to share knowledge. The paper explained the willingness to share knowledge from the perspective of a knowledge market, believing that essentially, knowledge sharing can be seen as a knowledge transaction within an enterprise, where participants not only have to pay the cost but also gain some benefits from the transaction. Research (Razak et al., 2016) believed that knowledge sharing is a behavior that actively identifies with the sharing behavior in terms of willingness and is willing to share experience and knowledge with others, helping others solve problems and make decisions, thereby improving work performance and achieving a sense of satisfaction for oneself.
Based on a comprehensive summary of research on mixed ownership enterprises and green innovation knowledge sharing, few scholars have been found to study shareholder behavior games in mixed ownership enterprises, and there are also few studies on the field of knowledge sharing in mixed ownership enterprises. At the same time, existing articles exploring shareholder behavior have conducted less research on green innovation knowledge sharing, Moreover, existing articles on green innovation knowledge sharing mainly focus on the connotation, concept, influencing factors, and mechanism of knowledge sharing, resulting in a lack of connection among mixed ownership, shareholder behavior, and green innovation knowledge sharing research. In this situation, it is necessary to combine the background of China’s mixed ownership reform and the reduce carbon emissions goal, taking energy enterprises that best represent green innovation development as the research object, select listed mixed ownership enterprises as the research object, explore the impact of shareholder behavior decisions on green innovation knowledge sharing, in order to find a decision-making path to improve the innovation ability and knowledge foundation of mixed ownership enterprises in the future high-quality development stage, and provide practical and effective policy recommendations to assist in the implementation of mixed ownership reform.
Existing research on mixed ownership mainly focuses on the necessity and advantages of mixed ownership, mixed forms, corporate governance, and other fields. There is little exploration of the flow and interaction of green innovation knowledge from the perspective of equity structure. Therefore, this article takes energy enterprises as the research object, and from the perspective of equity structure and shareholder roles, constructs a dynamic game model on green innovation knowledge sharing between state-owned and non-state-owned shareholders, exploring the equilibrium and stable state of green innovation knowledge among shareholders in mixed reform state-owned enterprises. Compared with previous researches, the main innovation points of this paper are reflected in the following two aspects, which are: 1) From the perspective of knowledge interaction, analyze the attitude of state-owned and non-state-owned shareholders to green innovation of enterprises, build a dynamic game model of green innovation knowledge sharing among shareholders, analyze the dynamic evolution law of green innovation knowledge sharing in the process of mixed ownership reform of state-owned enterprises, and explore relevant influencing factors and stable Equant. 2) Based on the theory of evolutionary models, the fsQCA method is used to empirically analyze the causal logic relationship of knowledge sharing and test the pathways of relevant influencing factors.
The contributions of this article can be summarized in the following aspects. 1) Enriched the research on green development in the field of mixed transformation of state-owned enterprises. Most scholars study the impact mechanism of mixed reform of state-owned enterprises on green innovation from a macro perspective but overlook the changes in shareholder structure characteristics during the mixed reform process. This article divides shareholders into state-owned and non-state-owned shareholders and explores the dynamic evolution of green innovation knowledge in enterprises at the shareholder level, which to some extent enriches and improves the relevant research content on green innovation knowledge flow in the mixed ownership reform of state-owned enterprises. 2) The combination of qualitative and quantitative analysis has verified the relevant influencing factors of green innovation knowledge sharing between state-owned and non-state-owned shareholders, which not only enriches the theoretical models of green innovation knowledge sharing, but also has been verified in practical practice, greatly enriching the relevant research on the path and mechanism of green innovation knowledge sharing. 3) In order to promote green innovation in mixed transformation enterprises and leverage the leading role of energy enterprises in the national green development transformation, this study systematically studied the influencing factors and mechanisms of knowledge sharing among shareholders. The research results will help provide reasonable suggestions for practice and achieve green innovation development in energy enterprises.
2 FUZZY SET QUALITATIVE COMPARATIVE ANALYSIS GAME FRAMEWORK
This paper constructs a fuzzy set qualitative comparative analysis game framework for solving optimal strategy formulation methods in complex systems. The framework consists of two main parts, which are the game theory part and the fsQCA part. The game theory part is adopted for theoretical analysis, identifying all possible theoretical paths, and conducting simulation. Specifically, the path here refers to the possible scenarios of all games analyzed from the evolutionary game theory section. fsQCA is employed for empirical analysis to verify and supplement the paths obtained from the game section through real case data. These two parts complement each other with simulation and empirical analysis. The specific process is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Fuzzy Set Qualitative Comparative Analysis game framework.
When conducting the game theory section, the first step is usually to construct a game matrix around the benefits of both parties in the game. Due to the diverse types of games, this article takes evolutionary games as an example to construct an evolutionary game model, as shown in Table 1.
TABLE 1 | Evolutionary game theory matrix.
[image: Table 1]Among them, [image: image] is the return when both parties choose strategy A, [image: image] is the return when both parties choose strategy B, [image: image] is the return of Subject 1 when Subject 1 chooses strategy A and Subject 2 chooses strategy B, [image: image] is the return of Subject 1 when Subject 1 chooses strategy B and Subject 2 chooses strategy A. The proportion of the number of players in strategy A game is [image: image], the proportion of the number of players in strategy B game is [image: image]. The proportion of the number of players in strategy C game is [image: image], the proportion of the number of players in strategy D game is [image: image].
According to the evolutionary game payment matrix, the respective returns of actor 1 ([image: image], [image: image])and actor 2 ([image: image], [image: image]), the expected benefits satisfy the following equation.
