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Abstract


Supply chain green technology collaborative innovation is an important means for enterprises to improve the greenness of their products. This paper takes supply chain green technology innovation collaboration as the research object and constructs a stochastic differential game model, which not only provides reference for enterprises to choose the optimal type of technology innovation by combining with their own characteristics, but also provides a reference for their innovation decision-making in different market competition environments. The study shows the following: (1) in green product innovation, the formation of the cost-sharing contract is less affected by the intensity of competition in the green market when the market preference for greenness is relatively low. Therefore, government subsidies become an important tool to effectively guide the market mechanism to achieve the desired goal. As market competition intensifies, manufacturers’ incentives to suppliers will shift from reducing costs to increasing demand. (2) In green process innovation, when the intensity of green competition is low and suppliers’ process innovation efficiency is high, manufacturers should bear more costs; when the market preference for greenness is low, the market competition is intense, and the suppliers’ process innovation efficiency is low, the suppliers should bear more costs to help the manufacturers gain more market shares. (3) When retailers’ preference for greenness is relatively low, the government subsidy becomes an important tool to effectively guide the market mechanism to achieve the desired goal. (4) When the retailer’s green promotion performance is higher than the manufacturer’s, the manufacturer should bear more green promotion costs; conversely, the retailer should bear more green promotion costs. (5) Over time, the marginal increase in price over the marginal increase in greenness helps stabilise price volatility, considering consumer preferences. Conversely, it helps to increase the average value of prices.
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1. Introduction


With the aggravation of global environmental problems, green technology innovation has become an important way for enterprises to realize sustainable development. Green technology innovation can not only reduce environmental pollution but also improve the efficiency of resource utilization. However, green technology innovation often faces high initial costs and requires the cooperation of upstream and downstream enterprises in the whole supply chain [1].



Government policies play a leading role in the early stages of enterprise green technology innovation [2,3]. In response to environmental requirements, enterprises are forced to adjust their production processes and adopt green technologies to comply with policy regulations [4]. Enterprises reduce emissions to meet policy requirements [5], suppliers at the upstream of the supply chain are the first to face cost pressures [6], and manufacturers carry out green technological innovations with more emphasis on the balance between economic and environmental benefits [7]. Therefore, enterprises in the supply chain are more inclined to cooperative innovation [8]. With the improvement of consumers’ environmental awareness, enterprises not only to comply with policy requirements, but also to enhance market competitiveness to green technology innovation [9]. At this stage, enterprises in the supply chain need to adopt different cost-sharing strategies based on the intensity of market competition and consumer preferences [10].



According to the different innovation objects, it can be divided into green product innovation and green production process innovation [11]. Green product innovation refers to the development of products with environmental benefits and high resource utilization [11]. Green production process innovation adopts environmentally friendly and efficient process technologies to reduce energy consumption and realize the environmental friendliness of the production process [11]. Manufacturers, suppliers, and retailers often adopt different cost-sharing strategies in different green technology innovations. In the process of green product innovation, manufacturers are often willing to share a portion of suppliers’ innovation costs and retailers’ promotion costs, taking into account brand image and product uniqueness [12]. For example, when Tesla developed its new energy electric car, it not only bore the huge R&D costs alone, but also co-financed with its component suppliers to assist in the development of green innovations. In the process of green process innovation, suppliers and manufacturers usually work together to optimize processes and share the costs of innovation [12]. For example, Siemens focuses on process innovation and fosters cooperation in the R&D process by joining forces with suppliers to research and improve production processes and adopt more efficient energy technologies and methods to reduce production waste [13].



Early studies focused on the concept of green supply chain management [8] and its impact on environmental performance [14]. With the promotion of the green development concept, research on the influencing factors [15] and optimization strategies [16] of the green supply chain implementation chain has gradually increased. On the one hand, studies have explored the role mechanisms of government subsidies [17,18], channel power structure [19,20] and blockchain technology [21,22,23,24] in green supply chains, and on the other hand, studies have focused on the innovation cooperation model [7,25] and performance evaluation [26] of green supply chains, and found that collaborative relationships among supply chain partners had a positive effect on promoting green technological innovation [27], and improved product greenness [11,28]. In terms of cost sharing, some studies investigated the cooperation between manufacturers and suppliers [29], and its impact on product greenness [30] by constructing a game model and found that the cost sharing strategy can effectively improve the environmental performance and competitiveness of the supply chain [31,32]. In terms of market competition, brand competition and market share make enterprises pay more attention to green technology innovation [33]. With the fierce market competition, enterprises are more inclined to invest in green technology innovation to increase their market share and consumer satisfaction [6,34,35]. In this process, enterprises with weaker competition are more susceptible to the influence of the market [36]. In terms of market greenness preference, consumer preference for green products helps to increase green product market share and corporate profits, which in turn motivates enterprises to pursue green technological innovation and improve product greenness [37,38,39]. In terms of innovation efficiency, the study analyzed the spatial and temporal differences in green technology innovation efficiency [40] and the impacting factors [41,42], and found that green technology innovation efficiency affects the profits of suppliers, manufacturers, and retailers, which in turn affects their decision-making [19].



Although existing studies have paid attention to the impact of many factors on green technological innovation, such as cost-sharing mechanisms, the degree of market competition, market greenness preference and innovation efficiency, they have not adequately considered the complex interactions among market-driven green technological innovations and their impact on greenness. There is still a lack of in-depth discussion on the specific impacts of different types of green technological innovation (e.g., product innovation, process innovation) and the intensity of competition in the green market on the supply chain cooperation model and cost-sharing mechanism. There is relatively limited research on how to formulate effective cooperation strategies for green technological innovation in different market competition environments and innovation types under the three-tier supply chain framework. Meanwhile, dynamic games are often used to study environmental pollution control problems. Differential games are a combination of continuous-time dynamic optimization methods (optimal control, dynamic programming) and game theory. Compared with differential games, stochastic differential games can better portray the variability and uncertainty. In stochastic differential games, individuals need to repeat their interactions over time instead of standard repetitions, and they optimize their conflicting objectives, pursue the optimal strategies of dynamic evolution, and achieve Nash equilibrium. In traditional dynamic optimization methods, the study is mostly about a single individual, but in supply chain green technology innovation, the state variable values are jointly driven by the control variables of multiple individuals. The stochastic differential game model can dynamically analyze and control the strategic decision-making behaviours of participants under the consideration of time continuity and uncertainty [43]. It helps to analyze issues such as the conditions for the formation of cost-sharing contracts under different innovation modes, the mechanism of the role of the cost-sharing ratio on the greenness of the product, and the mechanism of the influence of the intensity of market competition and the green preference of consumers on the pricing strategy of the product. Thus, it provides a comprehensive framework to understand and predict the mechanism of green technology co-innovation in supply chains under the interaction of multiple complex factors.



This paper examines supply chain green technology innovation cooperation by constructing a stochastic differential game model that considers different innovation types and market competition environments. It differentiates the cost-sharing modes and the formation of product greenness across various innovation types. The study explores the conditions for establishing cost-sharing contracts and the mechanisms by which cost-sharing ratios improve product greenness in different innovation modes. Additionally, it investigates the influence of product characteristics and market competition environments on product pricing. This research aims to contribute to the theoretical framework of supply chain green technology innovation and provide theoretical guidance for upstream and downstream enterprises in the supply chain when making decisions on green technology innovation.



