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Abstract

:

Previous literature has shown that manufacturers’ choices between radical and incremental green innovation modes can greatly impact the tradeoff between industry growth and carbon emission reduction. Yet, how the government can motivate manufacturers to implement radical green innovations to reduce carbon emission is unclear. In this paper, the researchers construct an evolutionary game model to analyze the joint impacts of carbon tax and innovation subsidy on manufacturers’ choices of green innovation mode. We derive the conditions for manufacturers’ stable strategies. Based on those results, we find that four factors—carbon tax, innovation subsidy, consumer green preference, and manufacturers’ capabilities of absorbing and adopting new technologies—may facilitate the choice of radical innovation. Furthermore, we conduct numerical simulations to verify the theoretical results, and further illustrate how the synergy of carbon tax rate and subsidy level affects the evolution of the green innovation mode choices. Specifically, we demonstrate the superiority of portfolio policy in the early stage of green innovation over single policy. In contrast, in the later stage, it is carbon tax but not innovation subsidy that remains effective. We discuss the insights for the government to formulate appropriate environmental policies to effectively promote the adoption of green innovation and reduce carbon emission.
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1. Introduction


In the past few decades, excessive carbon emission and the consequent climate change have become major concerns around the world [1]. As a result, governments in most countries have adopted environmental regulations or laws to limit greenhouse gas emission [2]. Since manufacturing sectors are the main emission sources [3], governments have targeted them by implementing various regulatory tools such as carbon taxes [4,5] in the hope that manufacturers are given pressure to reduce carbon emission.



In addition to the pressure from government regulations, manufacturers also need to address relevant changes in consumers’ preference. Researches find that consumers with green preference are willing to pay higher prices for products with lower carbon emissions [6,7]. Therefore, consumer green preference has become an important factor affecting manufacturers’ decisions in business operations [8,9,10,11].



An effective solution to deal with both government pressure and to appeal to green consumers is to implement technologies that help produce more environmentally friendly products. Manufacturers achieve technological progresses through the adoption of so-called green innovations. Based on green innovations’ respective influence on the markets and/or products [12,13], there are two modes of green innovation adoption, namely, radical innovation mode and incremental innovation mode. Different innovation modes come with different risks and costs. Radical innovations usually are riskier and require more R&D investment, but they can improve the green performance of the products more effectively. In comparison, Incremental innovations deliver limited green performance improvement but cost less. Manufacturers thus face the trade-off between costs and benefits when deciding their green innovation mode. Although research has shown that green innovations are positively related to corporate competitiveness and performance [14], many manufacturers still hesitate to develop or adopt radical green innovations due to the associated high R&D spending and production costs, which they believe will weaken their competitiveness [15].



Manufacturers’ choices of green innovation mode affect not only their own performance, but also the likelihood of achieving emission reduction goals set by governments. For instance, the Chinese government has set a target of 60% to 65% of CO2 emission reduction per unit of GDP by 2030 [16,17]. However, the high risk of significant R&D costs, knowledge spillover, and the positive externality of green innovations are all likely to result in manufacturers’ hesitation toward developing and adopting radical green innovations [18]. As a result, these manufacturers will, at most, implement incremental innovations, such as green packaging for their products. This will slow down the progress of “go green” in the manufacturing industry and undermine the goal of carbon emission reduction.



As some empirical research has found that a manufacturer’s choice of green innovation mode is affected by various internal and external factors [19], the government may guide and encourage manufacturers to choose radical innovations through policy tools beyond imposing pressure. In this paper, we study the joint impacts of two tools–carbon tax and innovation subsidy–on manufacturers’ choices of green innovation mode. Specifically, we model a portfolio policy where that the government imposes carbon tax on a manufacturer’s products but provides subsidy on the investment cost to promote green innovation. Manufacturers respond accordingly, given the government policies as well as consumers’ green preference and market competition. Taking into account the manufacturers’ capabilities of adopting new technologies [20,21], we obtain multiple evolutionary stable states with the same amount of R&D investment and identify the optimal results for carbon emission reduction.



This paper contributes to the literature by filling two research gaps. The first gap is that most previous studies evaluate only individual policies. In comparison, this paper investigates a more realistic setting where the government implements multiple policies that offer incentives as well as impose pressure. Hence, it explores the possible synergy among a portfolio of government policies. The second gap is that most existing studies focus only on the interaction between the government and enterprises and ignore the market factors such as consumers and competitors. In comparison, this paper considers market factors such as consumer preference and peer competition, since the decision of competitors and the market environment are also important factors affecting corporate decision making.



Methodologically, this paper contributes to the literature by adopting an evolutionary game theory approach. This approach allows researchers to model dynamic changes in the environment rather than static ones while taking into account the bounded rationality of decision makers and information asymmetry. Although such an approach mirrors an imperfect image of the real world, it helps researchers focus on the most important factors without the distraction of many peripheral things. The analyses in this paper serve as a sketch map—not precise enough for navigation, but useful enough for exploration.



The rest of this paper is structured as follows. Section 2 reviews the related theories and the literature. Section 3 presents the problem and basic assumptions and analytic results. Section 4 conducts numerical analysis to verify the analytic results and illustrate how various parameters impact the evolutionary path. The conclusions and discussions of our study and potential policy insights as well as future research directions are provided in Section 5.




2. Literature Review


In order to better illustrate the motivation and research background of this study, the relevant literature is reviewed from three aspects—the impact of environmental policies on manufacturer green innovation, green innovation mode, and applications of evolutionary game theory.



2.1. Environmental Policies and Their Impacts


Environmental policies consist of regulations issued by governments at different levels [22], which can be divided into command-controlled or market-incentive regulations, but with a common purpose of reducing carbon emissions and protecting the environment [23]. Zhao et al. [24] used the panel data of high-emission manufacturers from 2007 to 2012 and showed that environmental regulation plays a positive role in promoting manufacturer innovation, but the increased external cost negatively impacts the competitiveness of these manufacturers. Krass et al. [25] studied the impact of carbon taxation on a monopoly’s adoption of low-emission production technologies. Hinloopen et al. [26] believed that, due to the positive externalities and high-risk characteristics of innovation, the government needs to offer companies R&D subsidies as incentives. Wang et al. [27] comparatively analyzed the incentive effects of different subsidy policies such as product subsidies and R&D subsidies on green endeavors at different stages of manufacturing.



The Porter hypothesis first proposed that environmental supervision can promote green innovation in manufacturers under appropriate conditions [28]. In recent years, many scholars have shown that when manufacturers choose not to carry out green innovations by themselves, environmental regulations from the government can give them incentives [29]. This subsection focuses on the effect of market-based environmental regulations, especially the impact of carbon tax and government subsidies on corporate green innovation.



