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Abstract

:

The deep integration of digital technologies has given rise to the development of new industries and models in various sectors, as well as new opportunities and challenges. Whether digital transformation can drive collaborative green innovation in the supply chain has also become an important topic of great interest, which has not yet been resolved. In this paper, we study the impact of digital enablement on collaborative green innovation in supply chain enterprises in order to assist in reasonable strategic decision making. An evolutionary game model is constructed for both upstream and downstream supply chain companies under digital enablement, following which the model is solved and systematically simulated. Our main findings are as follows: The influencing factors of collaborative green innovation in the supply chain can be divided into driving factors, blocking factors, and regulating factors. After digital enablement, the effect of the drivers of collaborative green innovation is more obvious, the side-effects of the deterrents are weakened, and the threshold of the positive effect of the moderators is expanded. Overall, digital enablement helps to promote collaborative green innovation in the supply chain, and companies should apply digital technology to enable collaborative green innovation.
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1. Introduction


Since the Industrial Revolution, the mode of production that aims to maximize economic benefits has led to serious ecological and environmental issues, threatening the sustainable development of human society [1]. Promoting environmental protection and sustainable development has become a key focus for countries around the world, as well as an important factor affecting the development of companies in various sectors. Under the multiple pressures of government, society, and competitors, companies must shoulder the responsibility of protecting the environment while pursuing economic benefits [2]. Green innovation, also known as ecological innovation, aims to reduce environmental risks, emphasizing that companies must improve their awareness of environmental protection in the process of innovation and gradually realize the ecologicalization of production processes and products [3]. Due to its attributes of taking into account economic, social, and environmental effects, green innovation has become an important way for companies to effectively reduce environmental risks while achieving economic growth [4].



With the development of economic globalization, green innovation is difficult for a single company to achieve, requiring all companies in the supply chain to cooperate to improve the efficiency and share the risks of green innovation [5]. Fontoura et al. [6] have stated that supply chain collaboration contributes to green technology innovation and improves green innovation performance. Companies in the chain cooperate in the form of an alliance in order to complete a series of activities from design to production of new products, involving the integration of knowledge, technology, organization, and systems among companies, effectively optimizing resource allocation, reducing economic costs [7], giving full play to systematicness [8], achieving the overall effect that a single subject cannot achieve and, finally, promoting the efficient operation of the supply chain and the win–win of economic benefits [9]. The higher the degree of collaboration, the easier it is for companies to carry out green innovation [10]. Thus, promoting collaborative green innovation in the supply chain is an inevitable requirement and urgent task for sustainable economic and social development [11].



In order to maximize their own interests, the companies in the supply chain will constantly adjust their coordination strategies, such that there are evolving game behaviors in the coordination process. Collaborative green innovation in the supply chain often fails due to poor information communication between companies, the mismatch between the synchronous R&D capabilities of suppliers and the needs of manufacturers, the high cost of green collaborative innovation, and the lack of motivation of collaborative innovation, which seriously hinders the green innovation of companies [12].



In the digital age, promoting green technology innovation among the companies in a supply chain requires not only innovation in terms of the system and mechanism, but also the enablement of digital technology. Digitalization indicates that an organization, (or industry, country, and so on) adopts or uses digital technology to create new value, having a transformative impact on the organization [13]. Companies use digital technology to acquire corresponding skills and abilities [14], as well as higher autonomy, independence, and free development space [15], thus realizing the individual leap toward development [16].



Based on the theory of ecological modernization, digital enablement can combine digital technology with green innovation activities [17], effectively reducing the fuzziness of green innovation activities [18], improving company innovation efficiency [19], and reducing company energy consumption and R&D costs, consequently improving the technological innovation capability, core competitiveness, and sustainable green innovation of a company [20]. Digital enablement has changed the original production mode, organizational form, business model, and innovation theory [21], endowing companies with higher productivity and more intellectual capital, improving the ability of companies to use data for innovation, and expanding the connotation of product and service innovation [22]. Digitalization can break the limitations of time and space, enhance connectivity among innovation participants, promote information exchange and integration between companies [23], improve communication and information exchange efficiency [24], effectively expand the scope of communication, and help to promote cooperation among different members [25]. By greatly improving resource allocation efficiency, it can reduce the cost of collaborative innovation and improve company connectivity, intelligence, and analysis capacity [26].



Digitalization can be seen as conducive to overcoming multiple obstacles, such as poor information communication between companies in the supply chain and the mismatch between the input of the production factor and the terminal demand, while effectively empowering green innovation [27]. For example, as a partner to many car companies, the power battery supplier CATL makes full use of digital technology to enable collaborative green innovation in the supply chain. Using digital technology, CATL connects upstream and downstream data in the supply chain, effectively solving information communication and resource allocation problems to achieve integration of R&D and manufacturing, the manufacturing supply chain, and manufacturing services, resulting in good results such as a 50% reduction in development cycles, a 21% reduction in operating costs, a 75% reduction in product defect rates, a 24% increase in overall resource utilization, and a 56% increase in production efficiency [28]. Therefore, it is of great practical significance to deeply study the collaborative green innovation of supply chain enterprises against the background of digital enablement.



In terms of theoretical research, the existing literature has mainly focused on green supply chain management [29], the impact of subsidies and policies on green innovation in supply chain [30], supply chain green innovation performance [31], customer’s influence on green innovation in the supply chain [32], supply chain resilience and safety [33], supply chain green innovation partner selection, and so on [34]. Although some scholars have conducted detailed analyses on the factors that influence collaborative green innovation in the supply chain [35], few studies have thoroughly discussed the mechanism and effect of digitalization on collaborative green innovation in the supply chain. Feng et al. [36] have stated that, in the era of Industry 4.0, supply chain companies should integrate digital technology into supply chain green innovation management activities. Zhang et al. [37] have stated that the ability of supply chain enterprises to quickly organize and cope with changes (i.e., their agility) has a significant positive impact on green product and process innovation and is conducive to promoting the company’s green innovation performance. Digitization is an important means for improving the agility of the supply chain [38]. Therefore, digital technology can improve the green innovation performance of and promote green innovation in the supply chain [39].



With the increasingly urgent need for companies in the supply chain to carry out green innovation collaboratively and the increase in digital enablement, the practice of green collaborative innovation in the supply chain urgently requires relevant theoretical guidance. However, the existing literature has not yet answered how companies in the supply chain can achieve green innovation through cooperation in the context of digital enablement. Considering the previous studies, this paper integrates the mechanism of digital enablement with collaborative green innovation in the supply chain, and deeply analyzes its influence and mechanism on collaborative green innovation in the supply chain using game theory, which improves upon and supplements relevant theories.