[image: image]
[image: image]
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[image: image]
According to Formula 1, Formula 2, Formula 3, and Formula 4, the average return can be expressed as:
[image: image]
[image: image]
Based on the concept of evolutionary game, construct a replication dynamic equation of evolutionary game, Obtain the replicated dynamic equation [image: image]) and [image: image]:
[image: image]
[image: image]
Through mathematical calculations, it can be concluded that the final form of replicating dynamic equations is:
[image: image]
[image: image]
Make the result of copying the dynamic equation zero and obtain different solutions. Take the derivative of the replicated dynamic equation to obtain the first-order derivative equation of the replicated dynamic equation:
[image: image]
[image: image]
Bring the solution obtained in the above equation to determine whether it is a stable strategy solution.
Construct a Jacobian matrix using Formula 11 and Formula 12 to determine local stability.
[image: image]
The Jacobian matrix is a square matrix, each element of which is a partial derivative, and its function is to describe the local rate of change of a vector function at a certain point. The determinant and trace of the matrix can be obtained:
[image: image]
[image: image]
Then, local stability is tested by comparing the rank of the matrix and the positive and negative traces.
At this point, simulation experiments can be conducted using game models. However, due to the lack of analysis and evidence from examples, the simulation lacks a certain degree of persuasiveness. Therefore, the fsQCA method is introduced to supplement this. The experimental steps of fsQCA are shown in Table 2.
TABLE 2 | fsQCA Steps table.
[image: Table 2]Firstly, clarify the theory of fuzzy sets. Assuming that there are several elements [image: image] in set S, the membership function [image: image] of set S is:
[image: image]
In Formula 16, 0 represents no inclusion, and 1 represents complete inclusion.
According to the above equation, the complementarity degree function [image: image] can be obtained to represent the non-membership degree of element [image: image] in set S:
[image: image]
Based on the above preparation formula, the core formula of fsQCA can be obtained as follows.
The discernment function [image: image] is represented as follows, represent the product of membership degrees for each condition [image: image] in set S:
[image: image]
The non-membership function [image: image] represents the product of the non-membership degrees of each condition [image: image] in set S, expressed as follows:
[image: image]
The coverage function [image: image] represents the coverage of set S, with the formula:
[image: image]
In fsQCA, the coverage function is calculated by combining the membership degrees of different conditions to study the relationship between conditions and their impact on the results.
The advantage of this framework is that it not only includes rigorous theoretical analysis derived from formulas, but also has practical cases to support and analyze, which are interrelated. Moreover, due to the uniqueness of the fsQCA method, this framework is not only suitable for situations with large sample sizes, but also suitable for analysis with small sample sizes, making it more applicable.
3 GAME MODEL OF MIXED OWNERSHIP REFORM IN STATE OWNED ENERGY ENTERPRISES
3.1 Basic assumptions and model construction
This article takes energy enterprises as the research sample, all enterprises referred to in this article are energy enterprises. In mixed ownership enterprises, “one share dominance” is not conducive to the development of mixed ownership enterprises. This article focuses on discussing the situation of mixed ownership enterprises under competitive equity structures. In this case, in the decision of state-owned and non-state-owned shareholders to share green innovation knowledge, the final decision result is a comprehensive consideration of expected returns, their own knowledge stock, incentive mechanisms, punishment mechanisms, and sharing costs, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Knowledge sharing decision-making mechanism for state-owned and non-state-owned shareholders.
The driving force of green innovation knowledge sharing comes from the excess profits and characteristic benefits formed after the second innovation of knowledge. Therefore, before enterprises decide to share knowledge, they will comprehensively evaluate their own resources (knowledge stock), find suitable cooperative innovation points and knowledge sharing perspectives for both parties, and form a secondary innovation idea based on the innovation knowledge base. At this stage, the more knowledge stock the two companies have, the more likely they are to cooperate successfully, Form secondary innovation. In addition to considering the degree of knowledge matching between both parties and the possibility of secondary innovation, more importantly, the expected benefits generated by green innovation knowledge sharing must exceed the sharing costs. Therefore, for both state-owned and non-state-owned shareholders, if the expected benefits of green innovation knowledge sharing are larger, the sharing costs are smaller, or the benefits are much greater than the sharing costs, enterprises will have sufficient initiative and willingness to share green innovation knowledge.
With the expansion of green innovation knowledge sharing, the relationship between state-owned and non-state-owned shareholders has gradually deepened from equity relations to innovation alliances. The benefits brought by innovation between enterprises continue to increase, and positive benefits continue to emerge. At the same time, government incentive measures provide rewards to enterprises that share green innovation knowledge, greatly strengthening and consolidating the behavior of green innovation knowledge sharing and innovation alliance relationships between enterprises, The positive reinforcement of green innovation knowledge sharing has been formed, and based on government incentive measures, enterprises will actively collect all information including market and internal information, maximize the sharing and sharing of knowledge and information, coordinate all parties to the greatest extent, and complete high-quality and efficient knowledge sharing and collaborative innovation. Of course, although there is an equity relationship after the mixed reform, the controlling and controlled enterprises may adopt different behavioral decisions due to their respective purposes, and may not adopt knowledge sharing, or only one company may choose knowledge sharing. Similarly, under the government’s punishment mechanism, enterprises will consider their punishment costs. When the punishment costs exceed the benefits obtained from not sharing knowledge, the involved enterprises will choose knowledge sharing. The following variables are all related to green innovation, the following sections are abbreviated and do not emphasize green innovation more than their unique features.