Some researchers demonstrated the importance of government intervention in green technology diffusion and adoption. For example, Huang et al. [30] studied the impact of green loan scale and government green subsidies on corporate green innovation and demonstrated the effectiveness of government subsidies to promote green innovation and environmental protection. Van Leeuwen and Mohnen [31] demonstrated the positive impact of environmental regulation on corporate innovation through empirical research on Dutch manufacturing companies. Research also shows that governments can encourage corporate green innovation through subsidies to improve the environment more directly [32,33,34]. For instance, Wanting et al. [35] studied the evolution of firms in the face of dynamic tax and static subsidies, static and dynamic subsidies, dynamic taxation, and dynamic subsidies. They showed a more pronounced incentive effect of bilateral dynamic tax and subsidy mechanisms on the manufacturers’ adoption of low carbon technology. Xu et al. [36] proved that an manufacturer will adopt radical innovation only if it leads to positive net income.




2.2. Green Innovation Mode


Green innovation is an important approach for manufacturers to minimize or eliminate the negative impact of their production and operations on the environment [37]. At present, green innovation has no uniform definition in the literature. Eco-innovation, environmental innovation, sustainable innovation, and green innovation differ little in nature and can be used interchangeably [38]. Chen et al. [39] define green innovation as innovation in green product design or process improvement, including technological innovation for energy conservation, waste recycling, pollution reduction, and corporate environmental management. Green innovation can be classified into radical innovation and incremental innovation based on its impact on existing products or industries. Radical innovation greatly changes the product performance or production process and can affect the green development of the entire industry; incremental innovation only brings limited changes in product performance or production processes [12,13]. As we focus on the degree of green innovation of manufacturers, we adopt the classification of radical innovation and incremental innovation in this study. For more alternative definitions and classifications of green innovation, readers are referred to Schiederig et al. [38].




2.3. Applications of Evolutionary Game Theory


Manufacturers cannot make optimal decisions at once. Hence, following the literature, this study adopts evolutionary game theory to construct an evolutionary game model. Evolutionary game theory starts from the theory of biological evolution. One of its underlying principles is that, due to information asymmetry and dynamic changes in the environment, all decision makers are bounded rational [40]. Thus, they cannot make optimal decisions at once. Instead, they adjust their strategies as time goes and reach the game equilibrium after multiple repeated games. As a result, institutional factors, environmental factors, and competitors’ decisions will have an impact on the choice of manufacturers’ equilibrium strategy. Evolutionary game theory allows repeated base games, and the decision makers thus could adjust their strategy with the changing of environment obtain a satisfactory strategy rather than an optimal decision through dynamic decision-making process. It has been widely used in the field of economics and management to study the interaction among decision makers [41] and is more suitable to study the enterprises behavior under the government regulations and policy because the enterprises need a long period to adjust the policy environment changing and find the most profitable strategy for their development. Zhu et al. [42] uses evolutionary game to analyze how government penalty and subsidy influence green supply chain management. Zhao et al. [43] studied the impact of government incentives such as direct subsidies and tax credit on whether companies adopt carbon emission labeling schemes. They proved that the combination of direct subsidies and tax credit is better than an individual policy. Mahmoudi et al. [44] employed a two-population game to analyze how different combinations of subsidies and carbon taxes impact the manufactures’ use of green technology for production and the retailers’ choice of two marketing strategies in a supply chain.





3. Model and Analysis


3.1. Problem Description and Model Assumptions


This paper considers a market of homogeneous products with multiple manufacturers and a group of consumers who have a certain level of green preference. These manufacturers face both carbon tax and green innovation subsidy when choosing their green innovation mode. Other factors influencing their choices include consumer green preferences and market competition.



Competing manufacturers in the same industry with different green innovation capabilities are divided into two groups to participate in the evolutionary game, where Group 1 consists of manufacturers with green innovation capability advantage and Group 2 consists of manufacturers with green innovation capability disadvantage. Their products differ only in terms of their carbon emissions. Moreover, green innovation modes differ in terms of emission reduction effects and the investment needed. For simplicity, we assume that the two innovation modes have identical unit production cost c, as assumed in the literature [36,45]. We further assume that manufacturers who choose radical innovation can change the status quo of the industry, and hence, have the first-mover advantage. Manufacturers who choose incremental innovation are followers. Because manufacturers are bounded rational, they need to constantly learn and adjust their strategies and decisions over time and eventually reach an evolutionary stable state. The strategy sets of two groups are (radical innovation, incremental innovation). Therefore, there are four strategic combinations in the system: (radical innovation, radical innovation), (radical innovation, incremental innovation), (incremental innovation, radical innovation), and (incremental innovation, incremental innovation).



The market clearing price is p = a + θwi − Q to incorporate the green preference of consumers [46,47], where Q = q1 + q2 is the sales quantities of the products, i = 1, 2. Following the classic A–J model [48], the investment required for green innovation is Ci = kiwi2/2, i = 1, 2, where ki is the green innovation cost coefficient. Hence, ki represents the innovation capabilities such as knowledge absorption and application ability of these two manufacturer groups. The larger the ki, the smaller the innovation capability of the manufacturer group, and the greater the need of capital investment to achieve the same emission reduction. This assumption is in line with Amir [49] and Matsumura and Matsushima [50]. Further, let k2 = k1 + Δk, where k1 and k2 are the green innovation capability of manufacturer Group 1 and 2, respectively. Moreover, Δk > 0 reflects the fact that Group 1 has innovation capability advantage over Group 2. w1 is the unit product emission reduction for the radical innovation, and w2 is the unit product emission reduction for the incremental innovation where w1 > w2.



The coefficient of the innovation subsidy is set as r, where 0 ≤ r ≤ 1. For example, if the manufacturer Group 1 chooses radical innovation, the required capital investment is C1 = k1w12/2 without innovation subsidy from the government. With subsidy, the investment required is (1-r) k1w12/2. Before green innovation, the carbon emissions per unit product of the two manufacturer groups are identical and denoted by ε. The government imposes tax s (0 ≤ s ≤ 1) on carbon emissions generated by the manufacturers. The carbon tax for each product unit is εs and (ε - w1) s for no green innovation and radical green innovations, respectively. For clarity, the variables and notations used in this paper are listed as follows.