In this paper, an evolutionary game model of collaborative green innovation in the supply chain is proposed, which includes downstream manufacturers and upstream suppliers. First, we discuss the influence of digital enablement on the strategies of companies in the supply chain regarding collaborative green innovation. After that, by comparing and analyzing the effects of other factors influencing collaborative green innovation with and without digital enablement, we further analyze how digitalization can empower the companies in the supply chain according to these factors, thus affecting collaborative green innovation. The main findings of this study are as follows:




	(1)

	
Digitalization promotes collaborative green innovation by reducing the cost of collaborative innovation and improving the income from collaborative innovation. With the increasing intensity of digital enablement, the willingness of companies in the supply chain to participate in collaborative green innovation is continuously strengthened.




	(2)

	
The factors affecting collaborative green innovation in the supply chain can be summarized as driving factors, blocking factors, and regulating factors. After digital enablement, the effect of driving factors becomes more obvious, the negative effect of blocking factors is weakened, and the regulating factors play a role in a larger threshold range.









In summary, this study considers the problem of collaborative green innovation in the supply chain under the background of digital enablement, which can help companies in the supply chain to better realize collaborative operations through the help of digital technology—a concept in line with sustainable development. Based on previous studies, we use evolutionary game theory to build an evolutionary game model of collaborative supply chain innovation, discuss the choice of collaborative innovation strategies by companies under different circumstances, use the MATLAB R2020b software to simulate the model, and discuss the mechanism and function of digital enabling collaborative green innovation in the supply chain, as well as the driving factors, blocking factors, and regulating factors associated with collaborative supply chain green innovation. This study provides theoretical support for the collaborative green innovation decision making of companies, while also contributing to the sustainable development of the manufacturing industry.




2. Basic Hypothesis and Modeling


2.1. Problem Description and Basic Hypothesis


Evolutionary game theory is based on bounded rationality, in which individuals with limited information constantly adjust their strategies at the margin, according to their vested interests, to pursue improvement of their own interests [40]. With the development of evolutionary game theory, many scholars have used it to discuss collaborative innovation from the perspectives of the innovation ecosystem and the innovation alliance [41]. Some scholars have used evolutionary game theory to study collaborative innovation in the supply chain [42].



Green technology innovation requires cooperation among the companies in the supply chain, where the upstream and downstream companies are the main players of collaborative green innovation in the supply chain. For different interest motives, upstream and downstream companies in the supply chain present a game relationship in the collaborative green innovation process, with both having incomplete rational characteristics. Whether the two sides choose collaborative innovation is a process of multiple choices and adjustments, aiming at maximizing their own interests and constantly adjusting and improving strategies.



Therefore, we assumed that a supply chain with digital enablement is composed of upstream and downstream companies, and the decision-making choices of each company included “participation” and “non-participation”. An evolutionary game model between the downstream green innovation demander and the upstream green innovation collaborator of the supply chain collaboration was constructed to study the influence of the behavioral interaction between the two parties and the system stability under different circumstances, as well as to analyze the influence of digital enablement and other influencing factors on the evolutionary results of the system.



Based on the above conditions, we present the following hypotheses.



Hypothesis 1.

Downstream manufacturing company A is the demand side of collaborative green innovation in the supply chain. A can quickly and accurately obtain market information and personalized needs of users, put forward collaborative innovation needs, and choose collaborative innovation partners. Upstream supply company B is the collaborative green innovation partner of the supply chain, and B can obtain multiple collaborative innovations demand information, and make the best strategy choice according to the actual situation.





Hypothesis 2.

Companies A and B can choose two strategies. Their decision making is not disturbed by external factors. The probability that A chooses the cooperation strategy is x(0 ≤ x ≤ 1), and the probability that A chooses the non-cooperation strategy is 1 − x. The probability that B chooses the cooperation strategy is y (0 ≤ y ≤ 1), and the probability that B chooses the non-cooperation strategy is 1 − y.






2.2. Defining Relevant Variables


Digital technology can promote change in factors such as the efficiency of collaborative innovation in the supply chain, partner selection of the innovation subject, and cost of collaborative innovation. These factors ultimately affect the strategic choice of the collaborative innovation subject [25]. On one hand, digital enablement can improve the efficiency of collaborative innovation, reduce the cost of collaborative innovation, and thus promote both parties to choose collaborative strategies. On the other hand, due to digital enablement, game players can obtain more information and opportunities for partner selection, which has a negative impact on collaborative strategy selection. In this paper, the digital enablement coefficient ( α ) is used to reflect the degree of digital enablement: “  1 + α  ” reflects positive enablement, while “  1 − α  ” represents negative enablement.



In addition, collaborative green innovation in the supply chain is affected by many factors [43]. Among them, government subsidies [44], collaborative innovation benefits and costs [45], benefit distribution mechanisms [46], reward and punishment mechanisms [47], and policy support are considered the main factors affecting the game strategy of collaborative innovation in the supply chain [48]. Under the background of digital enablement, the influence of these factors on collaborative green innovation in the supply chain is worth further discussion. Therefore, we mainly selected these variables to build the model. They can be divided into two categories.



The first category mainly involves variables related to the benefits of collaborative green innovation. First, when players in games choose not to participate in synergy, the net benefits of independent innovation are    S 1    and    S 2   . Second, it is assumed that, when the companies choose to participate in collaborative innovation, there will be excess returns of collaborative innovation ( M ) which will not only be affected by the digital enablement coefficient ( α ), but also by the success probability of collaborative innovation ( p ) and the profit distribution ratio ( l  and   1 − l  ). When game players choose not to cooperate, they have the opportunity to cooperate with other players, which leads to opportunity income (   E A    and    E B   ). In addition, to support green innovation, the government will provide green innovation subsidies ( G ) to companies participating in collaboration; the proportion of subsidies is consistent with the profit distribution ratio.



The second category mainly involves variables related to the cost of collaborative green innovation. When choosing collaborative innovation, the players in the game must pay the cost of collaborative innovation ( C ), which should be shared by both parties, and the proportion of the cost is consistent with the distribution ratio of benefits. In order to realize digital innovation, both parties also need to pay the cost of digital transformation (   C 1 D    and    C 2 D   ). Furthermore, it is assumed that the game between the two parties is a strategic adjustment, made based on the fact that the party that agrees to cooperate has paid the cost of collaborative innovation. To limit the infringement of benefits caused by a breach of contract, when one party makes a choice of uncoordinated strategy, it will be regarded as a breach of contract and liquidated damages must be paid to the other party, which is indicated by the liquidated damages coefficient ( k ).



The relevant symbols and meanings of the variables used in the model are listed in the following Table 1.




2.3. Evolutionary Game Modeling


According to the above assumptions, both the demander, A, and the collaborator, B, in collaborative innovation can take two states: Participating in collaboration and not participating in collaboration. Therefore, there are four combinations of collaborative green innovation strategy in the supply chain: {x,y}, {x,1 − y}, {1 − x,y}, {1 − x,1 − y}. The corresponding payoff matrix for the game is shown in Table 2.