Assumption 1:. In the process of mixed ownership reform, if state-owned and non-state-owned shareholders continuously engage in cooperative activities, there are two strategic options: knowledge sharing and knowledge hiding. Assuming that in the early stages of the game, when state-owned shareholders choose a knowledge sharing strategy, the probability is [image: image] and when they choose a knowledge hiding strategy, the probability is [image: image]; When non-state-owned shareholders choose a knowledge sharing strategy, the probability is [image: image], and when they choose a knowledge hiding strategy, the probability is [image: image].
Assumption 2:. When state-owned and non-state-owned shareholders do not cooperate with each other and choose knowledge hiding strategies during the mixed ownership reform process, neither party can obtain the additional benefits brought by cooperation. At this point, the additional profits obtained by state-owned and private enterprises are recorded as 0. Therefore, assuming that the game strategy of both parties in the model is {knowledge hiding, knowledge hiding}, the basic benefits of state-owned and non-state-owned shareholders are [image: image].
Assumption 3:. Assuming that the knowledge stock of both parties during the cooperation process is [image: image]; During the cooperation process between state-owned and non-state-owned shareholders, knowledge spillover between enterprises will generate direct and collaborative benefits. Direct benefits refer to the benefits generated by enterprises absorbing each other’s knowledge during the cooperation process; Collaborative benefits refer to the benefits brought by knowledge exchange collision, interactive collaboration, and fusion creation in the collaborative research and development process of enterprises. Therefore, it is assumed that the direct return coefficient and collaborative return coefficient of state-owned and non-state-owned shareholders are [image: image] and [image: image], respectively. The direct benefits of Chinese shareholders sharing green innovation knowledge with non-state-owned shareholders are: [image: image], while the direct benefits of non-state-owned shareholders sharing green innovation knowledge with state-owned shareholders are: [image: image]. During the cooperation process, when both parties choose to share green innovation knowledge for collaborative cooperation, the collaborative benefits obtained by both parties are: [image: image]. In the process of cooperation, state-owned enterprises often share more knowledge than private enterprises, therefore [image: image].
Assumption 4:. When either party chooses to cooperate for knowledge sharing, they will incur time costs, energy costs, opportunity costs, etc. In the model, we use [image: image] to represent the knowledge costs paid by state-owned and private enterprises. In addition, the government will incentive and punish enterprises engaged in collaborative innovation to encourage state-owned shareholders to undergo mixed ownership reform. In the model, the reward for knowledge sharing among enterprises is [image: image], and the punishment for knowledge hiding is [image: image].
Based on the above assumptions, construct an evolutionary game matrix, as shown in Table 3.
TABLE 3 | Evolutionary game theory matrix between two parties.
[image: Table 3]3.2 Evolutionary game analysis of the mixed ownership reform of state-owned shareholders and non-state-owned shareholders in energy enterprises
According to the evolutionary game payment matrix, the expected benefits of knowledge sharing in the process of mixed ownership reform of state-owned shareholders and non-state-owned shareholders are:
[image: image]
[image: image]
The expected benefits of state-owned shareholders and non-state-owned shareholders adopting knowledge hiding strategies are as follows:
[image: image]
[image: image]
According to Formula 21, Formula 22, Formula 23 and Formula 24, the average income of state-owned shareholders and non-state-owned shareholders are:
[image: image]
[image: image]
Therefore, in the process of mixed ownership reform, the replication dynamic equation for collaborative innovation and knowledge sharing between state-owned and non-state-owned shareholders [image: image], as well as the replication dynamic equation for collaborative innovation and knowledge sharing between non-state-owned and state-owned shareholders [image: image], can be expressed as follows:
[image: image]
[image: image]
To obtain a stable strategy for evolutionary games, we need to find the equilibrium point for replicating the dynamic equation, which is equilibrium point [image: image]. Equilibrium point [image: image] needs to meet two conditions: [image: image], [image: image]. If [image: image], we can obtain [image: image], [image: image] and [image: image].
When [image: image], [image: image], it is a stable equilibrium strategy for all [image: image].
When [image: image], the stable equilibrium strategy may be [image: image] or [image: image].
Therefore, take the derivative of [image: image]:
[image: image]
(a) If [image: image], then [image: image], then [image: image], [image: image], it can be inferred that [image: image] is a stable evolution strategy.
(b) If [image: image], then [image: image], then [image: image], [image: image], it can be inferred that [image: image] is a stable evolution strategy.
Like the above analysis, the same method is now used for analysis. We need to find the equilibrium point for replicating the dynamic equation, which is equilibrium point [image: image]. Equilibrium point [image: image] needs to meet two conditions: [image: image], [image: image], we can obtain [image: image], [image: image] and [image: image].
When [image: image], [image: image], it is a stable equilibrium strategy for all [image: image].
When [image: image], the stable equilibrium strategy may be [image: image] or [image: image].
Same as the previous section, take the derivative of [image: image]:
[image: image]
(a) If [image: image], then [image: image], then [image: image], [image: image], it can be inferred that [image: image] is a stable evolution strategy.
(b) If [image: image], then [image: image], then [image: image], [image: image], it can be inferred that [image: image] is a stable evolution strategy.