3.2. Payoff Matrix


Based on the assumptions above, the profit functions of manufacturer Group 1 and Group 2 are


   π  i j      ( 1 )   =  (  a + θ  w i  − (  q 1  +  q 2  )  )   q 1  − c  q 1  −   ( 1 − r )  k 1   w i    2   2   



(1)






   π  i j      ( 2 )   =  (  a + θ  w j  − (  q 1  +  q 2  )  )   q 2  − c  q 2  −   ( 1 − r )  k 2   w j    2   2   



(2)




where i = 1, 2, j = 1, 2. For example,    π  11       ( 1 )      represents the profit of the manufacturer in Group 1 when both groups choose radical green innovation. Since both groups have a strategy set of radical innovation and incremental innovation, there are four possible strategy combinations.



a Both groups choose radical innovation



As both groups adopt radical innovation, it is reasonable to assume that the probability of the two companies taking the lead in radical innovation is equal. When the game equilibrium is reached, the optimal output and profit of the two manufacturer groups are as follows:


    q 1    ∗  =    (  a + θ  w 1  − c −  (  ε −  w 1   )   )   2  ,   q 2    ∗  =    (  a + θ  w 1  − c −  (  ε −  w 1   )   )   4  ,   π  11       ( 1 )    =   3    (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2    32   −    (  1 − r  )   k 1   w 1    2   2  ,   



(3)






   π  11       ( 2 )    =   3    (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2    32   −    (  1 − r  )   k 2   w 1    2   2   



(4)







For clarity, the proofs are detailed in Appendix A.



b Group 1 chooses radical innovation; Group 2 chooses incremental innovation



The optimal output and profit of the two manufacturer groups are as follows:


    q 1    ∗  =    (  a + 2 θ  w 1  − θ  w 2  − c − 2 s  (  ε −  w 1   )  + s  (  ε −  w 2   )   )   2  ,   q 2    ∗  =    (  a + 3 θ  w 2  − 2 θ  w 1  − c − 3 s  (  ε −  w 2   )  + 2 s  (  ε −  w 1   )   )   4  ,   π  12       ( 1 )    =      (  a + 2 θ  w 1  − θ  w 2  − c + s  (  ε −  w 2   )  − 2 s  (  ε −  w 1   )   )   2   8  −    (  1 − r  )   k 1   w 1    2   2  ,   



(5)






   π  12       ( 2 )    =      (  a + 3 θ  w 2  − 2 θ  w 1  − c − 3 s  (  ε −  w 2   )  + 2 s  (  ε −  w 1   )   )   2    16   −    (  1 − r  )   k 2   w 2    2   2   



(6)







The proofs are detailed in Appendix B.



c Group 1 chooses incremental innovation; Group 2 chooses radical innovation



The optimal output and profit of the two manufacturer groups are as follows:


    q 1    ∗  =   a + 3 θ  w 2  − 2 θ  w 1  − c − 3 s  (  ε −  w 2   )  + 2 s  (  ε −  w 1   )   4  ,   q 2    ∗  =   a + 2 θ  w 1  − θ  w 2  − c − 2 s  (  ε −  w 1   )  + s  (  ε −  w 2   )   2  ,   π  21       ( 1 )    =      (  a + 3 θ  w 2  − 2 θ  w 1  − c − 3 s  (  ε −  w 2   )  + 2 s  (  ε −  w 1   )   )   2    16   −    (  1 − r  )   k 1   w 2    2   2  ,   



(7)






   π  21       ( 2 )    =      (  a + 2 θ  w 1  − θ  w 2  − c − 2 s  (  ε −  w 1   )  + s  (  ε −  w 2   )   )   2   8  −    (  1 − r  )   k 2   w 1    2   2  .  



(8)







The proofs are detailed in Appendix C.



d Both groups choose incremental innovation



When the game equilibrium is reached, the optimal output and profit of the two manufacturer groups are as follows:


    q 1    ∗  =   a + θ  w 2  − c − s  (  ε −  w 2   )   3    ,  q 2    ∗  =   a + θ  w 2  − c − s  (  ε −  w 2   )   3  ,   π  22       ( 1 )    =      (  a + θ  w 2  − c − s  (  ε −  w 2   )   )   2   9  −    (  1 − r  )   k 1   w 2    2   2  ,   π  22       ( 2 )    =      (  a + θ  w 2  − c − s  (  ε −  w 2   )   )   2   9  −    (  1 − r  )   k 2   w 2    2   2  .   



(9)






   π  22       ( 2 )    =      (  a + θ  w 2  − c − s  (  ε −  w 2   )   )   2   9  −    (  1 − r  )   k 2   w 2    2   2  .  



(10)







The proofs are detailed in Appendix D.



Based on the profit functions obtained above, we can have the following payoff matrix between the two groups in Table 1.




3.3. Evolutionary Equilibrium Strategy Analysis


Let the expected profit of the manufacturer in Group 1 be X1 and X2 when her choice is radical innovation and incremental innovation, respectively, and the average profit be    X ¯   . We therefore have


    X 1  = y  π  11       ( 1 )    +  (  1 − y  )   π  12       ( 1 )      ,    X 2  = y  π  21       ( 1 )    +  (  1 − y  )   π  22       ( 1 )      ,   X ¯  = x  X 1  +  (  1 − x  )   X 2    











Let the expected profit of the manufacturer in Group 2 be Y1 and Y2 when her choice is radical innovation and incremental innovation, respectively, and the average profit be    Y ¯   . We therefore have


    Y 1  = x  π  11       ( 2 )    +  (  1 − x  )   π  21       ( 2 )      ,    Y 2  = x  π  12       ( 2 )    +  (  1 − x  )   π  22       ( 2 )    ,     Y ¯  = y  Y 1  +  (  1 − y  )   Y 2    











After applying replicator dynamic analysis for the manufacturer Groups 1 and 2 [51], we can obtain the replicator dynamic equation as below:


    F  ( x )  =   d x   d t   = x  (   X 1  −  X ¯   )  = x  (  1 − x  )   (   X 1  −  X 2   )  =     x  (  1 − x  )   [  y  (   π  11       ( 1 )    −  π  21       ( 1 )     )  +  (  1 − y  )   (   π  12       ( 1 )    −  π  22       ( 1 )     )   ]     



(11)






    F  ( y )  =   d y   d t   = y  (   Y 1  −  Y ¯   )  = y  (  1 − y  )   (   Y 1  −  Y 2   )  =     y  (  1 − y  )   [  x  (   π  11       ( 2 )    −  π  12       ( 2 )     )  +  (  1 − x  )   (   π  21       ( 2 )    −  π  22       ( 2 )     )   ]     



(12)







In order to analyze the stable strategy in Equation (11), we need to obtain the critical value first. To this end, first, let F(x) = 0 and we can get x∗ = 0 or x∗ = 1, and    y ∗  =    π  12       ( 1 )    −  π  22       ( 1 )       (   π  12       ( 1 )    −  π  22       ( 1 )     )  −  (   π  11       ( 1 )    −  π  21       ( 1 )     )     . When    y ∗  =    π  12       ( 1 )    −  π  22       ( 1 )       (   π  12       ( 1 )    −  π  22       ( 1 )     )  −  (   π  11       ( 1 )    −  π  21       ( 1 )     )     , F(x) is always equal to 0. In other words, each x is a stable point. Next, we conduct the equilibrium analysis of Group 2. To this end, first, let F(x) = 0 and we can get y∗ = 0 or y∗ = 1, and    x ∗  =    π  21       ( 2 )    −  π  22       ( 2 )       (   π  21       ( 2 )    −  π  22       ( 2 )     )  −  (   π  11       ( 2 )    −  π  12       ( 2 )     )     . F(x) is always equal to 0. In other words, each y is a stable point.