3. Analysis of Evolutionary Game Model


3.1. Revenue Function Construction


According to Table 2, when company A participates in or does not participate in collaborative green innovation, the expected benefits and average benefits are    A x   ,    A  1 − x    , and   A ¯  , respectively, as described by the following formulae:


   A x  = y    S 1  + M l p   1 + α   −   1 − α   l C −  C 1 D  + l G   +   1 − y      S 1  −   1 − α   l C −  C 1 D  + l G + k M    



(1)






   A  1 − x   = y    S 1  +   1 + α    E 1  −  C 1 D  − k M   +   1 − y      S 1  −  C 1 D       



(2)






   A ¯  = x    A x  +   1 − x    A  1 − x    



(3)







The expected returns and the average returns of the companies participating and not participating in collaborative green innovation are    B y   ,    B  1 − y   ,   and   B ¯  , respectively, as shown in the following equations:


   B y  = x    S 2  + M l p   1 + α     1 − l   −   1 − α     1 − l   C −  C 2 D  +   1 − l   G     +   1 − x      S 2  −   1 − α     1 − l   C −  C 2 D  +   1 − l   G + k M    



(4)






   B  1 − y   = x    S 2  +   1 + α    E 2  −  C 2 D  − k M   +   1 − x      S 2  −  C 2 D     



(5)






   B ¯  = y  B y  +   1 − y    B  1 − y    



(6)








3.2. Stable Solution of Replicator Dynamics Equation


According to the above revenue expectation function, the organizational dynamics equation for the evolutionary game of the collaborative green innovation demander A is shown in Equation (7), while the organizational dynamics equation for the evolutionary game of the collaborative green innovation collaborator B is shown in Equation (8). On this basis, according to the method proposed by Frideman, the Jacobian matrix can be constructed, as shown in Equation (9).


     F  x  =   d x   d t   = x (  A x    −    A ¯  ) = x   1 − x      A x  −  A  1 − x          = x   1 − x   { y    S 1  + M l p   1 + α   −   1 − α   l C −  C 1 D  + l G   +   1 − y      S 1  −   1 − α   l C −  C 1 D  + l G + k M        − y    S 1  +   1 + α    E 1  −  C 1 D  − k M   −   1 − y      S 1  −  C 1 D    }     



(7)






     F  y  =   d y   d t   = y (  B y    −    B ¯  ) = y   1 − y      B y  −  B  1 − y          = y   1 − y   { x    S 2  + M l p   1 + α     1 − l   −   1 − α     1 − l   C −  C 2 D  +   1 − l   G        +   1 − x      S 2  −   1 − α     1 − l   C −  C 2 D  +   1 − l   G + k M       − x    S 2  +   1 + α    E 2  −  C 2 D  − k M   −   1 − x      S 2  −  C 2 D    }     



(8)






  J =         2 x − 1       1 − α   C l − G l +   1 + α    E 1  y −   1 + α   M p l y − k M       x    E 1  − M p l     α + 1     x − 1         y    E 2    α + 1   + M p   1 + α     1 − l       y − 1         2 y − 1       1 − α     1 − l   C − G   1 − l   +   1 + α    E 2  x −   1 + α     1 − l   M p x − k M          



(9)







When   F  x  = F  y  = 0  , there are five special equilibrium points; namely, P1(1,1), P2(0,0), P3(0,1), P4(1,0), and P5(    G   1 − l   −   1 − α     1 − l   C + k M     1 + α    E 2  −   1 + α     1 + l   M p    ,    G l −   1 − α   l C + k M     1 + α    E 1  −   1 + α   l M p    ). Among these results, P5 is a saddle point which is in an unstable state and will not be discussed further in this paper.




3.3. Analysis of Strategic Stability


The equilibrium point at P1(1,1) indicates that both sides of the game choose to participate in collaborative innovation. To judge the stability of this point, it is brought into the Jacobian matrix of the system, and the matrix becomes:


  J =         1 − α   C l − G l +   1 + α    E 1  −   1 + α   M p l − k M ]    0     0      1 − α     1 − l   C − G   1 − l   +   1 + α    E 2  −   1 + α     1 − l   M p − k M        



(10)




with eigenvalues


   λ 1  =   1 − α   C l − G l +   1 + α    E 1  −   1 + α   M p l − k M  



(11)






   λ 2  =   1 − α     1 − l   C − G   1 − l   +   1 + α    E 2  −   1 + α     1 − l   M p − k M  



(12)







Similarly, by bringing the other three equilibrium points into the Jacobian matrix in Equation (9), the eigenvalues of each equilibrium point can be obtained, as shown in Table 3. According to the stability condition of the evolutionary game (detJ > 0 and trJ < 0), when all eigenvalues of the following equilibrium point are negative, the equilibrium point indicates an evolutionarily stable strategy (ESS).



Let    U  A 1   =   1 − α   C l  ,    U  A 2   =   1 + α   M p l  ,    U  A 3   =   1 + α    E 1   ,    U  A 4   = G l  ,    U  B 1   =   1 − α     1 − l   C  ,    U  B 2   =   1 + α     1 − l   M p  ,    U  B 3   =   1 + α    E 2   ,    U  B 4   = G   1 − l    ,    U 5  = k M  .    U  A 1     and    U  B 1     represent the innovation costs of company A and company B in the case of collaborative green innovation, respectively;    U  A 2     and    U  B 2     are the benefits after successful collaborative green innovation;    U  A 3     and    U  B 3     are the benefits from other opportunities obtained by not participating in collaborative green innovation;    U  A 4     and    U  B 4     represent the government subsidies obtained from participating in collaborative green innovation; and    U 5    represents the liquidated damages paid by both parties due to withdrawing from the collaboration. In the following Table 4, we discuss the stable strategies of the evolutionary game under different scenarios.



Situation 1: When    U  A 1   +  U  A 3   −  U  A 2   −  U  A 4   −  U 5  < 0  ,    U  B 1   +  U  B 3   −  U  B 2   −  U  B 4   −  U 5  < 0  , and    U 5  +  U  A 4   −  U  A 1   > 0   or    U 5  +  U  B 4   −  U  B 1   > 0  , the point P1 (1,1) is the only evolutionary stable equilibrium point, and both companies A and B choose to participate in collaborative green innovation.



This situation shows that, for both downstream company A and upstream company B, the collaborative green innovation income minus cost, plus the government green subsidy, is still greater than the sum of other opportunity income and possible liquidated damages, such that both parties are more inclined to choose to participate in the collaborative innovation strategy. It can be seen that, in practice, if we want to promote collaborative green innovation in the supply chain, we can improve collaborative innovation income and save innovation costs. Digital enablement plays an important role in this respect. Furthermore, from the government’s perspective, improving subsidies for collaborative green innovation companies also has important and notable effects.



Situation 2: When    U 5  +  U  A 4   −  U  A 1   < 0    ,   U 5  +  U  B 4   −  U  B 1   < 0  , and    U  A 1   +  U  A 3   −  U  A 2   −  U  A 4   −  U 5  > 0   or    U  B 1   +  U  B 3   −  U  B 2   −  U  B 4   −  U 5  > 0  , the point P2 (0,0) is the only evolutionary stable equilibrium point, and both companies A and B choose to stop collaborative green innovation.