3.3 Discussion on local stability
The above sections separately discuss the ESS of knowledge sharing strategies for non-state-owned and state-owned shareholders in the collaborative innovation process of mixed ownership reform in the organization. However, due to the mutual influence of the knowledge hiding behavior of both parties, and the presence of random disturbance factors in the collaborative innovation process, the knowledge hiding behavior of members is affected. Therefore, this section uses the replication dynamic equation of the two groups of members to obtain the Dynamic equilibrium solution of the knowledge sharing behavior of the two groups of members in the mixed ownership reform innovation cooperation process and analyzes the stability of the balance point through the Jacobian matrix and determinant. The Jacobian matrix and determinant of the evolutionary game model is shown in Equation 31, where the Determinant and trace calculation of each Equant are respectively Equation 32, Eq. 33:
[image: image]
[image: image]
[image: image]
For ease of calculation, we have [image: image], [image: image]. Through equilibrium point stability analysis, four situations were identified, as follows:
(1) When [image: image] and [image: image], there are four equilibrium solutions in the dynamic evolutionary game equation system between two organizational members: [image: image], and the stability analysis results of these four equilibrium points are shown in Table 4:
TABLE 4 | Stability analysis of equilibrium points when [image: image] and [image: image]
[image: Table 4]According to Table 4, we can get the evolutionary game system of stable strategy. As shown in Figure 3, the evolutionary game system converges to Equant [image: image], that is, both state-owned and non-state-owned shareholders adopt knowledge hiding strategies in the process of mixed ownership reform.
[image: Figure 3]FIGURE 3 | Stability strategy of evolutionary game system when [image: image] and [image: image] (2) When [image: image] and [image: image], there are four equilibrium solutions [image: image]. In the equation system between two organizational members, and the stability analysis results of these four equilibrium points are shown in Table 5.
(2) When M1 < N1 and M2 > N2, there are four equilibrium solutions in the equation system between two organizational members, and the stability analysis results of these four equilibrium points are shown in Table 5:
According to Table 5, we can derive the evolutionary game system of two-member stable strategies as shown in Figure 4. The knowledge hiding strategy adopted by state-owned shareholders is superior to the knowledge sharing strategy. However, for non-state-owned shareholders, their enthusiasm for participating in knowledge sharing is influenced by the strategies of state-owned shareholders. When [image: image], non-state-owned shareholders tend to adopt knowledge sharing strategies; When [image: image], the willingness of non-state-owned shareholders to share knowledge gradually decreases, and they tend to adopt knowledge hiding strategies. In this case, the evolutionary game system of both parties converges to point [image: image].
TABLE 5 | Stability analysis of equilibrium points when [image: image] and [image: image]
[image: Table 5][image: Figure 4]FIGURE 4 | Stability strategy of evolutionary game system when [image: image] and [image: image]
3) When [image: image] and [image: image], there are still four equilibrium solutions in the dynamic replication equation system between two organizational members: [image: image], and the stability analysis results of these four equilibrium points are shown in Table 6:
TABLE 6 | Stability analysis of equilibrium points when [image: image] and [image: image]
[image: Table 6]According to Table 6, the evolutionary game system of the two stable strategies is shown in Figure 5. The probability of non-state-owned shareholders engaging in knowledge hiding is greater than that of knowledge sharing strategies, and the stable equilibrium strategy of non-state-owned shareholders is to hide knowledge.
[image: Figure 5]FIGURE 5 | Stability strategy of evolutionary game system when [image: image] and [image: image] (5) When [image: image] and [image: image], there are five equilibrium solutions in the dynamic replication equation system between two organizational members: [image: image], The stability analysis results of the five equilibrium points are shown in Table 7.
(4) When M1 > N1 and M2 > N2, there are five equilibrium solutions in the dynamic replication equation system between two organizational members: A(0, 0), B(1, 0), C(1, 1), D(0, 1), E(x*, y*), The stability analysis results of the five equilibrium points are shown in Table 7:
TABLE 7 | Stability analysis of equilibrium points when [image: image] and [image: image]
[image: Table 7]However, whether state-owned shareholders adopt knowledge sharing strategies is influenced by the strategies of non-state-owned shareholders. When [image: image], non-state-owned shareholders tend to share knowledge; When [image: image], the probability of non-state-owned shareholders adopting knowledge sharing gradually decreases and tends to adopt a knowledge hiding strategy. At this point, the evolutionary game system of both parties converges to point [image: image], and the stability strategy of the evolutionary game system is (knowledge hiding, knowledge hiding).
The equilibrium strategy of the evolutionary game system between state-owned and non-state-owned shareholders, as shown in Figure 6, has two points: [image: image] and [image: image]. The choice of strategies for both parties depends not only on the initial probability of strategy selection, but also on [image: image]. The evolutionary game process is shown in Figure 6. In the region [image: image], the evolutionary game system of both parties converges to [image: image], and the stable strategy of the evolutionary game is (state-owned shareholders adopt knowledge hiding strategy, non-state-owned shareholders adopt knowledge hiding strategy). In region [image: image], the evolutionary game system of both parties converges to [image: image], and the stable strategy of the evolutionary game is {state-owned shareholders adopt knowledge sharing strategy, non-state-owned shareholders adopt knowledge sharing strategy}. We use area to represent the probability of knowledge hiding and sharing. As [image: image] and [image: image] become smaller and smaller, [image: image] will become smaller and [image: image] will become larger. The probability of state-owned and non-state-owned shareholders adopting knowledge sharing strategies continues to increase, and then the stable point converges to [image: image]. On the contrary, when [image: image] and [image: image] become larger, [image: image] will become larger but [image: image] will become smaller, and then the stable point converges to [image: image].
[image: Figure 6]FIGURE 6 | Stability strategy of evolutionary game system when [image: image] and [image: image].