Based on the stable strategies of two groups analyzed so far, we obtain five dynamic system equilibrium points (1, 1), (0, 0), (0, 1), (1, 0), and (x∗, y∗), where (x∗, y∗) is the saddle point, as follows:


    x ∗  =    π  21       ( 2 )    −  π  22       ( 2 )       (   π  21       ( 2 )    −  π  22       ( 2 )     )  −  (   π  11       ( 2 )    −  π  12       ( 2 )     )      ,  y ∗  =    π  12       ( 1 )    −  π  22       ( 1 )       (   π  12       ( 1 )    −  π  22       ( 1 )     )  −  (   π  11       ( 1 )    −  π  21       ( 1 )     )      











Next, to study the stability of the equilibrium points, we construct the Jacobian matrix of Equations (11) and (12) as follows:


  [        ∂ F  ( x )    ∂ x         ∂ F  ( x )    ∂ y           ∂ F  ( y )    ∂ x         ∂ F  ( y )    ∂ y        ]   =   [      a  11        a  12          a  21        a  22       ]   =    [     (  1 − 2 x  )  {   π  12       ( 1 )    −  π  22       ( 1 )    −  [   (   π  12       ( 1 )    −  π  22       ( 1 )     )  −  (   π  11       ( 1 )    −  π  21       ( 1 )     )   ]  y  }   − x  (  1 − x  )  [   (   π  12       ( 1 )    −  π  22       ( 1 )     )  −  (   π  11       ( 1 )    −  π  21       ( 1 )     )   ]     − y  (  1 − y  )  [   (   π  21       ( 2 )    −  π  22       ( 2 )     )  −  (   π  11       ( 2 )    −  π  12       ( 2 )     )   ]   (  1 − 2 y  ) {   π  21       ( 2 )    −  π  22       ( 2 )    −  [   (   π  21       ( 2 )    −  π  22       ( 2 )     )  −  (   π  11       ( 2 )    −  π  12       ( 2 )     )   ]  x  }    ]  











According to the local stability determination rule [52], when the two conditions of detJ = a11a2 2 − a12a21 > 0 and trJ = a11 + a22 < 0 are satisfied, the equilibrium point is an Evolutionary Stable Strategy (ESS) [53]. After performing a stability analysis on each equilibrium point, we get the following three propositions as follows:



Proposition 1.

When the following conditions are satisfied:


        [  3    (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2   − 2     (  a + 3 θ  w 2  − 2 θ  w 1  − c − s ε + s  (  3  w 2  − 2  w 1   )   )   2   ]    32   >    (  1 − r  )   k 2   (   w 1    2  −  w 2    2   )   2  >    (  1 − r  )   k 1   (   w 1    2  −  w 2    2   )   2      >   9    (  a + 2 θ  w 1  − θ  w 2  − c + s ( ε −  w 2  ) − 2 s ( ε −  w 1  )  )   2  − 8    (  a + θ  w 2  − c − s ( ε −  w 2  )  )   2    72       








the two enterprise groups in the system converge to one of the two evolutionary stable strategies: {radical innovation, radical innovation} and {incremental innovation, incremental innovation}.





Proposition 1 suggests that whatever the initial strategy of the two groups, the strategies of {radical innovation, incremental innovation} and {incremental innovation, radical innovation} are unstable. In this case, the probability of the two groups choosing the two stable strategies depends on the saddle point (x∗, y∗). The probabilities of converging to {radical innovation, radical innovation} decrease in the value of (x∗, y∗), which is determined by the carbon tax rate, innovation subsidy level, consumer green preference coefficient, and innovative cost coefficient. Proposition 1 also suggests that the above factors are effective in influencing the modes choice of enterprises green innovation. The enterprises with innovation capability advantages are more likely to choose radical innovation compared with enterprises with innovation capability disadvantages as the two groups are facing the same environment.



Proposition 2.

When the following conditions are satisfied:


       (  1 − r  )   k 2   (   w 1    2  −  w 2    2   )   2  >    (  1 − r  )   k 1   (   w 1    2  −  w 2    2   )   2  >    [  3    (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2   − 2     (  a + 3 θ  w 2  − 2 θ  w 1  − c − s ε + s  (  3  w 2  − 2  w 1   )   )   2   ]    32   ,     (  1 − r  )   k 2   (   w 1    2  −  w 2    2   )   2  >    (  1 − r  )   k 1   (   w 1    2  −  w 2    2   )   2  >   9    (  a + 2 θ  w 1  − θ  w 2  − c + s ( ε −  w 2  ) − 2 s ( ε −  w 1  )  )   2  − 8    (  a + θ  w 2  − c − s ( ε −  w 2  )  )   2    72      








the two enterprise groups in the system converge to the evolutionary stable strategy of {incremental innovation, incremental innovation}.





Proposition 2 implies that the stable strategy of {incremental innovation, incremental innovation} is the only ESS of system, {incremental innovation, radical innovation} and {radical innovation, incremental innovation} are unstable, and {radical innovation, radical innovation} is unstable as well. It suggests that incremental innovation will be the equilibrium regardless the initial strategies. In this case, the increased profit from radical innovation is too small to cover the innovation investment, which is choosing radical innovation will hurt the enterprise’s profit, nor can subsidies make up for the increase in costs caused by radical innovation. Radical innovation has large technical and economic barriers, and after a continuous game, the enterprises will eventually choose incremental innovation. The government may need to create a good environment for radical innovation in other areas, such as formulating preferential policies for technology introduction and accelerating the cultivation of innovative talents.



Proposition 3.

When the following conditions are satisfied:


         [  3    (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2   − 2     (  a + 3 θ  w 2  − 2 θ  w 1  − c − s ε + s  (  3  w 2  − 2  w 1   )   )   2   ]    32   >    (  1 − r  )   k 2   (   w 1    2  −  w 2    2   )   2      >    (  1 − r  )   k 1   (   w 1    2  −  w 2    2   )   2         9    (  a + 2 θ  w 1  − θ  w 2  − c + s ( ε −  w 2  ) − 2 s ( ε −  w 1  )  )   2  − 8    (  a + θ  w 2  − c − s ( ε −  w 2  )  )   2    72   >    (  1 − r  )   k 2   (   w 1    2  −  w 2    2   )   2  >    (  1 − r  )   k 1   (   w 1    2  −  w 2    2   )   2     








the two enterprise groups in the system converge to the evolutionary stable strategy of {radical innovation, radical innovation}.





Proposition 3 suggests that, under the carbon tax and the peer competition, the enterprise would choose radical innovation to meet the demand of green consumers, so the innovation subsidy and the extra profit obtained from the market could cover the innovation investment. As a result, a good green innovation environment will form in the market. Proposition 3 also implies that the minimum additional net profit for enterprises choosing radical innovation is positive in this case. In other words, the enterprise will choose radical innovation only when the additional profit it gains from radical innovation are greater than the cost savings from incremental innovation.