This situation describes that collaborative green innovation is difficult to achieve because the cost of collaborative green innovation is too high, the default cost required to quit the collaboration is too low, or the government green subsidy is not high enough to compensate for the default cost. If we want to break this deadlock, on one hand, we should increase the number of liquidated damages. However, more importantly, we should effectively reduce the cost of collaborative innovation and improve profits after successful collaborative innovation in order to promote collaborative green innovation.



Situation 3: When    U  A 1   +  U  A 3   −  U  A 2   −  U  A 4   −  U 5  > 0 ,    U 5  +  U  B 4   −  U  B 1   > 0  , and    U  B 1   +  U  B 3   −  U  B 2   −  U  B 4   −  U 5  < 0   or    U 5  +  U  A 4   −  U  A 1   < 0  , the point P3 (0,1) is the only evolutionary stable equilibrium point. While company A leaves the collaboration, company B is willing to continue to participate in collaborative green innovation.



This situation shows that, even with government subsidies, the net income obtained by company A choosing collaborative green innovation is still less than the sum of its opportunity income and liquidated damages; that is, it will abandon the intra-chain collaborative innovation in the period of strong external opportunity income. However, due to the relatively few external opportunities of company B, it is more willing to choose to continue cooperation. At this time, if we want to effectively promote collaborative green innovation in the supply chain, we can refer to the methods applicable to condition 1 and use digital and other technical means to further improve the benefits of collaborative innovation, save innovation costs, or increase government subsidies and other measures to promote collaborative innovation.



Situation 4: When    U 5  +  U  A 4   −  U  A 1   > 0  ,    U  B 1   +  U  B 3   −  U  B 2   −  U  B 4   −  U 5  > 0  , and    U  A 1   +  U  A 3   −  U  A 2   −  U  A 4   −  U 5  < 0   or    U 5  +  U  B 4   −  U  B 1   < 0  , the point P4 (1,0) is the unique evolutionary stable equilibrium point. Here, company A is willing to continue to participate in collaborative green innovation, while company B tends to quit the collaboration.



This situation is symmetric with situation 3, and its internal reasons and treatment measures are similar; as such, they will not be repeated in this paper.



Analysis of the above four situations indicates that the profitability of companies in collaborative innovation is the fundamental factor affecting collaborative green innovation in the supply chain. The main influencing factors of    U  A 1    ,    U  A 2    ,    U  A 3    ,    U  A 4    ,    U  B 1    ,    U  B 2    ,    U  B 3    ,    U  B 4    , and    U 5    include the digital enablement coefficient ( α ), the excess returns of collaborative green innovation ( M ), government green innovation subsidy ( G ), cost of collaborative green innovation ( C ), liquidated damages coefficient ( k ), profit distribution ratio ( l ), and other factors. In the following, we analyze the impacts of changes in these parameters on the strategic evolution of both companies.





4. Numerical Simulation


Based on the construction of the evolutionary game model and stability analysis of the equilibrium points, numerical simulation analysis was carried out using MATLAB software. According to the existing literature, data on collaborative green innovation in the supply chain under digital enablement are scarce, and it is difficult to obtain statistical data. According to the basic paradigm of simulation parameter research in the relevant literature [49], we consulted experts on simulation in fields related to the supply chain and carried out simulation in combination with the actual research scope. In view of the impact of green technology innovation by automotive supply chain companies on environmental sustainability, we investigated and visited 12 automotive supply chain companies in China, including FAW Jiefang, Chery, Sailun, Double Star, and so on, in order to understand their evolutionary game behavior in the process of collaborative green innovation in the supply chain. Through analysis, it was found that the following initial values were consistent with the actual situation of companies, and the specific settings are given in Table 5.



First, the horizontal axis coordinate in the evolution result represents the time (t), while the vertical axis coordinate (P) is between 0 and 1, which represents the probability of selection by the game player. Second, in the initial state, the attitude of companies A and B toward cooperation should be neutral. Thus, the initial willingness to cooperate of both parties in the game was established as x = 0.5 and y = 0.5. Finally, in order to compare the influence of each parameter on the willingness to choose the collaborative green strategy before and after digital enablement, when simulating the situation without digital enablement, the values of relevant parameters (i.e.,  α ,    C 1 D   , and    C 2 D    were all set as 0.



4.1. The Total Impact of Digital Enablement


The digital enablement coefficient ( α ) is a parameter reflecting digital enablement intensity. Figure 1 reflects the evolutionary simulation results of the strategic game between collaborative innovation parties with  α  set as 0.1, 0.3, and 0.5. With the increase in  α , the effect of digital enablement appeared, and the rising rate of the probability curve accelerated. When  α  was 0.1, the probability curve representing the willingness of both parties to co-operate converged to 1 at a time of 1.5; meanwhile, when  α  was 0.3 or 0.5, the time for the probability curve to reach a value of P = 1 was shortened.



The simulation results show that  α  plays a positive role in promoting green innovation in supply collaboration. The greater the enablement strength, the greater the probability that both parties will choose to cooperate in collaborative green innovation, and the more stable the cooperative relationship.




4.2. Digital Enablement through Driving Factors


In Figure 2a, under digital enablement, with increased  M , both parties gradually have a strong willingness to cooperate and finally reach collaborative cooperation. The probability of strategy selection converges to 1, approaching the equilibrium point (1, 1). When  M  was 18, it took the shortest time for the intention to tend to 1.



In Figure 2b, when there was no digital enablement, with the increase in  M , although it still promoted collaborative innovation, the willingness of collaborative innovation obviously decreased, the rate of intention achievement was slowed down, and the time required for the convergence to 1 was delayed. Thus, it can be seen that, without digital enablement, the effect of  M  is weakened.



Government green collaborative innovation subsidies also have a positive impact on collaborative green innovation. As shown in Figure 3, with the increase in  G , the willingness of both parties to choose to participate in the collaboration gradually increased. Under digital enablement, the time required for strategy convergence to 1 was in the range of 1–1.5, while it was 1.5–2 without digital enablement. Therefore, digitization has a significant effect on promoting collaborative green innovation.



Similarly, we also simulated the impact of the liquidated damages coefficient ( k ) and the probability of success of collaborative innovation    p    with different values on the collaborative green innovation behavior of upstream and downstream companies with or without digital enablement. The simulation results indicated that these factors are also beneficial in promoting collaborative green innovation. Under digital enablement, the promotion effect of these factors on collaborative green innovation was obviously enhanced. In summary, the application of digital technology can act as a catalyst for driving factors, helping to promote collaborative green innovation in supply chains.




4.3. Digital Enablement through Blocking Factors


Figure 4a shows the evolutionary simulation results of strategy combination considering collaborative green innovation costs  C  of 6, 8, and 10 under the effect of digital enablement. The simulation curve converged to 1 in the time range of 1–1.5, approaching the strategic equilibrium point (1, 1). With an increase in the cost value, the speed of choosing the collaborative innovation strategy gradually slowed down and the willingness to cooperate decreased obviously.