The rest of this paper is organized as follows. In Section 2, the two types of green technology co-innovation in supply chains are described in terms of the problem and the basic assumptions of the model are presented. In Section 3, the model is constructed and solved based on the aforementioned assumptions. The evolutionary characteristics of product greenness are also analyzed. In Section 4, the mechanism of innovation cost-sharing ratio and publicity cost in different innovation models is explored. The impact of market competition on price volatility is investigated. In Section 5, a numerical example is conducted to validate the model. In Section 6, the conclusions of the paper are presented.




2. Problem Description and Basic Assumptions


2.1. Problem Description


Manufacturers play a central role in the supply chain system. Typically, suppliers are responsible for producing and supplying basic raw materials and key components, while manufacturers handle the processing and production of final products. Retailers focus on the promotion and sale of these products. Although the products produced by manufacturers are functionally similar, the greenness of these products varies due to different green technology innovation strategies implemented during production. Additionally, long-established cooperative relationships within the supply chain mean that changing suppliers incurs significant switching costs for manufacturers. In the early stages of green technology innovation, there are fewer suppliers in the market that meet green standards. As a result, manufacturers actively seek to collaborate with suppliers to enhance green technology innovation across the entire supply chain.



To clarify the different impact mechanisms of product and process innovation, this study constructs a supply chain model comprising a shared supplier, two manufacturers, and two retailers. The key subjects and main processes involved in the process are shown in Figure 1. Specifically, Manufacturer 1 develops green products through a product innovation strategy, which requires emphasizing sustainability at the raw material selection stage. Consequently, suppliers innovate in the provision of raw materials to meet green product criteria. Product innovation is not only about key aspects such as product design and market positioning but also about Manufacturer 1’s core competencies and brand influence. Typically, Manufacturer 1 bears the R&D costs of product innovation alone to ensure its dominant position and maintain market competitiveness. Additionally, Manufacturer 1 partially covers the R&D costs of suppliers to incentivize proactive green product innovation. Retailer 1 promotes and sells these green products, enhancing consumer perceptions of product greenness through effective marketing activities. As the core enterprise, Manufacturer 1 also publicizes the green products and shares some of the green publicity costs with Retailer 1.



Manufacturer 2 enhances product greenness through process innovation strategies. This approach focuses on promoting resource recycling and reducing resource consumption and emissions by deepening supplier management and optimizing production processes. Within this strategy, Manufacturer 2 collaborates closely with suppliers to jointly calculate innovation costs and negotiate their respective cost-sharing ratios based on the specific needs of the collaborative project. Manufacturer 2 also collaborates with Retailer 2 on the greenness promotion and marketing strategy, sharing part of Retailer 2’s promotion costs and providing financial support to enhance the marketing of green products.



Spillover effects from green technology innovation can discourage enterprises from innovating. To counter this, governments provide financial support to reduce R&D costs and incentivize increased innovation investment. Given the reality of government subsidies for green factories and green supply chains, this study hypothesizes that the government will provide subsidies based on innovation outcomes. Specifically, subsidies will be granted solely to manufacturers for product innovations, while both suppliers and manufacturers will receive subsidies for process innovations.




2.2. Basic Assumptions


2.2.1. Cost Assumptions


The output of an enterprise’s activity is related to the inputs and also depends on the efficiency with which the inputs are utilized [44]. Most studies set the relationship between cost and effort level as a convex function [43,45]. In this paper, it is assumed that the innovation cost coefficient is   η   when the input is   f  . If innovation cooperation arises, the efficiency of the cooperation between the two parties is   v  , and the output of the activity can be expressed as   o =    1   2    v η   f   2    . The corner notation below denotes   m   for the manufacturer,   s   for the supplier, and   r   for the retailer, and 1 and 2 denote the different manufacturers and retailers, and the green innovation cost of each subject in the supply chain is shown in Table 1.



Assumption 1.

In green product innovation, the green innovation cost generated by the supplier is assumed to be     C   s 1     t   =    1   2      η   s 1       f   s 1     2     t    , where     f   s 1     t     is the level of green product innovation effort paid by the supplier and     η   s 1     is the supplier’s green product innovation cost coefficient. The green innovation cost generated by Manufacturer 1 is a convex function of its innovation input,     C   m 1     t   =    1   2      η   m 11       f   m 11     2     t    , where     f   m 11     t     is the level of green product innovation effort paid by Manufacturer 1, and     η   m 11     is the coefficient of green product innovation cost of Manufacturer 1, and the larger the     η   m 11    , the higher the cost of innovation and the lower the efficiency of innovation. Efficiency is also lower. Based on the product innovation cost of Manufacturer 1, the government will subsidize the green product innovation with a subsidy ratio of     ξ   m 1     and   0 <   ξ   m 1   < 1   , i.e., the government bears part of the innovation cost of Manufacturer 1. At the same time, the supply chain coordination between suppliers and Manufacturer 1 is realized through the cost-sharing contract, and Manufacturer 1 shares a certain proportion of the     θ   s 1     green innovation cost for suppliers. After considering the cost-sharing contract and the government subsidy, the green product innovation cost of the supplier is     1 −   θ   s 1       C   s 1    , and the green product innovation cost of Manufacturer 1 is     1 −   ξ   m 1       C   m 1   +   θ   s 1     C   s 1    . Manufacturer 1 and Retailer 1 share the cost of green publicity, and the total cost of publicity is     C   m r 1     t   =    1   2      ν   1       η   m 12       f   m 12     2     t   +   η   r 1       f   r 1     2     t      , where     f   m 12     t     is the level of green publicity effort paid by Manufacturer 1,     f   r 1     t     is the level of green publicity effort paid by Retailer 1,     η   m 12     is the coefficient of green publicity cost for Manufacturer 1, and     η   r 1     is the cost coefficient of green publicity for Retailer 1.     ν   1     is the cost coefficient of cooperation between Manufacturer 1 and Retailer 1, where   0 <   ν   1   < 1  , and the smaller     ν   1     is, the more efficient their cooperation is. The proportion of the total cost of publicity borne by Manufacturer 1 and Retailer 1 is     θ   r 1     and   1 −   θ   r 1    , respectively. At this point, the total cost of green product innovation and green publicity for Manufacturer 1 is     1 −   ξ   m 1       C   m 1   +   θ   s 1     C   s 1   +   θ   r 1     C   m r 1    , and that of green publicity for Retailer 1 is     1 −   θ   r 1       C   m r 1    .



In green process innovation, it is assumed that the green process innovation cost generated by the supplier is     C   s 2     t   =    1   2      ν   2     η   s 2       f   s 2     2     t    , where     f   s 2     t     is the level of the supplier’s green process innovation effort and     η   s 2     is the supplier’s green process innovation cost coefficient. The green process innovation cost generated by Manufacturer 2 is     C   m 2     t   =    1   2      ν   2     η   m 21       f   m 21     2     t     , where     f   m 21     t     (t) is the green process innovation effort level of Manufacturer 2 and     η   m 21     is the green process innovation cost coefficient of Manufacturer 2.     ν   2     is the cost coefficient of supplier and Manufacturer 2 cooperation. Based on the cost of supplier and Manufacturer 2 process innovation, the government subsidizes the process innovation with a subsidy ratio of     ξ   m 2     and   0 <   ξ   m 2   < 1   , i.e., the government bears part of the innovation cost of supplier and Manufacturer 2. At the same time, Manufacturer 2 cooperates with suppliers to improve equipment and production processes through green process innovation, alleviate the pressure of environmental regulation, reduce the cost of pollution control, and obtain price advantages. In this process, Manufacturer 2 bears a certain percentage     θ   s 2     of the green process innovation cost. Considering the cost-sharing contract and government subsidy, the green process innovation cost of the supplier is     1 −   θ   s 2       1 −   ξ   m 2       C   s 2     , and that of the Manufacturer 2 is     1 −   ξ   m 2         θ   s 2   C   s 2    . The total cost of green publicity, which is shared by Manufacturer 2 and Retailer 2, is     C   m r 2     t   =    1   2      ν   3       η   m 22       f   m 22     2     t   +   η   r 2       f   r 2     2     t      , where     f   m 22     t     is the level of green publicity effort paid by Manufacturer 2,     f   r 2     t     is the level of green publicity effort paid by Retailer 2,     η   m 22     is the coefficient of green publicity cost of Manufacturer 2;     η   r 2     is the cost coefficient of green publicity of Retailer 2.     ν   3     is the cost coefficient of cooperation between Manufacturer 2 and Retailer 2, where   0 <   ν   3   < 1  . The proportion of the total cost of publicity to be borne by Manufacturer 2 and Retailer 2 is     θ   r 2     and   1 −   θ   r 2    , respectively. At this time, the total cost of green process innovation and green publicity for Manufacturer 2 is     1 −   ξ   m 2         θ   s 2   C   s 2   −   θ   r 2     C   m r 2    , and that of green publicity for Retailer 2 is     1 −   θ   r 2       C   m r 2    .