4. Simulations and Results


4.1. The Evolution Path


Our theoretical results in Section 3 show that there are three stable strategies in the system, as stated in the three propositions above, respectively. Our findings also indicate that factors such as carbon tax rate, innovation subsidy level, and consumers’ green preference are important to the enterprise’s green innovation mode selection. To illustrate our analytic results, we now conduct simulative examples to illustrate the evolution paths of the system. Furthermore, we conduct sensitivity analysis to illustrate how various parameters affect the evolution.



Specifically, we employ MatlabR2014a as the simulation software. Following Xu et al. (2017), we set the initial parameters as in Table 2.



Setting the parameters to satisfy the conditions of the three propositions in Section 3, we can obtain the evolution paths of the system, which are depicted in Figure 1, Figure 2 and Figure 3, where the x-axis represents Group 1′s probability of choosing radical innovation, while the y-axis represents Group 2′s probability of choosing radical innovation.



4.1.1. Scenario 1


We set the parameters as: θ = 0.5, r = 0.2, s = 0.3, and k2 = 15, which satisfy the conditions required in Proposition 1. The evolution path of the system is shown in Figure 1a. It can be seen from Figure 1a that there are two stable strategies in the system, consistent with Proposition 1. That is, the system converges to (1, 1) and (0, 0) regardless of the initial strategies, that is the stable strategies of {radical innovation, radical innovation} and {incremental innovation, incremental innovation} simultaneously exist. The point E in the Figure 1a is the saddle point obtained in the previous section. The area of the region ABDE represents the probability of the enterprise groups in the system converging to progressive innovation. Keeping other parameters unchanged and varying, k2, we can see how the innovative cost coefficient affects the evolution path.



We then set k2 = 25, and the corresponding evolution path is shown in Figure 1b, where point F is the new saddle point of the system with the innovation cost coefficient increases to 25. We can see from Figure 1b that the area of the regional ABDF increases with the increase of the innovation cost coefficient, which means that the probability of the system’s evolution to incremental innovation becomes greater. In other words, the more capable manufacturer would choose radical innovation in a higher probability and a faster convergence speed. It is also proved that, in this case of Proposition 1, the cost coefficient is a key factor to influence the choice of the enterprise.




4.1.2. Scenario 2


In scenario 2, we set the parameters as: θ = 0.1, r = 0.2, s = 0.5, k2 = 27, which satisfy the conditions required for Proposition 2. The evolution path is shown in Figure 2, which is consistent with Proposition 2. In this case, there is only one stable strategy. That is, the system converges to (0, 0) no matter what the initial strategies are adopted by the two groups. It implies that enterprises choose to carry out radical innovation will reduce profits; government subsidies cannot make up the huge investment cost. After participating in long-term repeated games in the system, the proportion of enterprises that choose radical innovation gradually decreases until all of them choose to make incremental innovation and to pay more carbon taxes. The ESS profile thus becomes {incremental innovation, incremental innovation}.




4.1.3. Scenario 3


In this scenario, we increase the coefficient of consumer’s green preference to 0.9 and reduce the carbon tax rate to 0.1 while keeping other parameters unchanged. These parameters satisfy the conditions required in Proposition 3. The corresponding evolution path is shown in Figure 3. It can be seen that there is only one stable strategy. That is, the system converges to (1, 1) no matter what initial strategies are adopted by the two groups. The level of consumer preference has reached a very high level. We could believe that the market has great demand for green products, bringing new business opportunities and potential profits for enterprises, and stimulating them to choose radical innovations that can produce greener products to meet market preferences. We also find that even the carbon tax is low in this case, and enterprises still choose to take radical innovation, which means that compared with the cost of innovation and carbon tax burden, enterprises care more about the potential market share. After several repeated games, the proportion of enterprises choosing to make radical innovation continues to increase until all of them choose radical innovation, at which point the ideal state of green innovation evolution has been reached. The ESS profile is {radical innovation, radical innovation}.





4.2. Sensitivity Analysis


We keep the initial parameters the same as those in Section 4.1.1 to satisfy the conditions needed in Proposition 1. In other words, we focus on the effect of various parameters on the evolution path and convergence speed when there are two stable strategies in the system, that is the two manufacturer groups of the evolution system may choose the {radical innovation, radical innovation} strategy or the {incremental innovation, incremental innovation} strategy, which stable state the system will converge to depends on changes in the external environment (including policy, market and peer competition) and the enterprise’s own innovation ability. In the next sections (4.2.1–4.2.3), we will simulate a change in the external environment by changing a certain parameter so as to analyze the influence mechanism of this factor on the choice of enterprise’s green innovation mode.



4.2.1. The Subsidy Coefficient and Initial Strategies


We now shift our focus to government subsidy. We set the parameters as θ = 0.1, s = 0.3, k2 = 15 and let the innovation subsidy level from the government be 0.2 and 0.4 to depict the evolution path of the manufacturers. Let y0 = 0.7; that is, we obtain the evolution path of the manufacturer Group 1 when 70% of Group 2 adopts the radical innovation, which is shown in Figure 4. Let y0 = 0.5, and we get the evolution path of Group 1 when 50% of Group 2 adopts the radical innovation, which is shown in Figure 5. Comparing Figure 4 and Figure 5, we obtain the following observation.




	
Observation 1: When there are two stable strategies in the system, a higher innovation subsidy will lead to a higher probability that the manufacturer of Group 1 will adopt radical innovation as well as a higher convergence speed, which means in this period, the incentive effect of subsidy is obvious. The initial strategy of both groups can influence the evolution path. A higher initial proportion of choosing radical innovation leads to a higher probability that manufacturers choose radical innovation as well as a higher convergence speed, which means that the decision of competitors lead the pressure to push the enterprise chooses radical innovation to keep and expand the market share.









4.2.2. Carbon Tax Rate and Initial Strategies


We set the parameters as θ = 0.5, r = 0.3, k2 = 15, and let the carbon tax rate be 0.2 and 0.4 to analyze the evolution path of manufacturers under different carbon tax rates. Let y0 = 0.7, and we get the evolution path of manufacturer Group 1 when 70% of Group 2 will take the radical innovation which is shown in Figure 6. Let y0 = 0.5, and we get the evolution path of Group 1 when 50% of Group 2 will take the radical innovation which is shown in Figure 7. Comparing Figure 6 and Figure 7, we have the following observation.




	
Observation 2: When there are two stable strategies in the system, the carbon tax could incentivize the manufacturers to choose radical innovation under appropriate conditions of the initial strategy. When carbon tax can positively motivate companies to adopt radical innovations, the higher the tax rate, the slower the convergence speed of manufacturers is. The initial strategy also affects the effect of carbon tax rates on the evolution path of the manufacturers. The higher the initial proportions of both groups are, the more salient the incentive effects of carbon tax on the manufacturer’s radical innovation selection. However, higher carbon tax rate does not always help radical green innovation. When the initial proportion of the manufacturers choosing radical innovation is low, the market environment is not conducive to radical innovation. In this case, even if the carbon tax rate is relatively high, the manufacturer will still choose incremental innovation.