4 NUMERICAL SIMULATION
The above analysis results indicate that the saddle point and stable equilibrium point are influenced by changes in initial values and related parameters. This section will conduct numerical simulations to analyze the cooperative innovation behavior of state-owned and non-state-owned shareholders in the mixed ownership reform process under the influence of relevant factors. We set the initial parameters as shown in Table 8 and analyze the impact on member equilibrium strategies from several aspects: collaborative benefit coefficient, knowledge sharing cost, knowledge stock, knowledge sharing incentive level, and knowledge hiding penalty level.
TABLE 8 | Initial values of related variables.
[image: Table 8]4.1 The impact of collaborative benefits
To explore the impact of collaborative benefits on green innovation knowledge sharing behavior among enterprises, the evolutionary game process is analyzed by increasing the value of [image: image], as shown in Figure 7. As the collaborative benefit coefficient [image: image] gradually increases from 0.2 to 0.6, [image: image] gradually increases from 0.1 to 0.5, the proportion of state-owned shareholders choosing knowledge sharing gradually increases from 0.2 to 1, and ultimately stabilizes at 1, while the proportion of non-state-owned shareholders choosing knowledge sharing gradually increases from 0.9 to 1, and finally stabilizes at 1; As the coefficient of synergy benefits increases, the step length for both parties to reach a stable state of cooperation gradually shortens from 10 to 4, and the rate of reaching a stable state gradually accelerates. This indicates that an increase in the coefficient of synergistic returns can motivate state-owned and non-state-owned shareholders to exchange knowledge with each other, prompting them to accelerate cooperation progress to obtain additional benefits, and continuously form a cooperative and innovative situation.
[image: Figure 7]FIGURE 7 | Impact of collaborative innovation benefits on evolutionary strategies.
4.2 The impact of green innovation knowledge sharing costs
To explore the impact of green innovation knowledge sharing costs on the knowledge sharing strategies of state-owned and non-state-owned shareholders, the evolutionary game process is analyzed by increasing the value of [image: image], as shown in Figure 8. As the collaborative return coefficient [image: image] gradually increases from 0.3 to 0.7, [image: image] gradually increases from 0.2 to 0.6, the proportion of state-owned shareholders choosing knowledge sharing gradually increases from 0.2 to 1, and finally stabilizes at 1, while the proportion of non-state-owned shareholders choosing knowledge sharing gradually increases from 0.9 to 1, and finally stabilizes at 1; As the coefficient of synergy benefits increases, the step size for both parties to reach a stable state of cooperation gradually increases from 5 to 10. This indicates that the increasing cost of knowledge direction will gradually weaken the knowledge exchange between state-owned and non-state-owned shareholders, hindering the situation of collaborative innovation.
[image: Figure 8]FIGURE 8 | Impact of knowledge sharing costs on evolutionary strategies.
4.3 The impact of green innovation knowledge stock
Figure 9 analyzes the impact of the stock level of green innovation knowledge on the sharing behavior of green innovation knowledge among enterprises. When the knowledge stock is small, the equilibrium point gradually converges to [image: image] over time, and the possibility of enterprises choosing to share knowledge during the mixed transformation process gradually increases. As the knowledge stock continues to increase, the value of saddle point [image: image] gradually decreases, leading to faster convergence of the stable equilibrium point to [image: image]. The probability of enterprises choosing knowledge sharing behavior gradually increases, and the knowledge stock is positively correlated with knowledge sharing behavior.
[image: Figure 9]FIGURE 9 | Impact of knowledge stock level on evolutionary strategies.
4.4 The impact of incentive levels for green innovation knowledge sharing
Figure 10 analyzes the impact of green innovation knowledge sharing incentive levels on knowledge sharing behavior among enterprises. When the incentive level is low, the equilibrium point gradually converges to [image: image] over time, and the possibility of enterprises choosing to share knowledge during the mixed ownership reform process gradually increases. As the incentive level continues to increase, the value of saddle point [image: image] gradually decreases, leading to faster convergence of the stable equilibrium point to [image: image]. The probability of enterprises choosing knowledge sharing behavior gradually increases. Therefore, the higher the level of motivation for knowledge sharing behavior, the more willing the enterprise is to engage in knowledge sharing.
[image: Figure 10]FIGURE 10 | Impact of knowledge sharing incentive level on evolutionary strategies.
4.5 The impact of knowledge hiding punishment level
Figure 11 analyzes the impact of knowledge hiding punishment level on knowledge sharing behavior among enterprises. When the punishment level is low, the equilibrium point gradually converges to [image: image] over time, and the possibility of enterprises choosing to share knowledge during the mixed ownership reform process gradually increases. As the level of punishment continues to increase, the value of saddle point [image: image] gradually decreases, leading to faster convergence of the stable equilibrium point to [image: image], and an increasing probability of enterprises choosing knowledge sharing behavior. This indicates that in the actual cooperation process, as the punishment for knowledge hiding behavior continues to increase, enterprises are more willing to share knowledge to avoid excessive punishment to avoid losses.
[image: Figure 11]FIGURE 11 | Impact of knowledge hiding penalty level on evolutionary strategies.
Through the above five types of numerical simulation analysis, this article compares the impact of different influencing factors on green innovation knowledge sharing between state-owned and non-state-owned shareholders in the process of innovation cooperation. The results show that four factors, including synergy coefficient, knowledge stock level, knowledge sharing incentive level, and knowledge hiding punishment level, can significantly promote knowledge sharing between state-owned and non-state-owned shareholders, with the larger the value, The higher the probability of choosing knowledge sharing behavior between enterprises, the shorter the time to reach equilibrium steady-state. On the contrary, the increase in knowledge sharing cost hinders the knowledge sharing between the two.