In addition, for simplicity, other costs of daily production are not considered.



Based on the above assumptions, the cost of green innovation for suppliers, manufacturers and retailers after the introduction of cost-sharing contracts and government subsidies is shown in Table 2.




2.2.2. Product Greenness Assumptions


The development of product greenness is a stochastic process in which the suppliers’ choice of raw materials, the manufacturers’ production processes and the retailers’ promotional and sales strategies are all key factors influencing product greenness.



Assumption 2.

In green product innovation, the supplier first determines the level of green product innovation effort and the greenness of the raw material based on its greenness transformation effect. Next, as Manufacturer 1 processes and produces green products using the green raw materials provided by the suppliers, there is a multiplier effect on greenness due to the combined innovation efforts of both parties. Consequently, the greenness of the products produced by Manufacturer 1 is jointly determined by the innovation efforts and greenness transformation effects of both the suppliers and Manufacturer 1. Finally, Manufacturer 1 and Retailer 1 collaboratively promote the greenness of the green product innovation and determine the greenness of the promoted product based on its transformation effect. The greenness     g   1     t     of the product that undergoes product innovation is obtained by the joint efforts of the supplier, Manufacturer 1 and Retailer 1 [46,47], and the greenness     g   1     t     of the product produced by the green product innovation at moment   t   is as follows:


  d   g   1     t   =     φ   s 1     f   s 1     t     1 +   φ   m 11     f   m 11     t     +   φ   m 12     f   m 12     t   +   φ   r 1     f   r 1     t   − δ   g   1     t     d t + σ    g   1     t    d W   t    



(1)




where     φ   s 1     is the coefficient of effect of converting supplier’s green product innovation effort level into greenness,     φ   m 1     is the coefficient of effect of converting Manufacturer 1’s green product innovation effort level into greenness,     φ   r 1     is the coefficient of effect of converting Retailer 1’s green publicity effort level into greenness,   δ   denotes the natural rate of attenuation,   W   t     is the Wiener process, and   σ   is the noise parameter.



In green process innovation, the supplier and Manufacturer 2 negotiate the level of their respective green process innovation efforts and determine the greenness of the product based on its conversion effect. At the same time, Manufacturer 2 and Retailer 2 jointly promote the green process innovation and determine the greenness of the promoted product based on its conversion effect. The greenness     g   2     t     of the product for which the process innovation is carried out is obtained by the joint efforts of the supplier, Manufacturer 2 and Retailer 2, and the greenness     g   2     t     of the product produced by the green process innovation at time   t   is as follows:


  d   g   2     t   =     φ   s 2     f   s 2     t   +   φ   m 21     f   m 21     t   +   φ   m 22     f   m 22     t   +   φ   r 2     f   r 2     t   − δ   g   2     t     d t + σ    g   2     t    d W   t    



(2)




where     φ   s 2     is the coefficient of the effect of converting the supplier’s green process innovation effort into greenness,     φ   m 2     is the coefficient of the effect of converting Manufacturer 2’s level of green process innovation effort into greenness, and     φ   r 2     is the coefficient of the effect of converting Retailer 2’s level of green promotion effort into greenness.






2.2.3. Market Assumptions


Assumption 3.

There is a competitive relationship between the two types of products in the sales market, and this competitive relationship is represented by the market demand function. Competition is categorized into price competition and non-price competition; assuming that non-price competition depends on consumers’ preference for the greenness of the product, the market demand function     D   m i     t     for the product produced by manufacturer i is as follows:


     D   m 1     t   =   D   01   (   x   m 1   ) +   γ   g     g   1     t   − χ   ζ     g   2     t   −   g   1     t     +   1 − ζ       x   m 1   −   x   m 2            D   m 2     t   =   D   02       x   m 2     +   γ   g     g   2     t   − χ   ζ     g   1     t   −   g   2     t     +   1 − ζ       x   m 2   −   x   m 1         



(3)







    D   0 i       x   m i       denotes the potential market demand for the product, which is related to the product price     x   m i     and     D   0 i       x   m i     < 0  .     γ   g   > 0   denotes the coefficient of the effect of product greenness on the market demand, i.e., the coefficient of the green preference of consumers. Assuming that   0 < ζ ≤ 1   is the degree of importance that product greenness occupies in market competition, then   1 − ζ   is the degree of importance that price occupies in market competition. For ease of calculation, price is assumed to be a random variable, and further analysis will be carried out later. Therefore, the supplier’s supply price     x   s i     to manufacturer i is assumed to be a random variable with a probability density function of   f     x   s i      . Manufacturer i’s price     x   m i     to retailer i is a random variable whose probability density function is   f     x   m i      . The price     x   r i     at which retailer i sells its product is a random variable whose probability density function is   f     x   r i      . The incremental price of green product innovations tends to be higher than the incremental price of green process innovations due to the higher positioning of green product market demand. Green product innovations are revolutionary and green process innovations are incremental, and the former tend to require larger cost inputs that need to be compensated by higher prices, so it is assumed that     x   r 1   >   x   r 2    ,     x   s 1   >   x   s 2    , and     x   m 1   >   x   m 2    .





The notation of the relevant parameters involved in the model is shown in Table 3.






3. Stochastic Differential Game Modeling


3.1. Model Construction


According to the previous assumptions, the supplier gains     ∫  0     P   s 1          D   m 1   x   s 1   f     x   s 1     d   x   s 1       from selling the raw materials to Manufacturer 1, and gains     ∫  0     P   s 2          D   m 2   x   s 2   f     x   s 2     d   x   s 2       from selling them to Manufacturer 2. The supplier’s cost of green product innovation shared by Manufacturer 1 is     1 −   θ   s 1       C   s 1    , the supplier’s cost of green process innovation incurred by collaborative innovation with Manufacturer 2 is     1 −   θ   s 2       1 −   ξ   m 2       C   s 2    , and   ρ   is the discount factor. Therefore, the supplier’s objective generalized function is as follows:


    J   s   =   m a x     f   s   ( t )   E     ∫  0   T      e   − ρ t         ∫  0     P   s 1          D   m 1   x   s 1   f     x   s 1     d   x   s 1     +   ∫  0     P   s 2          D   m 2   x   s 2   f     x   s 2     d   x   s 2     −   1 −   θ   s 1       C   s 1   −   1 −   θ   s 2       1 −   ξ   m 2       C   s 2     d t    