4.2.3. Effect of the Level of Consumer Green Preference and Initial Strategy


We set the parameters as r = 0.2, s = 0.3, k2 = 15, and let the level of consumer green preferences be 0.3 and 0.7 to analyze the evolution path of the manufacturers under different levels of consumer green preference. Let y0 = 0.7, and we get the evolution path of manufacturer Group 1 when 70% of Group 2 will take the radical innovation which is shown in Figure 8. Let y0 = 0.5, and we get the evolution path of Group 1 when 50% of Group 2 will take the radical innovation, which is shown in Figure 9. The comparison of Figure 8 and Figure 9 leads to the following observation.




	
Observation 3: When there are two stable strategies in the system, the higher the level of consumer green preference is, which bringing new markets and opportunities to enterprises, the higher the probability manufacturer of Group 1 will take radical innovation is, and the faster the convergence speed is. However, these positive relationships depend on the manufacturer’s green innovation capability and the initial proportion of the manufacturers choosing radical innovation. The initial strategy of both groups can influence the evolution path, the higher the initial proportions of choosing radical innovation, the more obvious of the positive influence of the consumer green preference on the manufacturer’s choice for radical innovation. The competition among peers makes consumer preferences have a more significant impact on enterprise green decisions, which is also in line with reality.










4.3. Analysis of the Withdrawal Conditions of the Innovation Subsidy


We set the parameters as θ = 0.7, s = 0.2, and y0 = 0.7 and regard the carbon tax is the existing regulation. We let the subsidy levels be 0 and 0.4 and keep the other parameters the same as those in Section 4.1.1. This is to compare and analyze the incentive effects of joint policies and the single carbon tax policy on the manufacturers’ radical green innovation choice and identify the conditions under which the government innovation subsidy can be withdrawn. Enterprise green innovation cannot always rely on government guidance. One very prominent reason is the constraint of government fiscal budgets. Therefore, we need to discuss the conditions under which government subsidies can be withdrawn without affecting the innovation of enterprises. Because the model construction is too complicated, it is difficult to obtain mathematical proof by derivation, and only preliminary analysis can be performed through numerical simulation.



Figure 10 depicts the impact of subsidy level on the evolution path. From Figure 10, we can see when the initial proportion of choosing radical innovation is small, the impact of subsidy level on the manufacturers’ choices of green innovation modes is pronounced. For example, when x0 = 0.2, which means that the industry’s green innovation is still at an early stage. In this case, when there is innovation subsidy from the government, the manufacturers are evolving toward radical innovation. When there is no subsidy, they are evolving toward incremental innovation. When x0 ≥ 0.6, which means that green innovation practice in the industry is in the middle and late stages, the impacts of innovation subsidies on the trend and speed of manufacturer evolution become less pronounced.




	
Observation 4: When the initial proportion of manufacturers choosing radical innovation is low, that is the industry or the market by itself cannot promote radical innovation, the reasons may rely on the low market acceptance or large barriers to technological innovation, the incentive effect of innovation subsidy is particularly salient. Compared with the use of carbon tax alone, the joint use of carbon tax and innovation subsidy is superior to encourage the manufacturers to choose radical innovation. In other words, this proves the important role of government innovation subsidy in the early stage of green innovation in the industry. (Here, we use the proportion of enterprises that choose radical innovation to represent the overall innovation process.) As the level of consumers’ green preference and the proportion of manufacturers choose radical innovation increase, the impacts of innovation subsidy on the manufacturer’s choices of radical innovation and convergence speed become less significant. This is because increasing market green preferences can reduce the risks caused by the uncertainty of demand and stimulate enterprises to produce greener products to grab more market share. When the additional profits from the market are sufficient to make up for the costs of radical innovation, government subsidies no longer have a significant effect on enterprises. In this case, carbon tax, consumer green preference, and market competition could drive the manufacturer to adopt radical innovation. In other words, the government can withdraw innovation subsidy without hurting green innovation adoption.










5. Conclusions and Discussions


In many manufacturing industries, green innovation has become increasingly critical to drive sustainable development. Yet, the question of how the adoption of green innovation is influenced and evolved has been inadequately answered. In this study, we contribute to the literature by addressing this question. Specifically, we construct a two-population evolutionary game model where we consider consumer green preference, the capability of enterprise absorbing and adopting technology, market competition, and the joint policies of carbon taxes and innovation subsidies. We then analyze the dynamic process of the manufacturers’ choices of green innovation. We focus on the conditions when the system reaches the stable point. In this way, we can identify the factors that affect the probability of enterprises choosing radical innovation. Furthermore, we conduct numerical simulation to confirm our theoretical results and analyze how different factors affect the evolution path.



Our main results are as follow. First, we prove there are three possible stable strategies in the system: the system will either converge to {incremental innovation, incremental innovation}, or {radical innovation, radical innovation}, or alternatively, the two stable strategies co-exist, we identify their corresponding required conditions. Nevertheless, only when the minimum additional net profit obtained by enterprises through radical green innovation is positive, the enterprise group will evolve to the “ideal state” of choosing a radical green innovation mode. Second, we demonstrate that carbon tax, innovation subsidy, consumer green preference, and manufacturers’ absorptive and adoption capability can improve the possibility of enterprise’s radical green innovation activities and can accelerate the evolution. We show the superiority of the joint policies of carbon tax and innovation subsidy in promoting radical green innovation and environmental enhancement. We also identify the important incentive role of innovation subsidy in the early stage of green innovation in the industry. We also discuss the conditions when government innovation subsidy can be withdrawn.



We then conduct numerical analysis to specifically analyze how the above factors affect the evolution path of the enterprise’s choice of green innovation modes and discuss under which conditions the impact is most significant. These simulative analyses strongly support and further clarify our theoretical findings.



Based on the results above, we propose the following insights for the government when formulating policies on promoting radical green innovation and achieving emission reduction goals. First, the government could strengthen environmental publicity or subsidized green products to raise consumers’ environmental awareness and cultivate their green consumption habits. By doing so, manufacturers are incentivized to carry out radical green innovation. Market demand preferences will stimulate companies to green production to increase market share. Second, the government can introduce preferential policies through the formulation of technology and jointly cultivate innovative talents with scientific research institutions of colleges and universities to enhance the innovation ability of enterprises, which will help reduce the cost of innovation and the risk of failure of innovation. Third, the government can keep abreast of the proportion of the manufacturers that implement radical green innovation in the industry and adjust the policies according to the different stages of green innovation in the industry. Finally, the government should facilitate the protection of intellectual property of green innovation and prevent the negative impact of knowledge spillover effects among manufacturers.