As shown in Figure 4b, in the absence of digital enablement, the convergence time of both strategies to 1 was longer than that in the enablement state, and the convergence speed obviously slowed down. When  C  was 10, the convergence time to 1 was the longest, and both parties finally realized cooperation at a time in the range of 2–2.5.



The simulation results indicated that an increase in the collaborative innovation cost  C  is not conducive to driving the innovation subject to participate in collaborative innovation strategy and, thus, has a blocking effect on collaborative green innovation. The application of digital technology can save the cost of collaborative innovation and increase the excess return of collaborative innovation, to a certain extent, such that the ability of companies to cope with the increase in collaborative cost can be enhanced, which is beneficial for both parties, in terms of choosing collaborative innovation strategies.



In the same way, increases in the opportunity income of both parties (   E 1    and    E 2   ) and the digital costs (   C 1 D    and    C 2 D   ) also blocked the achievement of collaborative green innovation cooperation. With the help of digital technology, the opportunity benefits obtained by both parties without participating in collaborative innovation increased, to a certain extent. However, digitalization has obvious advantages in terms of saving costs and increasing benefits. After enablement, collaborative innovation subjects had a relatively strong willingness to participate in collaborative innovation, further proving that digital enablement plays a positive role in promoting collaborative green innovation in the supply chain as a whole.




4.4. Digital Enablement through Regulatory Factors


Figure 5 shows the simulation results when the benefit distribution ratio ( l ) of company A is 0.3, 0.5, or 0.7, with and without digital enablement. An increase in  l  indicates that the proportion of benefits obtained by company B decreases. Therefore, whether there is digital enablement or not, with the increase in  l , the willingness of company A to participate in collaborative innovation increases, while B’s willingness to participate in collaborative innovation gradually weakens.



When  l  was 0.3, the willingness of company B to participate in collaboration was obviously higher than that of company A. When the value was 0.5, the willingness of company B to participate in the collaboration was weakened, while company A was more willing to participate in the collaboration. When it was 0.7, the distribution gap of the benefit ratio was large, and the willingness of company A to participate in collaborative green innovation was the strongest, while the strategy curve of company B increased slowly.



As shown in Figure 5a, under digital enablement, both parties finally chose collaborative innovation in the time interval of 1–1.5. In Figure 5b, without digital enablement, both parties cooperated within the time interval of 1.5–2. Similar phenomena were also observed when  l  was 0.3 or 0.5. After digital enablement, the cost of collaborative green innovation was reduced, but the excess income had increased. Within the same threshold range, both parties could achieve collaborative green innovation in a shorter time, and the threshold range for both parties to choose the benefit distribution ratio of collaborative innovation was expanded.



The simulation results demonstrated that the proportion of benefit distribution has a moderating effect on collaborative innovation, and the appropriate proportion of benefit distribution helps to mobilize the enthusiasm of both sides to participate in collaborative innovation, thus promoting their cooperation. After digital enablement, the regulation of the benefit distribution ratio is enhanced, and collaborative green innovation of the supply chain can be realized within a larger threshold range. Therefore, digital enablement can promote collaborative green innovation by regulating factors.





5. Discussion


Collaborative green innovation in the supply chain provides an important measure to solve the problem of sustainable development, effectively promoting green innovation and alleviating various problems associated with the sustainable development of the economy, environment, and society. In order to achieve this goal, scholars have conducted extensive research.



The first kind of research focuses on the promotion mechanism of collaborative green innovation in supply chains. For example, Zhang et al. [50] constructed a game model of green behavior of supply chain enterprises and conducted simulations. As a result, they found that enterprise green investment income and costs, co-benefits, spillover benefits, greenness and output of raw materials or products, and fines can influence collaborative green innovation behavior.



The second type of research focuses on the role of the government in collaborative green innovation. Yu et al. [43] discussed the role of government policies in promoting collaborative green innovation in a regional supply chain by constructing a tripartite collaborative innovation evolutionary game between the government and upstream and downstream enterprises.



The third kind of research discusses collaborative green innovation in the supply chain from the perspective of collaborative partner selection. For instance, Li [49] has focused on the mechanism of forming and operating green innovation partnerships between manufacturers and suppliers, and held that the value/profit sharing ratio between the partners, knowledge compliance of the partners, and product type for the green innovation are key factors affecting the partnership.



However, most of the existing research has ignored the impact of digital technology on collaborative green innovation in the supply chain. In order to make up for this deficiency, in this paper, we constructed an evolutionary game model between demanders and partners of collaborative green innovation in the supply chain. By solving and simulating the model, we could discuss the role of digital enablement and analyze the factors affecting the participation of supply chain companies in collaborative green innovation against the background of digital enablement.



On the basis of previous studies, we further summarized the factors affecting collaborative green innovation into driving factors, blocking factors, and regulatory factors. First of all, benefits from green innovation, probability of success, government green subsidies, and penalties for breach of contract are the driving factors affecting collaborative green innovation in the supply chain. Digital enablement further expands the chances of efficiency and success for collaborative green innovation, increases the benefits of collaborative green innovation, strengthens the role of drivers and, therefore, enables collaborative green innovation to be driven.



Second, the cost of green innovation, return of opportunity, and digital cost are blocking factors associated to collaborative green innovation in the supply chain. Digital enablement requires companies to pay a certain amount of digital construction costs and may result in losses due to increased opportunities for partners to choose other companies to work with. However, overall, digital enablement contributes more to effectively reducing the cost of collaborative green innovation, thus weakening the negative interference of the return of opportunity and facilitating collaborative green innovation.



Third, the proportion of benefit distribution has a regulatory effect on collaborative green innovation. Digital enablement promotes the sensitivity of the regulation of benefit distribution ratios and expands the threshold range of the positive role of regulation factors, which is conducive to collaborative green innovation of the supply chain.



In conclusion, digital enablement facilitates and promotes collaborative green innovation in the supply chain. Figure 6 shows the basic logic of digital empowerment.




6. Conclusions


Collaborative green innovation in the supply chain has become an important means to facilitate the sustainable development of the manufacturing industry. Whether the development of digital technology can promote collaborative green innovation is a key issue for relevant companies. In this study, we analyzed the influence of digital enablement on collaborative green innovation in the supply chain by constructing an evolutionary game model of supply chain collaborative green innovation, followed by solving and simulating the model. The results of this research show that digital enablement can effectively promote the collaborative green innovation of companies in the supply chain.



The conclusion of this paper has certain theoretical significance. The existing literature has carried out a relatively comprehensive study on the collaborative green innovation of supply chains. However, few studies have paid attention to the impact of digitalization on collaborative green innovation in the supply chain, as well as the changes in organizational structure, innovation mode, and innovation efficiency of collaborative green innovation in the supply chain against the background of digitalization. To some extent, the study of this paper has enriched the theories related to collaborative green innovation in the supply chain and provided a reference for scholars to carry out research in this field.