5 ANALYSIS ON THE PATH OF GREEN INNOVATION KNOWLEDGE SHARING
The above evolutionary modeling results show that whether a mixed-reform enterprise decides to share green innovation knowledge depends on the difference between knowledge sharing cost and benefit, that is, if its knowledge sharing benefit is greater than the knowledge sharing cost. At the same time, the numerical simulation analysis results also show that improving the collaborative income coefficient, knowledge stock level, knowledge sharing incentive level, and reducing the cost of knowledge sharing are conducive to green innovation knowledge sharing in mixed-reform enterprises. However, the previous research did not explain how the expected benefits, sharing costs, knowledge stock, as well as the combination of government incentive and punishment mechanisms, affect the green innovation knowledge sharing between state-owned and non-state-owned shareholders of energy enterprises under mixed ownership reform, that is, what are the paths that drive knowledge sharing between state-owned and non-state-owned shareholders in the context of mixed ownership reform under multiple concurrent conditions.
5.1 Research methods
From the perspective of configuration, this paper analyzes the multiple mechanisms and paths that affect the decision-making of green innovation knowledge sharing of mixed ownership shareholders and uses fuzzy set qualitative comparative analysis to carry out empirical test. Compared with the qualitative comparative analysis of clear sets and the qualitative comparative analysis of multi-value sets, the qualitative comparative analysis of fuzzy sets can better deal with the sample data that cannot be clearly divided according to the standard of “whether belongs to” sets and can also better deal with the problem of partial membership of sample data. So, the fsQCA method is adopted in this paper. At the same time, as far as the research requirements of this paper are concerned, the path research of knowledge sharing decision-making belongs to one effect and multiple causes, and there are multiple concurrent conditional combination variables. fsQCA method can be used to identify the action mechanism of conditional variables internally, reveal the specific ways in which different conditional variables affect the occurrence of outcome variables in the form of combination, and realize the popularization degree of empirical test outwardly. Improve the practical relevance of the theory.
5.1.1 Variable selection
According to the above mechanism analysis and the synthesis of previous research results, this study takes the five variables of expected income, sharing cost, knowledge stock, incentive mechanism and punishment mechanism as the antecedent conditions, and the knowledge sharing as the result variable to carry out a combination analysis.
5.1.2 Result variables
Green innovation knowledge sharing (share). The result variable of this study is whether the enterprise has adopted green innovation knowledge sharing. Therefore, this study investigates whether the mixed-reform enterprise and the shareholder-controlled enterprise have applied for green invention patent cooperation. If the two enterprises have applied for patent jointly, the value of knowledge sharing is 1, and the value of the other value is 0.
5.1.3 Antecedent variables
Expected returns (return). For green innovation knowledge sharing, knowledge sharing parties can form a public technical knowledge pool through knowledge sharing and a platform and network advantage formed by communication and interaction to further carry out secondary innovation. In this case, the expected benefit of green innovation knowledge sharing is that enterprises will increase their own green innovation knowledge output. Therefore, this study uses the number of green patents of enterprises to measure the expected benefits of knowledge sharing.
Share the cost (cost). The dissemination and sharing of knowledge require both the sharer and the receiver to have certain knowledge cognition. Too large knowledge cognition gap will lead to an increase in the cost of green innovation knowledge sharing, and then affect the transfer and output of knowledge. Therefore, in this study, the technology distance between enterprises is used as the proxy variable to measure the sharing cost, and the technology distance is used as the logarithm of the total factor productivity ratio of Frontier enterprises and other enterprises in the previous period of the industry in reference to Research (Bas and Causa, 2013).
Stock of knowledge (shock). The knowledge base of an enterprise will affect the possibility of knowledge sharing. The greater the knowledge stock, the greater the innovation resources, and the easier it is to find suitable cooperative innovation points and green innovation knowledge sharing perspectives. Therefore, this paper uses the number of R&D personnel as a variable to measure the knowledge stock of enterprises.
Incentive mechanism (sti). According to the Research (Lo, 2018), it includes the government’s introduction of a series of tax incentives, subsidies and other policies, and crawler the relevant data of the province where the enterprise is located.
The punishment mechanism (pin). Research (Xu et al., 2016) found that violations disclosed by environmental protection departments have significant punishment effect. This paper conducted crawler screening of ecological violations in the provinces where relevant enterprises are located.
5.1.4 Data sources
This study initially selected energy enterprises that were included in the “Double Hundred Enterprises List” in the reform of state-owned shareholders as research samples, while excluding subsidiaries and controlling shareholder companies that were included in the list and enterprises with severe data deficiencies. Finally, 26 state-owned shareholders participating in the mixed reform in 2021 were selected as the samples for this study. The data used in this article are all from CSMAR Database.
5.2 Result analysis base on fsQCA
5.2.1 Variable calibration
The fsQCA method needs to calibrate the measured variables and convert the absolute number of the result variables and result variables into the fuzzy set membership degree of the corresponding conditions and results. The commonly used calibration methods include direct assignment, direct calibration, and indirect calibration. With reference to the study of Research (Ma and Hou, 2019), the direct calibration method is adopted in this paper to convert the data into membership scores of fuzzy sets, and the full membership points, crossing points and incomplete membership points are 95%, 50% and 5% quantiles of each conditional variable, respectively. Considering the outcome variable of this study, green innovation knowledge sharing is a binary construct that does not require additional calibration. Calibrate using the Calibrate feature in fsQCA3.0 software. The calibration table of specific variables is shown in Table 9.