(4)







Manufacturer 1 sells products to Retailer 1 for revenue     ∫  0     P   m 1        D   m 1     x   m 1   f     x   m 1     d   x   m 1      , and pays for ordering from supplier     ∫  0     P   s 1        D   m 1     x   s 1   f     x   s 1     d   x   s 1      . The cost incurred for green product innovation after the government subsidizes Manufacturer 1 is     1 −   ξ   m 1       C   m 1    . Manufacturer 1 shares the green product innovation cost     θ   s 1     C   s 1     for the supplier and bears part of the green publicity cost     θ   r 1     C   m r 1     for Retailer 1. Therefore, the objective generalized function of Manufacturer 1 is as follows:


    J   m 1   =   m a x     f   m 1     E     ∫  0   T      e   − ρ t           ∫  0     P   m 1          D   m 1   x   m 1   f     x   m 1     d   x   m 1     −   ∫  0     P   s 1        x   s 1   f     x   s 1     d   x   s 1       −   1 −   ξ   m 1       C   m 1   −     θ   s 1     C   s 1   −   θ   r 1     C   m r 1     d t    



(5)







Manufacturer 2 earns revenue     ∫  0     P   m 2          D   m 2   x   m 2   f     x   m 2     d   x   m 2       by selling products to Retailer 2 and pays     ∫  0     P   s 2          D   m 2   x   s 2   f     x   s 2     d   x   s 2       by ordering products from the suppliers. Manufacturer 2 incurs a process innovation cost of     θ   s 2     1 −   ξ   m 2       C   s 2     for collaborative innovation with suppliers and bears a portion of the green propaganda cost of     θ   r 2     C   m r 2     for Retailer 2. Thus, the objective generalization function for Manufacturer 2 is as follows:


    J   m 2   =   m a x     f   m 2     E     ∫  0   T      e   − ρ t           ∫  0     P   m 2          D   m 2   x   m 2   f     x   m 2     d   x   m 2     −   ∫  0     P   s 2        x   s 2   f     x   s 2     d   x   s 2       −   θ   s 2     1 −   ξ   m 2       C   s 2   −     θ   r 2     C   m r 2     d t    



(6)







Retailer 1 sells the product to gain revenue     ∫  0     P   r 1          D   m 1   x   r 1   f     x   r 1     d   x   r 1      , pays the cost of purchasing the product from Manufacturer 1     ∫  0     P   m 1        D   m 1     x   m 1   f     x   m 1     d   x   m 1      , and the cost of green propaganda after Manufacturer 1’s share is     1 −   θ   r 1       C   m r 1    . Therefore, the objective generalization function of Retailer 1 is as follows:


    J   r 1   =   m a x     f   r 1     E     ∫  0   T      e   − ρ t           ∫  0     P   r 1          D   m 1   x   r 1   f     x   r 1     d   x   r 1     −   ∫  0     P   m 1        x   m 1   f     x   m 1     d   x   m 1       −   1 −   θ   r 1       C   m r 1     d t    



(7)







Retailer 2 sells the product to gain revenue     ∫  0     P   r 2        D   m 2     x   r 2   f     x   r 2     d   x   r 2      , pays the cost of purchasing the product from Manufacturer 2     ∫  0     P   m 2        D   m 2     x   m 2   f     x   m 2     d   x   m 2      , and the cost of green propaganda after Manufacturer 2’s share is     1 −   θ   r 2       C   m r 2    . Therefore, the objective generalization function of Retailer 2 is as follows:


    J   r 2   =   m a x     f   r 2     E     ∫  0   T      e   − ρ t           ∫  0     P   r 2          D   m 2   x   r 2   f     x   r 2     d   x   r 2     −   ∫  0     P   m 2        x   m 2   f     x   m 2     d   x   m 2       −   1 −   θ   r 2       C   m r 2     d t    



(8)








3.2. Solutions


The goal of suppliers, manufacturers and retailers is to maximize expected revenues. Unlike process innovation, product innovation decisions between suppliers and manufacturers are sequential. Based on the product plan proposed by the manufacturer, the supplier first makes a green product innovation effort, and then the manufacturer makes a decision on the green product innovation effort based on the actual green raw materials provided by the supplier.



Proposition 1.

The optimal level of green product innovation effort for the supplier is as follows:


       f   s 1     *   =    Φ   φ   s 1     η   m 11     1 −   ξ   m 1         1 −   θ   s 1       η   s 1     η   m 11     1 −   ξ   m 1     − 2 Ψ Φ       φ   s 1     φ   m 11       2        



(9)




where


    Φ =   V   s 1   ′   =   x   1   =      γ   g     ∫  0     P   s 1        x   s 1   f     x   s 1     d   x   s 1     + χ ζ     ∫  0     P   s 1        x   s 1   f     x   s 1     d   x   s 1     −   ∫  0     P   s 2        x   s 2   f     x   s 2     d   x   s 2           ρ + δ      ,    Ψ =   V   m 11   ′   =   y   1   =        γ   g   + χ ζ       ∫  0     P   m 1        x   m 1   f     x   m 1     d   x   m 1     −   ∫  0     P   s 1        x   s 1   f     x   s 1     d   x   s 1           ρ + δ      .    











The optimal level of green process innovation effort for the supplier is as follows:


       f   s 2     *   =    Θ   φ   s 2       1 −   θ   s 2       1 −   ξ   m 2       η   s 2     ν   2        



(10)




where


   Θ =   V   s 2   ′   =   x   2   =      γ   g     ∫  0     P   s 2        x   s 2   f     x   s 2     d   x   s 2     + χ ζ     ∫  0     P   s 2        x   s 2   f     x   s 2     d   x   s 2     −   ∫  0     P   s 1        x   s 1   f     x   s 1     d   x   s 1           ρ + δ      .   











The optimal level of green product innovation effort for Manufacturer 1 is as follows:


       f   m 11     *   =    Ψ Φ   φ   m 11       φ   s 1     2       1 −   θ   s 1       η   s 1     η   m 11     1 −   ξ   m 1     − 2 Ψ Φ       φ   s 1     φ   m 11       2        



(11)







The optimal level of green promotional effort for Manufacturer 1 is as follows:


       f   m 12     *   =    Ψ   φ   m 12       θ   r 1     ν   1     η   m 12        



(12)







The optimal level of green process innovation effort for Manufacturer 2 is as follows:


       f   m 21     *   =    Γ   φ   m 21       θ   s 2     1 −   ξ   m 2       η   m 21     ν   2        



(13)




where


   Γ =   V   m 22   ′   =   z   2   =        γ   g   + χ ζ       ∫  0     P   m 2        x   m 2   f     x   m 2     d   x   m 2     −   ∫  0     P   s 2        x   s 2   f     x   s 2     d   x   s 2           ρ + δ      .   











The optimal level of green promotional effort for Manufacturer 2 is as follows:


       f   m 22     *   =    Γ   φ   m 22       θ   r 2     ν   3     η   m 22        



(14)







The optimal level of green promotional effort for Retailer 1 is as follows:


       f   r 1     *   =    Ξ   φ   r 1       1 −   θ   r 1       ν   1     η   r 1        



(15)




where


   Ξ =   V   r 11   ′   =   m   1   =        γ   g   + χ ζ       ∫  0     P   r 1        x   r 1   f     x   r 1     d   x   r 1     −   ∫  0     P   m 1        x   m 1   f     x   m 1     d   x   m 1           ρ + δ      .   