The preceding research also has some practical implications and sheds light on collaborative green supply chain management. First, the research conclusion shows that digitization contributes to collaborative green innovation. Companies within the supply chain should actively improve their own technology, make full use of digital technology, deepen their knowledge and information sharing, and improve the efficiency and chances of success of collaborative green innovation. Second, high digital costs will have a negative impact on collaborative green innovation. Companies should pay attention to maintaining the stability of collaborative relationships and make full use of safeguards (e.g., liquidated damages) to combat opportunism and “free-riding” behavior, as well as implementing cost-sharing mechanisms for collaborative innovation. Third, in the process of digitalization, companies should pay attention to cost control in order to avoid compromising collaborative green innovation due to high construction costs. Finally, the study found the positive effect of government subsidies on collaborative green innovation. The government can promote collaborative green innovation through policy and financial support for companies in the supply chain.



The research in this paper had some shortcomings, as follows. In the context of digitalization, this article discussed the game relationship of collaborative green innovation between upstream and downstream companies in the supply chain, based on a point-to-point bilateral relationship. Under the digital background, the innovation organization structure is network-like, and the collaborative green innovation system should be a multi-agent collaborative network system, with higher complexity in the number and functioning of its subjects. Therefore, in our follow-up study, we intend to focus on the collaborative innovation of multiple subjects in the green innovation ecosystem under a digital background. Specific research will involve considering how the government, companies, and other innovation organizations cooperate in the green innovation ecosystem while relying on the digital platform, as well as the role of the government and the platform in promoting collaborative green innovation.







Author Contributions


Conceptualization, M.L. and H.D.; methodology, M.L.; software, H.Y.; validation, H.Z. and M.L.; formal analysis, X.S.; investigation, H.D.; resources, H.D.; data curation, M.L.; writing—original draft preparation, M.L. and H.Y.; writing—review and editing, H.Z. and M.L.; visualization, X.S.; supervision, H.D.; project administration, M.L.; funding acquisition, H.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Social Science Foundation of China (17BJY073); The Social Science Foundation of Shandong Province Project (19CDNJ04); Qingdao City Philosophy and Social Science Planning Project (QDSKL2201233).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Borsatto, J.M.L.S.; Amui, L.B.L. Green innovation: Unfolding the relation with environmental regulations and competitiveness. Resour. Conserv. Recycl. 2019, 149, 445–454. [Google Scholar] [CrossRef]

	



Wang, M.; Li, Y.; Li, M.; Shi, W.; Quan, S. Will carbon tax affect the strategy and performance of low-carbon technology sharing between enterprises? J. Clean. Prod. 2018, 210, 724–737. [Google Scholar] [CrossRef]

	



Chiou, T.-Y.; Chan, H.K.; Lettice, F.; Chung, S.H. The influence of greening the suppliers and green innovation on environmental performance and competitive advantage in Taiwan. Transp. Res. Part E Logist. Transp. Rev. 2011, 47, 822–836. [Google Scholar] [CrossRef]

	



Huang, X.-X.; Hu, Z.-P.; Liu, C.-S.; Yu, D.-J.; Yu, L.-F. The relationships between regulatory and customer pressure, green organizational responses, and green innovation performance. J. Clean. Prod. 2016, 112, 3423–3433. [Google Scholar] [CrossRef]

	



Yang, C.-S.; Lu, C.-S.; Haider, J.J.; Marlow, P.B. The effect of green supply chain management on green performance and firm competitiveness in the context of container shipping in Taiwan. Transp. Res. Part E Logist. Transp. Rev. 2013, 55, 55–73. [Google Scholar] [CrossRef]

	



Fontoura, P.; Coelho, A. How to boost green innovation and performance through collaboration in the supply chain: Insights into a more sustainable economy. J. Clean. Prod. 2022, 359, 132005. [Google Scholar] [CrossRef]

	



Bitzer, V.; Bijman, J. From innovation to co-innovation? An exploration of African agrifood chains. Br. Food J. 2015, 117, 2182–2199. [Google Scholar] [CrossRef]

	



Santoro, G.; Bresciani, S.; Papa, A. Collaborative modes with Cultural and Creative Industries and innovation performance: The moderating role of heterogeneous sources of knowledge and absorptive capacity. Technovation 2020, 92–93, 102040. [Google Scholar] [CrossRef]

	



Mukundan, R.; Thomas, S. Collaborative and open innovation: Supply chain planning as an effective source. Int. J. Indian Cult. Bus. Manag. 2016, 12, 128. [Google Scholar] [CrossRef]

	



Yang, Z.; Lin, Y. The effects of supply chain collaboration on green innovation performance:An interpretive structural modeling analysis. Sustain. Prod. Consum. 2020, 23, 1–10. [Google Scholar] [CrossRef]

	



Ramanathan, U.; Bentley, Y.; Pang, G. The role of collaboration in the UK green supply chains: An exploratory study of the perspectives of suppliers, logistics and retailers. J. Clean. Prod. 2014, 70, 231–241. [Google Scholar] [CrossRef]

	



Skippari, M.; Laukkanen, M.; Salo, J. Cognitive barriers to collaborative innovation generation in supply chain relationships. Ind. Mark. Manag. 2017, 62, 108–117. [Google Scholar] [CrossRef]

	



Autio, E.; Nambisan, S.; Thomas, L.D.W.; Wright, M. Digital affordances, spatial affordances, and the genesis of entrepreneurial ecosystems. Strat. Entrep. J. 2018, 12, 72–95. [Google Scholar] [CrossRef]

	



Li, Z.; Li, H.; Wang, S. How Multidimensional Digital Empowerment Affects Technology Innovation Performance: The Moderating Effect of Adaptability to Technology Embedding. Sustainability 2022, 14, 15916. [Google Scholar] [CrossRef]

	



Leong, C.; Pan, S.; Newell, S.; Cui, L. The Emergence of Self-Organizing E-Commerce Ecosystems in Remote Villages of China: A Tale of Digital Empowerment for Rural Development. MIS Q. 2016, 40, 475–484. [Google Scholar] [CrossRef]

	



Guo, Y.; Zhu, Y.; Chen, J. Business Model Innovation of IT-Enabled Customer Participating in Value Co-Creation Based on the Affordance Theory: A Case Study. Sustainability 2021, 13, 5753. [Google Scholar] [CrossRef]

	



Kohli, R.; Melville, N.P. Digital innovation: Areview and synthesis. Inf. Syst. J. 2018, 29, 200–223. [Google Scholar] [CrossRef]

	



Liakhovych, G.; Kupchak, V.; Borysiak, O.; Huhul, O.; Halysh, N.; Brych, V.; Sokol, M. Innovative human capital management of energy enterprises and the role of shaping the environmental behavior of consumers of green energy based on the work of smart grids. Propós. Represent. 2021, 9, 1293. [Google Scholar] [CrossRef]

	