TABLE 9 | Calibration table of each variable.
[image: Table 9]5.2.2 Univariate necessary condition analysis
Before conducting configuration analysis, it is first necessary to check whether a particular antecedent condition can be used as one of several paths to compose the result. Therefore, in this part, from the two aspects of consistency and coverage, whether a single condition, that is, increase in expected income, increase in knowledge stock, increase in sharing cost, increase in incentive mechanism, increase in punishment mechanism, and result variable knowledge score constitute sufficient or necessary conditions, the results are shown in Table 10.
TABLE 10 | Univariate necessity analysis results table.
[image: Table 10]From the data in Table 10, it is necessary to analyze a single variable when the result of knowledge sharing exists. The results show that the consistency indicators of the five single conditions are all lower than the critical value (0.9) that constitute the necessary conditions. Moreover, the consistency indicators of each single variable and the coverage indicators of each variable indicate that they have a certain degree of explanation for the generation of results, but they cannot clearly and effectively explain the occurrence conditions when knowledge sharing is taken. This result shows the complexity of green innovation knowledge sharing decision, all factors must be simultaneously linked to make shareholders choose green innovation knowledge sharing. Similarly, the necessity analysis of a single variable when the result of not adopting knowledge sharing exists still finds that the consistency indicators of the five single conditions are all lower than the critical value (0.9) that constitutes the necessary condition, which cannot constitute the necessary condition for not adopting knowledge sharing of green innovation. Through the analysis of consistency and coverage, it is found that whether to adopt green innovation knowledge sharing is determined by many factors, not by a single factor. Therefore, it is necessary to analyze the concurrent linkage effect of comprehensive multi-complex conditions.
5.2.3 Condition combination analysis
Through univariate necessity analysis, it is determined that no single antecedent condition can explain the outcome variable of green innovation knowledge sharing alone, but a combination of multiple conditional variables is needed to obtain several conditional configurations (multi-factor combination). Therefore, this study further carried out conditional combination analysis on 5 conditional variables to obtain different conditional configurations. This process is generally completed through three steps: constructing truth table, perfecting truth table, and analyzing true index. Among them, case frequency, original consistency score and PRI consistency score are the keys to construct a perfect truth table. Considering the small sample size, the case frequency is set to 1, referring to research (Schneide and Wagemann, 2012), the original consistency threshold and PRI critical value are both set to 0.75. Table 11 is a table of configuration analysis results of detailed green innovation knowledge sharing, where consistency indicates the lowest actual number in the configuration greater than the set consistency threshold; original coverage rate indicates the degree to which the configuration explains green innovation knowledge sharing; unique coverage rate indicates the degree to which the configuration uniquely explains the result; and overall coverage rate indicates the degree to which the overall configuration explains green innovation knowledge sharing. The global consistency indicates the degree of subset relation.
TABLE 11 | Configuration analysis of green innovation knowledge sharing.
[image: Table 11]As can be seen from Table 11, three conditional configurations leading to green innovation knowledge sharing are obtained in this study, which are government-led, government-enterprise co-driven, and enterprise-led respectively. It is not difficult to find that the effective conditional configuration obtained in this study can explain 40.722% of green innovation knowledge sharing cases, and the overall coverage rate is 0.857, indicating that 85.731% of all cases meeting the three conditional configurations show green innovation knowledge sharing.
Green innovation knowledge sharing under the government’s leadership. The conditional configuration shows that high expected benefit, non-high sharing cost, high incentive mechanism and high punishment mechanism can lead to green innovation knowledge sharing. Under this path, knowledge sharing of green innovation is mainly subject to strong and effective incentives and penalties from the government. At the same time, under such strong incentives and penalties, enterprises feel that the expected benefits of knowledge sharing of green innovation are extremely high, and only the polar sharing cost can lead to the successful sharing of green innovation knowledge. A typical case is Zhongyuan Environmental Protection Co., LTD. (hereinafter referred to as Zhongyuan Environmental Protection). According to the original data, Zhongyuan Environmental Protection has been committed to the innovation of green technology for a long time. At the same time, Henan Province, where the company is located, has issued a lot of low-carbon and emission reduction policies to promote green innovation of enterprises from two aspects of incentive and punishment. From 2018 to 2021, Zhongyuan Environmental Protection has applied for cooperative patents with shareholder companies. This paper is consistent with the typical characteristics of green innovation knowledge sharing under the leadership of the government.
Knowledge sharing for green innovation driven by government and enterprises. The conditional configuration shows that the four auxiliary conditions of expected benefit, knowledge stock, incentive mechanism and punishment mechanism exist at the same time, which can lead to green innovation knowledge sharing. Under this path, green innovation knowledge sharing is mainly driven by the government and enterprises. Although there is no strong incentive policy or punishment policy to force enterprises to share green innovation knowledge, only if enterprises themselves are willing to share knowledge and their knowledge stock is adequate can green innovation knowledge sharing be successful. A typical case is Hainan Natural Rubber Industry Group Co., LTD. (hereinafter referred to as Hainan Rubber). According to the original data, although Hainan Province, where Hainan Rubber is located, has not promulgated many low-carbon and emission-reduction policies, the expected benefits of Hainan Rubber’s own knowledge base and green innovation knowledge sharing are reasonable, meeting the needs of high-quality development of the rubber industry in the new era. This paper conforms to the typical characteristics of green innovation knowledge sharing driven by the government and enterprises.