The optimal level of green promotional effort for Retailer 2 is as follows:


       f   r 2     *   =    Λ   φ   r 2       1 −   θ   r 2       η   r 2     ν   3        



(16)




where


   Λ =   V   r 22   ′   =   n   2   =        γ   g   + χ ζ       ∫  0     P   r 2        x   r 2   f     x   r 2     d   x   r 2     −   ∫  0     P   m 2        x   m 2   f     x   m 2     d   x   m 2           ρ + δ      .   













Proof. 

See Appendix A. □






3.3. Evolution of Product Greenness


To reflect the effect of optimal green innovation effort level on product greenness, the statistical properties of product greenness are indicated.



Proposition 2.

The expected value of product greenness is as follows:


  E     g   *     =      N   i     δ    +   e   − δ t       g   0   −      N   i     δ       



(17)




where     N   1   =   φ   s 1     f   s 1     1 +   φ   m 11     f   m 11     +   φ   m 12     f   m 12   +   φ   r 1     f   r 1   ,   N   2   =   φ   s 2     f   s 2   +   φ   m 21     f   m 21   +   φ   m 22     f   m 22   +   φ   r 2     f   r 2    .






The variance is as follows:


      D     g   *     =   e   − 2 δ t           g   0   −      N   i     δ    +   e   δ t        N   i     δ        2   −      e   − δ t       N   i   − δ   g   0       2   N   i   +   σ   2         δ   2           −   e   − 2 δ t       g   0   2   +        N   i   − δ   g   0       2   N   i   +   σ   2         δ   2      −      N   i     2   N   i   +   σ   2       2   δ   2        +      N   i     2   N   i   +   σ   2       2   δ   2           



(18)









Proof. 

See Appendix B. □





Equation (17) can be rewritten as shown below:


  E     g   *     =   1 −   e   − δ t          N   i     δ    +   e   − δ t     g   0    



(19)







From Equation (19), it can be seen that product greenness is gradually affected by the level of innovation effort over time, which also means that inappropriate behaviour will generate more losses.



Equation (18) can be rewritten as shown below:


  D     g   *     =    2 − 4   e   − δ t       δ   2          N   i     2   +      4   g   0     e   − δ t     δ    −      σ   2       e   − 2 δ t   +   e   − δ t   + 1     2   δ   2          N   i   +      g   0     σ   2       e   − 2 δ t   +   e   − δ t       δ     



(20)







From Equation (20), let      8   g   0   δ   e   − δ t   −   σ   2       e   − 2 δ t   +   e   − δ t   + 1     16   e   − δ t   − 8    =   N   0    ,     t   0   =      ln  ⁡  2     δ     . (1)   t <   t   0    ,     N   i     and   D     g   *       have an inverted U-shaped relationship. When     N   i   <   N   0    ,     N   i     increases as   D     s   *       increases. At the beginning of the innovation period, corporate innovation is highly sensitive to external factors and there is a lot of trial and error and exploration. As the innovation investment increases and the growth rate accelerates, the level of innovation effort of the enterprise will have a greater impact. When     N   i   >   N   0    ,     N   i     decreases as   D     g   *       increases. As innovation activities are carried out and innovations form a scale, enterprises gradually identify green strategies and technologies, and uncertainty decreases. (2) When   t >   t   0    ,     N   i     and   D     g   *       have a U-shaped relationship. When     N   i   <   N   0    ,     N   i     decreases as   D     g   *       increases. Over time, the technology matures and the enterprises’ input effort only needs to be maintained at a lower level to achieve a stable output of innovation. When     N   i   >   N   0    ,     N   i     increases as   D     g   *       increases. In the later stages of innovation as the proportion of inputs increases, innovation spillovers are severe and uncertainty increases.





4. Discussions


4.1. Mechanisms of Innovation Cost-Sharing Ratios in Different Innovation Models


4.1.1. Green Product Innovation Decisions


Let     p   m 1   =   ∫  0     P   m 1        x   m 1   f     x   m 1     d   x   m 1      ,     p   s 1   =   ∫  0     P   s 1        x   s 1   f     x   s 1     d   x   s 1      ,     p   s 2   =   ∫  0     P   s 2        x   s 2   f     x   s 2     d   x   s 2      ,   Δ   p   m s 1   =   p   m 1   −   p   s 1    ,   Δ   p   s 12   =   p   s 1   −   p   s 2    , and     χ   g   = χ ζ  , which indicates the intensity of market competition in terms of greenness.



Corollary 1.

A cost-sharing contract between Manufacturer 1 and a supplier requires the following conditions to be met:



(1)


     ∆ p   s 12   >      η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1      , 0 <   γ   g   <       η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1     p   s 1       , 0 <   χ   g   <   χ   g 1   ,   








where


     χ   g 1   =    −   γ   g       p   s 1   + Δ   p   s 12     +        γ   g     p   s 1   + Δ   p   s 12     γ   g       2   − 4 Δ   p   s 12         γ   g     2     p   s 1   −     η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1          2 Δ   p   s 12      .   











(2)


     ∆ p   s 12   <      η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1      ,   








and


   0 <   γ   g   <   γ   g 1   ,   0 <   χ   g   < 1   








or


     γ   g 1   <   γ   g   <       η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1     p   s 1       ,   0 <   χ   g   <   χ   g 1   ,   








where


     γ   g 1   =    −     p   s 1   + Δ   p   s 12     +        p   s 1   + Δ   p   s 12       2   − 4   p   s 1     Δ   p   s 12   −     η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1          2   p   s 1      .   













Proof. 

The cost-sharing contract between Manufacturer 1 and suppliers needs to fulfil the conditions. Through Equations (9) and (11), the conditions under which suppliers and Manufacturer 1 can engage in green product innovation efforts are as follows:


    θ   s 1   < 1 −    2       φ   s 1     φ   m 11       2       γ   g     p   s 1   +   χ   g   Δ   p   s 12         γ   g   +   χ   g     Δ   p   m s 1       η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2       



(21)







Since     θ   s 1   > 0  , the following equation needs to be satisfied:


  Δ   p   s 12       χ   g     2   +   γ   g       p   s 1   + Δ   p   s 12       χ   g   +     γ   g     2     p   s 1   −      η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1      < 0  



(22)







Let


  f     χ   g     = Δ   p   s 12       χ   g     2   +   γ   g       p   s 1   + Δ   p   s 12       χ   g   +     γ   g     2     p   s 1   −      η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1       



(23)







Equation (23) can be viewed as a quadratic equation with x as an unknown and   x ∈   0   ,   1    . So,


  Δ =     γ   g     2         p   s 1   − Δ   p   s 12       2   + 4 Δ   p   s 12        η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1      > 0  



(24)







Therefore, the equation has two solutions. Since   Δ   p   s 12   > 0   and     γ   g       p   s 1   + Δ   p   s 12     > 0  , one of the solutions is less than zero by the root formula. Combined with a quadratic function, the right-hand side of the equation has an endpoint greater than zero to satisfy the inequality condition, as shown below.