Smith, C.; Smith, J.B.; Shaw, E. Embracing digital networks: Entrepreneurs’ social capital online. J. Bus. Ventur. 2017, 32, 18–34. [Google Scholar] [CrossRef]

	



El-Kassar, A.N.; Singh, S.K. Green innovation and organizational performance: The influence of big data and the moderating role of management commitment and HR practices. Technol. Forecast. Soc. Chang. 2019, 144, 483–498. [Google Scholar] [CrossRef]

	



Nambisan, S.; Lyytinen, K.; Majchrzak, A.; Song, M. Digital Innovation Management: Reinventing Innovation Management Research in a Digital World. MIS Q. 2017, 41, 223–238. [Google Scholar] [CrossRef]

	



Kallinikos, J.; Aaltonen, A.; Marton, A. The Ambivalent Ontology of Digital Artifacts. MIS Q. 2013, 37, 357–370. [Google Scholar] [CrossRef]

	



Goldfarb, A.; Tucker, C. Digital Economics. J. Econ. Lit. 2019, 57, 3–43. [Google Scholar] [CrossRef]

	



Subramaniam, M.; Youndt, M.A. The Influence of Intellectual Capital on the Types of Innovative Capabilities. Acad. Manag. J. 2005, 48, 450–463. [Google Scholar] [CrossRef]

	



Lyytinen, K.; Yoo, Y.; Boland, R.J., Jr. Digital product innovation within four classes of innovation networks. Inform. Syst. J. 2016, 26, 47–75. [Google Scholar] [CrossRef]

	



Lenka, S.; Parida, V.; Wincent, J. Digitalization Capabilities as Enablers of Value Co-Creation in Servitizing Firms. Psychol. Mark. 2016, 34, 92–100. [Google Scholar] [CrossRef]

	



Mubarak, M.F.; Tiwari, S.; Petraite, M.; Mubarik, M.; Rasi, R.Z.R.M. How Industry 4.0 technologies and open innovation can improve green innovation performance? Manag. Environ. Qual. Int. J. 2021, 32, 1007–1022. [Google Scholar] [CrossRef]

	



Modern Manufacturing. Practice and Innovation of Intelligent Factory in CATL Times. Available online: https://mma.vogel.com.cn/c/2021-05-07/1107628.shtml (accessed on 15 January 2023).

	



Assumpção, J.J.; Campos, L.M.; Plaza-Úbeda, J.A.; Sehnem, S.; Vazquez-Brust, D.A. Green Supply Chain Management and business innovation. J. Clean. Prod. 2022, 367, 132877. [Google Scholar] [CrossRef]

	



Garai, A.; Chowdhury, S.; Sarkar, B.; Roy, T.K. Cost-effective subsidy policy for growers and biofuels-plants in closed-loop supply chain of herbs and herbal medicines: An interactive bi-objective optimization in T-environment. Appl. Soft Comput. 2020, 100, 106949. [Google Scholar] [CrossRef]

	



Junaid, M.; Zhang, Q.; Syed, M.W. Effects of sustainable supply chain integration on green innovation and firm performance. Sustain. Prod. Consum. 2021, 30, 145–157. [Google Scholar] [CrossRef]

	



Garai, A.; Sarkar, B. Economically independent reverse logistics of customer-centric closed-loop supply chain for herbal medicines and biofuel. J. Clean. Prod. 2022, 334, 129977. [Google Scholar] [CrossRef]

	



Peron, M.; Sgarbossa, F.; Ivanov, D.; Dolgui, A. Impact of Additive Manufacturing on Supply Chain Resilience During COVID-19 Pandemic. In Supply Network Dynamics and Control; Dolgui, A., Ivanov, D., Sokolov, B., Eds.; Springer International Publishing: Cham, Switzerland, 2022; pp. 121–146. [Google Scholar] [CrossRef]

	



Wu, C.; Barnes, D. An integrated model for green partner selection and supply chain construction. J. Clean. Prod. 2016, 112, 2114–2132. [Google Scholar] [CrossRef]

	



Meng, Q.; Wang, Y.; Zhang, Z.; He, Y. Supply chain green innovation subsidy strategy considering consumer heterogeneity. J. Clean. Prod. 2020, 281, 125199. [Google Scholar] [CrossRef]

	



Feng, Y.; Lai, K.-H.; Zhu, Q. Green supply chain innovation: Emergence, adoption, and challenges. Int. J. Prod. Econ. 2022, 248, 108497. [Google Scholar] [CrossRef]

	



Zhang, B.; Zhao, S.; Fan, X.; Wang, S.; Shao, D. Green supply chain integration, supply chain agility and green innovation performance: Evidence from Chinese manufacturing enterprises. Front. Environ. Sci. 2022, 10, 5414. [Google Scholar] [CrossRef]

	



Joshi, S.; Sharma, M. Sustainable Performance through Digital Supply Chains in Industry 4.0 Era: Amidst the Pandemic Experience. Sustainability 2022, 14, 16726. [Google Scholar] [CrossRef]

	



Al-Khatib, A.W. The impact of big data analytics capabilities on green supply chain performance: Is green supply chain innovation the missing link? Bus. Process. Manag. J. 2022, 29, 22–42. [Google Scholar] [CrossRef]

	



Friedman, D. On economic applications of evolutionary game theory. J. Evol. Econ. 1998, 8, 15–43. [Google Scholar] [CrossRef]

	



Duan, X.; Sun, P.; Wang, X.; Zhan, B. Evolutionary Game Analysis of Industry-University-Research Cooperative Innovation in Digital Media Enterprise Cluster Based on GS Algorithm. Wirel. Commun. Mob. Comput. 2022, 2022, 1–10. [Google Scholar] [CrossRef]

	



Liu, X.; Fang, Z.; Zhang, N.; Liu, K.; Zhao, J. An evolutionary game model and its numerical simulation for collaborative innovation of multiple agents in carbon fiber industry in China. Sustain. Comput. Inform. Syst. 2019, 24, 100350. [Google Scholar] [CrossRef]

	



Yu, N.; Zhao, C. Chain Innovation Mechanism of the Manufacturing Industry in the Yangtze River Delta of China Based on Evolutionary Game. Sustainability 2021, 13, 9729. [Google Scholar] [CrossRef]

	



Roper, S.; Tapinos, E. Taking risks in the face of uncertainty: An exploratory analysis of green innovation. Technol. Forecast. Soc. Chang. 2016, 112, 357–363. [Google Scholar] [CrossRef]

	



Cantini, A.; Peron, M.; De Carlo, F.; Sgarbossa, F. A decision support system for configuring spare parts supply chains considering different manufacturing technologies. Int. J. Prod. Res. 2022, 1–21. [Google Scholar] [CrossRef]

	



Slikker, M.; Fransoo, J.; Wouters, M. Cooperation between multiple news-vendors with transshipments. Eur. J. Oper. Res. 2005, 167, 370–380. [Google Scholar] [CrossRef]

	