Green innovation knowledge sharing under enterprise-led mode. The conditional configuration shows that high expected income, high knowledge stock, high sharing cost, and the absence of government incentive mechanism and punishment incentive can lead to green innovation knowledge sharing. Under this path, knowledge sharing of green innovation mainly involves enterprises matching and searching innovation resources based on their own knowledge stock. In the case of high expected benefits from knowledge sharing, it can still lead to successful sharing of green innovation knowledge despite the premise of high-risk cost. A typical case is NAURA Technology Group Co., LTD. (hereinafter referred to as NAURA). According to the original data, NAURA, as an advanced enterprise of high-end IC process equipment in China, has a strong R & D and design capability, which is matched by its own high knowledge stock. In this case, the expected benefits of successful knowledge sharing between the two parties are huge, despite the uncertainties such as high sharing cost and high risk. However, driven by the dominant factors of the enterprise’s own factors, it can also lead to the successful sharing of green innovation knowledge.
Drawing on the idea of Research (White et al., 2021) to improve the PRI consistency for robustness test, this paper further refers to research (Lewellyn and Muller-Kahle, 2022) to adjust the PRI consistency to 0.76, and then conduct robustness test. The results are shown in Table 9. Comparing the data in Table 12 and Table 9, it is not difficult to find that the robustness test results of this paper only change the cost from the core missing condition to the edge missing condition in the government-led path configuration, and the other configuration types do not change, and the consistency and coverage are only slightly changed, so the results of this study are relatively robust.
TABLE 12 | Robustness test for raising the PRI consistency threshold.
[image: Table 12]6 RESEARCH CONCLUSION AND COUNTERMEASURES
Based on the research on the strategy of green innovation knowledge sharing between state-owned shareholders and non-state-owned shareholders under the background of mixed ownership reform, this paper draws the following conclusions: 1) In the process of determining knowledge sharing, the choice of knowledge sharing or knowledge hiding under the influence of factors such as expected benefit, cost and reward of knowledge sharing depends on whether the benefit brought by knowledge sharing is greater than the cost generated by both parties. When the benefit is greater than the cost paid, the result of the game may be stable in that both parties adopt the strategy of knowledge sharing. On the contrary, when the benefit is less than the cost, enterprises tend to adopt a conservative attitude and choose the strategy of knowledge hiding. 2) Under the background of mixed ownership reform, the coefficient of collaborative benefit, the level of knowledge stock, the level of incentive for knowledge sharing and the level of punishment for knowledge hiding significantly affect the strategy choice of enterprises in knowledge sharing, improve the coefficient of collaborative benefit, the level of knowledge stock, the level of incentive for knowledge sharing and the level of punishment for knowledge hiding, and reduce the cost of knowledge sharing at the same time. It can promote state-owned shareholders and non-state-owned shareholders to choose knowledge sharing strategies and promote knowledge sharing and exchange. 3) The five conditions of knowledge sharing, such as expected benefit, sharing cost, knowledge stock, incentive level and punishment level, cannot constitute sufficient or necessary conditions for green innovation knowledge sharing alone. Only the combination of multiple conditions into three paths, including government-led, government-enterprise co-driven and enterprise-led, can green innovation knowledge sharing be realized. Among them, improving expected income, strengthening government incentive and government punishment mechanism as the core existing conditions, and sharing cost as the core missing conditions constitute the government-led green innovation knowledge sharing path. The knowledge sharing path of green innovation driven by government and enterprises is composed of expected income, knowledge stock, government incentives and punishment incentives. With expected income, knowledge stock and sharing cost as the core existing conditions, and government incentive and punishment mechanism as the auxiliary missing conditions, the green innovation knowledge sharing path under the leadership of enterprises is formed.
Based on this, this paper puts forward the following countermeasures and suggestions on strengthening knowledge sharing between state-owned shareholders and non-state-owned shareholders:
First, improve the stock of enterprise knowledge and consolidate the fundamentals of knowledge sharing. In the process of mixed reform, both state-owned enterprises and non-state-owned enterprises should continuously improve their knowledge stock by imitating and learning, improving the flow of human capital, and paying attention to their own innovation and research and development. Knowledge stock determines the possibility of knowledge sharing and cooperation among enterprises to a great extent.
The second is to establish incentive and punishment mechanisms to consolidate and promote green innovation knowledge sharing at a larger level among enterprises. Whether enterprises choose knowledge sharing or not often depends on the difference between expected benefits and costs. Therefore, a sound incentive and promotion mechanism should be established to promote enterprises to share green innovation knowledge by increasing their own sharing rewards and taking appropriate subsidies for green innovation knowledge with large benefits but high sharing costs. We should continuously raise the level of punishment and supervision, severely investigate, and punish behaviors that hinder knowledge sharing, realize efficient sharing and spillover of knowledge among enterprise entities, create a good environment for fair competition and free cooperation, avoid free riding and opportunism in the process of green innovation knowledge sharing, and provide a good institutional environment as far as possible.
The third is to rationally choose knowledge sharing paths according to different subject types to promote the successful sharing of green innovation knowledge. For enterprises with weak demand for knowledge sharing, the government should promulgate more severe punishment mechanism and improve incentive mechanism after comprehensive consideration. For the enterprises with their own knowledge sharing needs, the government can adopt more attractive incentive mechanisms and lenient punishment incentives. At the same time, for the enterprises with strong knowledge sharing needs, the government should not intervene in this aspect.
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