        χ   g 1         =    −   γ   g       p   s 1   + Δ   p   s 12     +        γ   g     p   s 1   + Δ   p   s 12     γ   g       2   − 4 Δ   p   s 12         γ   g     2     p   s 1   −     η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1          2 Δ   p   s 12            > 0      



(25)




i.e.,


  0 <   γ   g   <       η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1     p   s 1        



(26)







Further, we compare the relationship between the magnitudes of     χ   g 1     and 1 to determine the range of     χ   g    . Assuming     χ   g 1   < 1  , we obtain the following:


       η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1      <   1 +   γ   g       Δ   p   s 12   +   γ   g     p   s 1      



(27)







From Equation (26), we know that the value of     γ   g     will not exceed         η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1     p   s 1        , so if     γ   g   =       η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1     p   s 1        , that the following expression can be obtained:


           η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1                                                                      <      η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1      +       η   s 1     η   m 1     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 1     z   m 1       2   Δ   p   m s 1     p   s 1           p   s 1   + Δ   p   s 12                                                                     + Δ   p   s 12        



(28)







Thus, when     γ   g   =       η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1     p   s 1        ,     χ   g 1   < 1  . However, when     γ   g   = 0  , we are not sure if     χ   g 1     is greater than 1. If     χ   g 1   < 1   and       γ   g   = 0  , then   Δ   p   s 12   >      η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1       , and   0 <   χ   g   <   χ   g 1    . However, if     χ   g 1   ≥ 1  ;   Δ   p   s 12   <      η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1       , so that     χ   g 1   > 1  , we can obtain the following:"


    p   s 1       γ   g     2   +     p   s 1   + Δ   p   s 12       γ   g   + Δ   p   s 12   −      η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1      < 0  



(29)







Let


    f     γ   g     = p   s 1       γ   g     2   +     p   s 1   + Δ   p   s 12       γ   g   + Δ   p   s 12   −      η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1      < 0  



(30)










According to the rooting formula,   Δ =       p   s 1   − Δ   p   s 12       2   + 4   p   s 1        η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1       , and therefore Equation (30) has two solutions, and one of them is less than zero, and the other solution is


    γ   g 1   =    −     p   s 1   + Δ   p   s 12     +        p   s 1   + Δ   p   s 12       2   − 4   p   s 1     Δ   p   s 12   −     η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1          2   p   s 12       



(31)







Since        η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2     2       φ   s 1     φ   m 11       2   Δ   p   m s 1      > Δ   p   s 12    ,     γ   g 1   > 0  . Thus, when   0 <   γ   g   <   γ   g 1    ,   0 <   χ   g   < 1  , i.e.,     χ   g     does not affect whether or not one should establish a cost-sharing contract. In this scenario, consumers have low green preferences, which means that there is a lack of market incentives for green product innovation in the supply chain, leading to low overall efficiency of green product innovation in the supply chain. As a result, the formation of cost-sharing compacts is mainly influenced by price factors rather than the intensity of competition in the green market. In this case, the government should increase subsidies to improve innovation efficiency and guide the market to play a dominant role in the decision-making of innovation agents. □





Corollary 2.

The relationship between     θ   s 1     and     χ   g     is when both     f   s 1     and     f   m 11     are maximal, as shown below:


    θ   s 1   →   1 −    2       φ   s 1     φ   m 11       2       γ   g     p   s 1   +   χ   g   Δ   p   s 12         γ   g   +   χ   g     Δ   p   m s 1       η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2         













Proof. 

From Equation (9) and Equation (11), we obtain      ∂   f   s 1     ∂   θ   1      > 0   and      ∂   f   m 11     ∂   θ   1      > 0  . The two conditions of maximum     f   s 1     and maximum     f   m 11     do not contradict each other so the greenness of the product is the highest when both conditions are at their maximum.



Equation (9) and Equation (11) can be rewritten as


      f   s 1     *   =      φ   s 1     η   m 11     1 −   ξ   m 1           1 −   θ   s 1       η   s 1     η   m 11     1 −   ξ   m 1       Φ   − 2 Ψ       φ   s 1     φ   m 11       2       



(32)




and


      f   m 11     *   =      φ   m 11         φ   s 1       2         1 −   θ   s 1       η   s 1     η   m 11     1 −   ξ   m 1       Φ Ψ   − 2       φ   s 1     φ   m 11       2       



(33)







When both     f   s 1     and     f   m 11     are maximal, the relationship between     θ   s 1     and     χ   g     is as follows:


    θ   s 1   →   1 −    2       φ   s 1     φ   m 11       2       γ   g     p   s 1   +   χ   g   Δ   p   s 12         γ   g   +   χ   g     Δ   p   m s 1       η   s 1     η   m 11     1 −   ξ   m 1         ρ + δ     2         



(34)







Equations (32)–(34) show that     χ   g     acts on     θ   1     and       f   s 1     *     (or       f   m 1     *    ) in opposite ways. When     χ   g     increases, Manufacturer 1 increases its investment in innovation to improve the greenness of its products and to gain market share. As a result, Manufacturer 1 decreases     θ   s 1     and the supplier’s incentives shift from cost reduction to demand increase. When     χ   g     decreases, increasing     θ   s 1     or government subsidies can achieve the optimal decision. This not only helps to incentivize the level of green product innovation efforts of suppliers and manufacturers but also helps to maintain equilibrium in a competitive environment. When     χ   g     increases, it relies more on the spontaneous regulation of the market to maximize the decision variable (i.e., price). Although the contract can be maintained by reducing government subsidies or     θ   s 1    , it produces an unstable impact, which may reduce the level of green product innovation efforts of suppliers and manufacturers 1. □






4.1.2. Green Process Innovation Decisions


If     p   m 2   =   ∫  0     P   m 2        x   m 2   f     x   m 2     d   x   m 2      ,   Δ   p   m s 2   =   p   m 2   −   p   s 2    ,   Δ   p   s 21   =   p   s 2   −   p   s 1    , then   Δ   p   s 21   < 0  .



Corollary 3.

(1)      g   2     increases with     θ   s 2     when the following conditions are satisfied:


      1   2    <   θ   s 2   < 1   ,     χ   g   >      γ   g       p   s 2     η   m 21       φ   s 2     2   −   Δ   p   m s 2       φ   m 21     2   η   s 2       Δ   p   m s 2       φ   s 2     2     η   m 21   − Δ   p   s 21     η   s 2       φ   m 21     2        ,        p   m 2       p   s 2      < 1 +        φ   s 2     2     η   m 21           φ   m 21     2   η   s 2        











(2)     g   2     decreases with decreasing     θ   s 2     when the following conditions are satisfied:


   0 <   θ   s 2   <    1   2      ,     χ   g   >      γ   g       p   s 2     η   m 21       φ   s 2     2   −   Δ   p   m s 2       φ   m 21     2   η   s 2       Δ   p   m s 2       φ   s 2     2     η   m 21   − Δ   p   s 21     η   s 2       φ   m 21     2      ,   








and


       p   m 2       p   s 2      > 1 +        φ   s 2     2     η   m 21           φ   m 21     2   η   s 2      ,  








or


        p   m 2       p   s 2      < 1 +        φ   s 2     2     η   m 21           φ   m 21     2   η   s 2        ,     γ   g   >      Δ   p   m s 2       φ   s 2     2   η   m 21   − Δ   p   s 21     η   s 2       φ   m 21     2       p   s 2     η   m 21       φ   s 2     2   − Δ   p   m s 2       φ   m 21     2     η   s 2      .   













Proof. 

From Equations (10) and (13), it can be observed that     θ   s 2     (or     χ   g    ) acts on     f   m 21     and     f   s 2     in opposite directions. Therefore, while increasing     f   s 2     by increasing     θ   s 2     (or     χ   g    ), it leads to a decrease in     f   m 2    . Pricing of green product innovations is higher, and as green competition in the market increases, rational suppliers will tend to invest in green product innovations and reduce their investment in process innovations. Manufacturer 2 will increase its process innovation efforts to capture market share and enhance collaboration with suppliers. The goal of increasing the level of green process innovation efforts is to maximize product greenness, i.e., to maximize Equation (35).