There are several limitations in this paper, which also open doors to future research. First, the model we construct can only simulate the objective environment as much as possible, but considering the feasibility of model derivation, some factors have not been covered in the model. For example, to simplify our model, we assume that the consumer green preference as constant and that innovation do not affect the unit product cost. In reality, the consumers are heterogeneous, which influences the market demand and the expected profit of enterprise. Second, there is no empirical support to validate the theoretical predictions. Third, we ignore the government’s fiscal constraints in formulating environmental policies.



Along the findings proposed in this paper, there are several aspects that can be pursued as future research. First, parallel research on the maximization of social welfare and consumer surplus can be conducted to generate different policy implications. We expect the results will be different from those under the sole objective of emission reduction. Second, a project that extends current model setting by incorporating government and consumers to construct a three-population evolutionary game model is worth investigation. Third, the propositions in this theory paper can be converted to hypotheses, and empirical verification can be conducted by collecting data on emission reduction and policy implementation. Hence, the theoretical predictions made in this paper can be verified in a realistic manner. Finally, we can extend our study to the contexts of supply chains, especially those for services and innovation.
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Abbreviations




	a
	Market size



	c
	Unit production cost



	s
	Carbon tax rate



	p
	Unit selling price



	Q
	The total quantity of the products sold in the market



	r
	Government innovation subsidy level



	θ
	Consumer green preference coefficient



	ε
	The initial carbon emission per product before green innovation



	w1
	Unit product emission reduction due to radical innovation



	w2
	Unit product emission reduction due to incremental innovation



	k1,k2
	Innovative cost coefficient of manufacturer Group 1 and Group 2, respectively



	Δk
	The difference between the two groups’ innovation cost coefficient



	q1, I2
	The output of manufacturer in Group 1 and Group 2, respectively



	x, y
	The proportion of the manufacturer that chooses radical innovation among the manufacturer Group 1 and Group 2, respectively, which are the function of time t



	x0, y0
	The initial proportion of the manufacturer that chooses radical innovation among the manufacturer Group 1 and Group 2, respectively








Appendix A


First, we assume that Group 1 first chooses radical innovation, and then Group 2 follow to choose radical innovation. We have the profit function of the manufacturers in the two groups as follows:


    π  11      ( 1 )   =  (  a + θ  w 1  − (  q 1  +  q 2  )  )   q 1  − c  q 1  − s  (  ε −  w 1   )   q 1  −   ( 1 − r )  k 1   w 1    2   2      π  11      ( 2 )   =  (  a + θ  w 1  − (  q 1  +  q 2  )  )   q 2  − c  q 2  − s  (  ε −  w 1   )   q 2  −   ( 1 − r )  k 2   w 1    2   2    











As the manufacturer in group 1 is the Stackelberg game leader, we first obtain the partial derivative of q2 for    π  11      ( 2 )    :


    ∂  π  11      ( 2 )     ∂  q 2    = a + θ  w 1  −  q 1  − 2  q 2  − c − s  (  ε −  w 1   )   











Let     ∂  π  11      ( 2 )     ∂  q 2    = 0  , and we can get    q 2  =    (  a + θ  w 1  −  q 1  − c −  (  ε −  w 1   )   )   2   . Substituting this into the expression    π  11      ( 1 )    , we obtain


   π  12      ( 1 )   =  (    a + 2 θ  w 1  − θ  w 2  −  q 1  + c + s  (  ε −  w 2   )   2   )   q 1  − c  q 1  − s  (  ε −  w 1   )   q 1  −   ( 1 − r )  k 1   w 1    2   2   











Then we obtain the partial derivative of q1 for    π  11      ( 1 )    :


    ∂  π  11      ( 1 )     ∂  q 1    =    (  a + θ  w 1  + c + s  (  ε −  w 1   )  − 2 c − 2 s  (  ε −  w 1   )   )   2  −  q 1   











Let     ∂  π  11      ( 1 )     ∂  q 1    = 0  , and we can obtain    q 1    ∗  =    (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2   . As    q 2  =    (  a + θ  w 1  −  q 1  − c − s  (  ε −  w 1   )   )   2   , we can also get    q 2    ∗  =    (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   4   .



Substituting q1∗ and q2∗ into the profit functions, we can obtain


    π  11      ( 1 )   =      (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2   8  −    (  1 − r  )   k 1   w 1    2   2      π  11      ( 2 )   =      (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2    16   −    (  1 − r  )   k 2   w 1    2   2    











Second, we assume that Group 2 first chooses radical innovation, and Group 1 then follows to choose radical innovation. We first obtain the partial derivative of q1 for    π  11      ( 1 )    . Similarly, we can get


    q 1    ∗  =    (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   4    ,  q 2    ∗  =    (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2    











Substituting q1∗ and q2∗ into the profit functions, we can obtain


    π  11      ( 1 )   =      (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2    16   −    (  1 − r  )   k 1   w 1    2   2      π  11      ( 2 )   =      (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2   8  −    (  1 − r  )   k 2   w 1    2   2    











According to the model assumption, the two groups simultaneously choose radical innovation. That is, we suppose that the probability of the two manufacturers taking the lead in radical innovation is equal. We can obtain the profit functions based on the combination of the two situations above as follows:


    π  11       ( 1 )    =   3    (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2    32   −    (  1 − r  )   k 1   w 1    2   2      π  11       ( 2 )    =   3    (  a + θ  w 1  − c − s  (  ε −  w 1   )   )   2    32   −    (  1 − r  )   k 2   w 1    2   2    











The proof is complete.




Appendix B


When Group 1 adopts radical innovation and Group 2 adopts incremental innovation, the profit functions of the two manufacturers groups are as follows:


    π  12      ( 1 )   =  (  a + θ  w 1  − (  q 1  +  q 2  )  )   q 1  − c  q 1  − s  (  ε −  w 1   )   q 1  −   ( 1 − r )  k 1   w 1    2   2      π  12      ( 2 )   =  (  a + θ  w 2  − (  q 1  +  q 2  )  )   q 2  − c  q 2  − s  (  ε −  w 2   )   q 2  −   ( 1 − r )  k 2   w 2    2   2    











We first obtain the partial derivative of q2 for    π  12      ( 2 )     as the manufacturer in Group 1 has the first-mover advantage in the game.


    ∂  π  12      ( 2 )     ∂  q 2    = a + θ  w 2  −  q 1  − 2  q 2  − c − s  (  ε −  w 2   )   











Let     ∂  π  12      ( 2 )     ∂  q 2    = 0  , and we can get    q 2  =    (  a + θ  w 2  −  q 1  − c − s  (  ε −  w 2   )   )   2   .



Then    π  12      ( 1 )   =  (    a + 2 θ  w 1  − θ  w 2  −  q 1  + c + s  (  ε −  w 2   )   2   )   q 1  − c  q 1  − s  (  ε −  w 1   )   q 1  −   ( 1 − r )  k 1   w 1    2   2   ,


    ∂  π  12      ( 1 )     ∂  q 1    =    (  a + 2 θ  w 1  − θ  w 2  + c + s  (  ε −  w 2   )  − 2 c − 2 s  (  ε −  w 1   )   )   2  −  q 1   











Let     ∂  π  12      ( 1 )     ∂  q 1    = 0  , we can get    q 1    ∗  =    (  a + 2 θ  w 1  − θ  w 2  − c − 2 s  (  ε −  w 1   )  + s  (  ε −  w 2   )   )   2   .