Xu, X.; He, P.; Xu, H.; Zhang, Q. Supply chain coordination with green technology under cap-and-trade regulation. Int. J. Prod. Econ. 2017, 183, 433–442. [Google Scholar] [CrossRef]

	



Zeng, X.; Li, S.; Yin, S.; Xing, Z. How Does the Government Promote the Collaborative Innovation of Green Building Projects? An Evolutionary Game Perspective. Buildings 2022, 12, 1179. [Google Scholar] [CrossRef]

	



Li, Q.; Kang, Y.; Tan, L.; Chen, B. Modeling Formation and Operation of Collaborative Green Innovation between Manufacturer and Supplier: A Game Theory Approach. Sustainability 2020, 12, 2209. [Google Scholar] [CrossRef]

	



Zhang, H.; Su, X. The Applications and Complexity Analysis Based on Supply Chain Enterprises’ Green Behaviors under Evolutionary Game Framework. Sustainability 2021, 13, 10987. [Google Scholar] [CrossRef]








[image: Sustainability 15 03125 g001 550] 





Figure 1. Influence of α on collaborative green innovation. 
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Figure 2. Influence of  M  on collaborative green innovation: (a) Evolution results with digital enablement; and (b) evolution results without digital enablement. 
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Figure 3. Influence of  G  on collaborative green innovation: (a) Evolution results with digital enablement; and (b) evolution results without digital enablement. 
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Figure 4. Influence of  C  on collaborative green innovation: (a) Evolution results with digital enablement; and (b) evolution results without digital enablement. 
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Figure 5. Influence of  l  on collaborative green innovation: (a) Evolution results with digital enablement; and (b) evolution results without digital enablement. 
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Figure 6. Logic diagram of digital enablement. 
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Table 1. Model symbols and meanings.
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	Symbol
	Description





	  x  
	Probability of A choosing collaboration   x ∈   [0, 1]



	  y  
	Probability of B choosing collaboration   y ∈   [0, 1]



	    S 1    
	Independent innovation benefits of A



	    S 2    
	Independent innovation benefits of B



	  M  
	Excess returns of collaborative green innovation



	  l  
	Profit distribution ratio of collaborative innovation demanders   l ∈   [0, 1]



	  p  
	Probability of success of collaborative innovation   p ∈   [0, 1]



	  α  
	Digital enablement coefficient   α ∈   [0, 1]



	    C 1 D    
	Digital cost of A



	    C 2 D    
	Digital cost of B



	    E 1    
	Opportunity benefits of A obtained by not participating in collaborative innovation



	    E 2    
	Opportunity benefits of B obtained by not participating in collaborative innovation



	  C  
	Cost of collaborative green innovation



	  G  
	Government green subsidies



	  k  
	Liquidated damages coefficient   k ∈   [0, 1]
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Table 2. Payoff matrix for both sides of the game.
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B




	
Participation   y  

	
    No   Participation   1 − y    






	
A

	
Participation

 x 

	
    S 1  + M l p   1 + α   −   1 − α   l C −  C 1 D  + l G   

	
    S 1  −   1 − α   l C −  C 1 D  + l G + k M   




	
    S 2  + M l p   1 + α     1 − l   −   1 − α     1 − l   C −  C 2 D  +   1 − l   G   

	
    S 2  +   1 + α    E 2  −  C 2 D  − k M   




	
No participation   1 − x  

	
    S 1  +   1 + α    E 1  −  C 1 D  − k M   

	
    S 1  −  C 1 D    




	
    S 2  −   1 − α     1 − l   C −  C 2 D  +   1 − l   G + k M   

	
    S 2  −  C 2 D    
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Table 3. Eigenvalues corresponding to equilibrium points of the system.
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	Equilibrium Points
	Eigenvalues





	P1 (1,1)
	    λ 1  =   1 − α   C l − G l +   1 + α    E 1  −   1 + α   M p l − k M   

    λ 2  =   1 − α     1 − l   C − G   1 − l   +   1 + α    E 2  −   1 + α     1 − l   M p − k M   



	P2 (0,0)
	    λ 1  = G l + k M −   1 − α   C l   

    λ 2  = G   1 − l   + k M −   1 − α     1 − l   C   



	P3 (0,1)
	    λ 1  = −   1 − α   C l + G l −   1 + α    E 1  +   1 + α   M p l + k M   

    λ 2  = − G   1 − l   − k M +   1 − α     1 − l   C   



	P4 (1,0)
	    λ 1  = − G l − k M +   1 − α   C l   

    λ 2  = −   1 − α     1 − l   C + G   1 − l   −   1 + α    E 2  +   1 + α     1 − l   M p + k M   
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Table 4. Analysis of equilibrium points and conditions of the system under different circumstances.
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Conditions

	
Disequilibrium Points

	
Equilibrium Points






	
   U  A 1   +  U  A 3   −  U  A 2   −  U  A 4   −  U 5  < 0  ,

   U  B 1   +  U  B 3   −  U  B 2   −  U  B 4   −  U 5  < 0  , and    U 5  +  U  A 4   −  U  A 1   > 0   or    U 5  +  U  B 4   −  U  B 1   > 0  

	
P2 (0,0)

	
P1 (1,1)




	
P3 (0,1)




	
P4 (1,0)




	
   U 5  +  U  A 4   −  U  A 1   < 0    ,    U 5  +  U  B 4   −  U  B 1   < 0  , and    U  A 1   +  U  A 3   −  U  A 2   −  U  A 4   −  U 5  > 0   or    U  B 1   +  U  B 3   −  U  B 2   −  U  B 4   −  U 5  > 0  

	
P1 (1,1)

	
P2 (0,0)




	
P3 (0,1)




	
P4 (1,0)




	
   U  A 1   +  U  A 3   −  U  A 2   −  U  A 4   −  U 5  > 0  ,    U 5  +  U  B 4   −  U  B 1   > 0  , and    U  B 1   +  U  B 3   −  U  B 2   −  U  B 4   −  U 5  < 0   or    U 5  +  U  A 4   −  U  A 1   < 0  

	
P1 (1,1)

	
P3 (0,1)




	
P2 (0,0)




	
P4 (1,0)




	
   U 5  +  U  A 4   −  U  A 1   > 0  ,    U  B 1   +  U  B 3   −  U  B 2   −  U  B 4   −  U 5  > 0  , and    U  A 1   +  U  A 3   −  U  A 2   −  U  A 4   −  U 5  < 0   or    U 5  +  U  B 4   −  U  B 1   < 0  

	
P1 (1,1)

	
P4 (1,0)




	
P2 (0,0)




	
P3 (0,1)
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Table 5. Initial simulation parameter values.






Table 5. Initial simulation parameter values.





	Parameter
	     S 1     
	     S 2     
	   M   
	   l   
	   p   
	   α   
	     C 1 D     
	     C 2 D     
	     E 1     
	     E 2     
	   C   
	   G   
	   k   





	Initial value
	10
	10
	16
	0.7
	0.9
	0.3
	1
	1
	2
	2
	8
	1
	0.2
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