    φ   s 2       f   s 2     *   +   φ   m 2       f   m 21     *   =          γ   g     p   s 2   +   χ   g   Δ   p   s 21         φ   s 2     2     η   m 21   −   η   s 2       γ   g   +   χ   g     Δ   p   m s 2       φ   m 21     2       θ   2   +   η   s 2       γ   g   +   χ   g     Δ   p   m s 2       φ   m 21     2       θ   s 2     1 −   θ   s 2       1 −   ξ   m 2       η   s 2     η   m 21     ν   2     ρ + δ       



(35)







(1) Through Equation (35), it can be seen that when       γ   g     p   s 2   +   χ   g   Δ   p   s 21         φ   s 2     2     η   m 21   +   η   s 2       γ   g   +   χ   g     Δ   p   m s 2       φ   m 21     2   > 0   and      1   2    <   θ   s 2   < 1  ,     θ   s 2     increases with the increase in     g   2    .   Δ   p   m s 2       φ   s 2     2     η   m 21   − Δ   p   s 21         η   s 2   φ   m 21     2   > 0  , so the following expression can be obtained:


    χ   g   <      γ   g       p   s 2         η   m 21   φ   s 2     2   − Δ   p   m s 2       φ   m 21     2     η   s 2       Δ   p   m s 2       φ   s 2     2     η   m 21   − Δ   p   s 21     η   s 2       φ   m 21     2       



(36)







Since     χ   g   > 0  ,     ∫  0     P   s 2        x   s 2   f     x   s 2     d   x   s 2         φ   s 2     2     η   m 21   −   η   s 2   Δ   p   m s 2       φ   m 21     2   > 0  , and thus the following can be obtained:


       p   m 2       p   s 2      < 1 +        φ   s 2     2     η   m 21         φ   m 21     2     η   s 2       



(37)







In this case, the intensity of competition in the green market is lower, Manufacturer 2 has a price advantage, and the overall efficiency of supplier process innovation is higher. On the one hand, it is easier for Manufacturer 2 to maintain market share and profitability, so it will be more inclined to bear more innovation costs to attract consumers and build brand loyalty. On the other hand, to incentivize suppliers to better participate in innovation and increase their investment, Manufacturer 2 will also choose to bear more process innovation costs.



(2) Through Equation (35), it can be seen that when       γ   g     p   s 2   +   χ   g   Δ   p   s 21         φ   s 2     2     η   m 21   +   η   s 2       γ   g   +   χ   g     Δ   p   m s 2       φ   m 21     2   < 0   and   0 <   θ   s 2   <    1   2     ,     θ   s 2     decreases with the increase of     g   2    .   Δ   p   m s 2       φ   s 2     2     η   m 21   − Δ   p   s 21         η   s 2   φ   m 21     2   > 0  , so there is:


    χ   g   >      γ   g       p   s 2     η   m 21       φ   s 2     2   − Δ   p   m s 2       φ   m 21     2     η   s 2         Δ   p   m s 2       φ   s 2     2   η   m 21   − Δ   p   s 21     η   s 2       φ   m 21     2       



(38)







Since     χ   g   < 1  ,


    γ   g       p   s 2         η   m 21   φ   s 2     2   −   Δ   p   m s 2       φ   m 21     2   η   s 2     < Δ   p   m s 2       φ   s 2     2     η   m 21   − Δ   p   s 21     η   s 2       φ   m 21     2    



(39)







① If     p   s 2         η   m 21   φ   s 2     2   −   Δ   p   m s 2       φ   m 21     2   η   s 2   > 0  , then


    γ   g   <    Δ   p   m s 2       φ   s 2     2     η   m 21   − Δ   p   s 21     η   s 2       φ   m 21     2       p   s 2         η   m 21   φ   s 2     2   −   Δ   p   m s 2       φ   m 21     2   η   s 2       



(40)






  i . e . ,        p   m 2       p   s 2      < 1 +        φ   s 2     2     η   m 21         φ   m 21     2     η   s 2       



(41)







In this case, the market has lower green preferences and the intensity of competition is reflected more in prices. Manufacturer 2 has lower profit margins, market demand gives incentive signals to suppliers, and suppliers sharing more of the cost of innovation can enable manufacturers 2 to maintain their price advantage.



② If     p   s 2     η   m 21       φ   s 2     2   −   Δ   p   m s 2       φ   m 21     2   η   s 2   < 0  , Equation (39) holds. Therefore,


       p   m 2       p   s 2      > 1 +        φ   s 2     2     η   m 21         φ   m 21     2     η   s 2       



(42)







In this case, the market has a higher intensity of green competition and suppliers are less efficient in innovating and therefore deserve to share more of the costs of innovation. □







4.2. Cost-Sharing and Optimal Decision-Making


Let     p   r 1   =   ∫  0     P   r 1        x   r 1   f     x   r 1     d   x   r 1     ,   p   r 2   =   ∫  0     P   r 2        x   r 2   f     x   r 2     d   x   r 2     , Δ   P   r m 1   =   p   r 1   −   p   m 1   , Δ   P   r m 2   =   p   r 2   −   p   m 2   .  



Corollary 4.

When retailers’ green performance is higher than manufacturers’ green performance, manufacturers should bear more of the greening costs. When the retailer’s green communication performance is lower than the manufacturer’s green communication performance, the retailer should bear more green communication costs.





Proof. 

From Equations (12) and (14), it can be seen that green propaganda increases the greenness of products, whether it is green product technology innovation or green process technology innovation. The analysis process is similar for both, i.e., maximizing Equation (43) as shown below:


       φ   m i 2       f   m i 2     *   +   φ   r i       f   r i     *     =        γ   g   +   χ   g         ν   j     ρ + δ           Δ   p   m s i     φ   m i 2       θ   r i     η   m i 2      +    Δ   P   r m i     φ   r i       1 −   θ   r i       η   r i             =     γ   g   +   χ   g        Δ   p   m s i     φ   m i 2     η   r i   +   Δ   P   r m i     φ   r i     η   m i 2   − Δ   p   m s i     φ   m i 2     η   r i       θ   r i       θ   r i     1 −   θ   r i       η   m i 2     η   r i     ν   j     ρ + δ          



(43)







  i = 1 ,   2  . When   i = 1  ,   j = 1   and when   i = 2  ,   j = 3  .



Through Equation (43), it can be seen that when   Δ   P   r m i     φ   r i     η   m i 2   − Δ   p   m s i     φ   m i 2     η   r i   > 0   and      1   2    <   θ   r i   < 1  ,     θ   r i     increases as     g   i     increases. At this time,      Δ   P   r m i     φ   r i       η   r i      >    Δ   p   m s i     φ   m i 2       η   m i 2       , i.e., the retailer’s green publicity performance is higher than the manufacturer’s green publicity performance, and at this time, the manufacturer should bear more green publicity costs. When   Δ   P   r m i     φ   r i     η   m i 2   − Δ   p   m s i     φ   m i 2     η   r i   < 0   and   0 <   θ   r i   <    1   2     ,     θ   r i     decreases as     g   i     increases. At this time,      Δ   P   r m i     φ   r i       η   r i      <    Δ   p   m s i     φ   m i 2       η   m i 2       , i.e., the retailer’s green publicity performance is lower than that of the manufacturer, and at this time, the retailer should bear more green publicity costs. □






4.3. Effects of Market Competition on Price Volatility


Price is a random variable, and mean and variance are two important numerical features, but product greenness and market competition will affect the price from different angles. Therefore, the following will take the price of product 1 as an example and analyze it from the perspective of influencing the change in price mean and variance.