As    q 2  =    (  a + θ  w 2  −  q 1  − c − s  (  ε −  w 2   )   )   2   , we can get    q 2    ∗  =    (  a + 3 θ  w 2  − 2 θ  w 1  − c − 3 s  (  ε −  w 2   )  + 2 s  (  ε −  w 1   )   )   4   .



Then we can obtain the profit functions of two groups as follows:


    π  12       ( 1 )    =      (  a + 2 θ  w 1  − θ  w 2  − c + s  (  ε −  w 2   )  − 2 s  (  ε −  w 1   )   )   2   8  −    (  1 − r  )   k 1   w 1    2   2      π  12       ( 2 )    =      (  a + 3 θ  w 2  − 2 θ  w 1  − c − 3 s  (  ε −  w 2   )  + 2 s  (  ε −  w 1   )   )   2    16   −    (  1 − r  )   k 2   w 2    2   2    











The proof is complete.




Appendix C


When Group 2 adopts radical innovation and Group 1 adopts incremental innovation, the profit functions of the two manufacturer groups are as follows:


    π  21      ( 1 )   =  (  a + θ  w 2  − (  q 1  +  q 2  )  )   q 1  − c  q 1  − s  (  ε −  w 2   )   q 1  −   ( 1 − r )  k 1   w 2    2   2      π  21      ( 2 )   =  (  a + θ  w 1  − (  q 1  +  q 2  )  )   q 2  − c  q 2  − s  (  ε −  w 1   )   q 2  −   ( 1 − r )  k 2   w 1    2   2    











The same with the Appendixes above, we can get the following:


    ∂  π  21      ( 1 )     ∂  q 1    = a + 2 θ  w 2  − 2  q 1  −  q 2  − c − s  (  ε −  w 2   )   











Let     ∂  π  21      ( 1 )     ∂  q 1    = 0  ,    q 1  =    (  a + θ  w 2  −  q 2  − c − s  (  ε −  w 2   )   )   2   .


    π  21      ( 2 )   =  (  a + θ  w 1  − (    q 2  + a + θ  w 2  − c − s  (  ε −  w 2   )   2  )  )   q 2  − c  q 2  − s  (  ε −  w 1   )   q 2  −   ( 1 − r )  k 2   w 1    2   2       ∂  π  21      ( 2 )     ∂  q 2    =   a + 2 θ  w 1  − θ  w 2  + c + s  (  ε −  w 2   )   2  −  q 2  − c − s  (  ε −  w 1   )      q 1    ∗  =   a + 3 θ  w 2  − 2 θ  w 1  − c − 3 s  (  ε −  w 2   )  + 2 s  (  ε −  w 1   )   4      q 2    ∗  =   a + 2 θ  w 1  − θ  w 2  − c − 2 s  (  ε −  w 1   )  + s  (  ε −  w 2   )   2      π  21       ( 1 )    =      (  a + 3 θ  w 2  − 2 θ  w 1  − c − 3 s  (  ε −  w 2   )  + 2 s  (  ε −  w 1   )   )   2    16   −    (  1 − r  )   k 1   w 2    2   2      π  21       ( 2 )    =      (  a + 2 θ  w 1  − θ  w 2  − c − 2 s  (  ε −  w 1   )  + s  (  ε −  w 2   )   )   2   8  −    (  1 − r  )   k 2   w 1    2   2    











The proof is complete.




Appendix D


When both groups adopt incremental innovation, there is no first-mover advantage in the game, the profit functions of the two manufacturer groups are as follows:


    π  21      ( 1 )   =  (  a + θ  w 2  − (  q 1  +  q 2  )  )   q 1  − c  q 1  − s  (  ε −  w 2   )   q 1  −   ( 1 − r )  k 1   w 2    2   2      π  22      ( 2 )   =  (  a + θ  w 2  − (  q 1  +  q 2  )  )   q 2  − c  q 2  − s  (  ε −  w 2   )   q 2  −   ( 1 − r )  k 2   w 2    2   2    











According to rule of Cournot model,


     ∂  π  22      ( 1 )     ∂  q 1    = a + θ  w 2  − 2  q 1  −  q 2  − c − s  (  ε −  w 2   )   ,   ∂  π  22      ( 2 )     ∂  q 2    = a + θ  w 2  −  q 1  − 2  q 2  − c − s  (  ε −  w 2   )    











Let     ∂  π  22      ( 1 )     ∂  q 1    = 0   and     ∂  π  22      ( 2 )     ∂  q 2    = 0  , we can get


    q 1    ∗  =   a + θ  w 2  − c − s  (  ε −  w 2   )   3    ,  q 2    ∗  =   a + θ  w 2  − c − s  (  ε −  w 2   )   3      π  22       ( 1 )    =      (  a + θ  w 2  − c − s  (  ε −  w 2   )   )   2   9  −    (  1 − r  )   k 1   w 2    2   2      π  22       ( 2 )    =      (  a + θ  w 2  − c − s  (  ε −  w 2   )   )   2   9  −    (  1 − r  )   k 2   w 2    2   2    











The proof is complete.
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Figure 1. The evolution path of the system when both (1, 1) and (0, 0) are ESS (Evolutionary Stable Strategy): (a) The evolution path when k2 = 15; (b) the evolution path when k2 = 25. 
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Figure 2. The evolution path of system when only (0, 0) is ESS. 
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Figure 3. The evolution path of system when only (1, 1) is ESS. 
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Figure 4. The impact of r on Group 1 when y0 = 0.7. 
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Figure 5. The impact of r on Group 1 when y0 = 0.5. 
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Figure 6. The impact of s on Group 1 when y0 = 0.7. 
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Figure 7. The impact of s on Group 1when y0 = 0.5. 
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Figure 8. The impact of θ on Group 1 when y0 = 0.7. 
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Figure 9. The impact of θ on Group 1 when y0 = 0.5. 
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Figure 10. The impact of subsidy level on the evolution path. 
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Table 1. Payoff matrix of the two manufacturer groups.
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Group 2




	
Radical Innovation y

	
Incremental Innovation 1 - y






	
Group 1

	
Radical Innovation x

	
   π  11       ( 1 )     ,   π  11       ( 2 )     

	
   π  12       ( 1 )     ,   π  12       ( 2 )     




	
Incremental Innovation 1 - x

	
   π  21       ( 1 )     ,   π  21       ( 2 )     

	
   π  22       ( 1 )     ,   π  22       ( 2 )     
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Table 2. Parameter initial value.
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	Parameters
	a
	c
	ε
	w1
	w2
	Δk





	Value
	100
	50
	12
	1.4
	0.2
	11
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