The stochastic process for price   p   t     can be expressed as follows:


  d p   t   =   p   t   − g   p   t   − ϕ     d t + σ  p   t    d W   t    



(44)




where   ϕ   is the market price acceptable to consumers and   g   is the government’s adjustment factor,   g ∈   0 ,   1    .



The evolution of the system is portrayed as follows:


  d p   t   =   B − A p   t     d t + σ  p   t    d W ( t )  



(45)




where   A = 1 − g  ,   B = g ϕ  , and time units   t   are omitted below.



Similar to the proof process of Proposition 2, the mean value of the price can be obtained as follows:


  E   p   =    B   A    +   e   − A t       p   0   −    B   A       



(46)







The variance is


     D   p   =   e   − 2 A t           p   0   −    B   A    +   e   A t      B   A        2   −      e   − A t     B − A   p   0       2 B +   σ   2         A   2           −   e   − 2 A t       p   0   2   +      B − A   p   0       2 B +   σ   2         A   2      −    B   2 B +   σ   2       2   A   2        +    B   2 B +   σ   2       2   A   2          



(47)







Equation (46) can be written as   E   p   =    g ϕ   1 − g      1 −   e   −   1 − g   t     +   p   0     e   −   1 − g   t    . Since     e   −   1 − g   t   < 1  , the mean value of the price increases with   ϕ  . From Equation (21), after long run evolution,     l i m   t → ∞   D   p   =    g ϕ   2 g ϕ +   σ   2       2     1 − g     2       ,      −   σ   2     4 g    < 0  , and thus   D   p     increases as   ϕ   increases. Reducing the price acceptability of consumers can effectively control the range of price fluctuations because at this point, the market is maturing, the speculative demand accompanying the demand for use is increasing, and the market is highly active. If the price acceptable to consumers is reduced, the variance decreases. Therefore, in addition to the government regulation factor, the consumer’s price acceptance   ϕ   plays a key role in the price, and   ϕ   can be expressed by the following equation:


  ϕ =   ϕ   0   +   λ   g     g   1   −   λ   p       p   1   −   p   2      



(48)







The price that consumers are willing to pay for the product depends on the uniqueness of the product and the price of the competitors, and here the uniqueness of the product is represented by the greenness of the product.     ϕ   0     is the initial willingness to pay,     λ   g     is the coefficient of influence of the greenness of the product on the willingness to pay of the consumers, and     λ   p     is the coefficient of influence of the price of the competitors on the willingness to pay of the consumers.



As the greenness of the product increases,     g   1     increases and     p   1     increases, which are defined as   Δ   g   1     and   Δ   p   1    , respectively, and the value of the change in   ϕ   caused by their changes is   Δ ϕ  . To stabilize the price increase, it is desirable to achieve   Δ ϕ < 0  , i.e.,        λ   g       λ   p      ≤    Δ   p   1     Δ   g   1       .      Δ   p   1     Δ   g   1        denotes the rate of change in price after one unit increase in greenness, and        λ   g       λ   p        denotes the sensitivity of consumer preference. The larger        λ   g       λ   p        is, the more consumers tend to choose the green product, and the smaller        λ   g       λ   p        is, the more consumers tend to be affected by the price. As consumer sensitivity to the greenness of a product increases, the rate of change in price increases. In other words, the marginal increment in price is supposed to be greater than the marginal increment in greenness under the consideration of consumer preferences. On the one hand, the marginal cost of innovation experiences decreases in the first period and will increase in the later period. Therefore, a higher marginal increment in price is needed to compensate for the increase in cost, ensure profitability and maintain price stability. On the other hand, if new technological innovations lead to a surge in costs, this will reduce market share if prices also surge. Therefore, before this happens, companies should utilize the brand premium that green products bring to the company to gain higher pricing space. This not only allows companies to better carry out marketing activities and enhance product market awareness but also in the event of a sudden increase in costs, it can be used as a buffer for the price increase so that companies in the highly competitive market achieve stable price growth. Similarly, to increase the average value of price,        λ   g       λ   p      ≥    Δ   p   1     Δ   g   1       , that is, consumers prefer to buy more cost-effective products. Therefore, when        λ   g       λ   p      =    Δ   p   1     Δ   g   1       , it is a relatively stable business strategy for the enterprise.



Therefore, the mean o of the price random variable is made to increase to represent the incentive effect of product greenness and market competition on product prices. A decrease in the variance     τ   2     is used to represent its contribution to stabilizing prices. The price can further be noted as follows:


    x   0   = m x +   n − m   o  



(49)




where   0 ≤ m ≤ 1   and   n ≥ 1  .   n − 1   and   1 − m   are defined as incentive coefficients for both incentivizing product marketization and stabilizing market prices, respectively. It can be observed that the mean of     x   0     is   n o  , the variance is     m   2     τ   2    , and     x   0   ∈   0 ,   P   0      .





5. A Numerical Example


5.1. Trajectory of Product Greenness


We can assume that     x   m i     is a random variable for the interval     0 ,   P   m i      ,     x   s i     is a random variable for the interval     0 ,   P   s i      , and     x   r i     is a random variable for the interval     0 ,   P   r i      . Let     γ   g   = 0.1  ,   χ = 0.25 , ζ = 0.8  ,   ρ = 0.6  ,   δ = 0.6  ,     ξ   m 1   = 0.1  ,     ξ   m 2   = 0.05  ,     p   m 1   = 350  ,     p   m 2   = 200  ,     p   s 1   = 180  ,     p   s 2   = 100  ,     p   r 1   = 450  ,     p   r 2   = 300  ,     η   m 11   = 4  ,     η   m 12   = 2.5  ,     η   m 21   = 3  ,     η   m 22   = 2  ,     η   s 1   = 3  ,     η   s 2   = 2  ,     η   r 1   = 2.5  ,     η   r 2   = 2  ,     φ   m 11   = 0.1  ,     φ   m 12   = 0.5  ,     φ   m 21   = 0.3  ,     φ   m 22   = 0.8  ,     φ   s 1   = 0.4  ,     φ   s 2   = 0.6  ,     φ   r 1   = 0.5  ;     φ   r 2   = 0.6  . The optimal product greenness trajectories for products produced by Manufacturer 1 and Manufacturer 2 are shown in Figure 2 and Figure 3, respectively, and the optimal product greenness trajectories for products advertised by Manufacturer 1 and Manufacturer 2 are shown in Figure 4 and Figure 5, respectively.



As can be seen in Figure 2, Manufacturer 1 bears more of the cost of product innovation, and its share increases with increasing greenness. In the process of green product innovation, when the share of Manufacturer 1 increases, suppliers can invest more money and resources to improve the production process and reduce environmental pollution and resource waste. At the same time, with the green raw materials provided by suppliers as the basis of innovation, Manufacturer 1 will develop products with a higher degree of greenness, thus greatly increasing the degree of greenness of products. In addition, Manufacturer 1 can gain a better reputation and attract more environmentally conscious consumers to choose to buy its products, creating further incentives. As can be seen from Figure 3, suppliers bear more process innovation costs, and their share is positively correlated with greenness. Supplier innovation efficiency is lower than that of manufacturers, and suppliers can better improve the overall innovation efficiency of the supply chain by bearing greater costs. At the same time, suppliers invest more money and resources in green process innovation, take stronger measures to reduce the environmental impacts of products during their life cycle and invest more in the use of advanced technologies and materials, so that products have a higher degree of greenness.



As can be seen from Figure 4, Manufacturer 1 bears more of the product promotion costs, and its share increases with increasing greenness. In green product innovation, when Manufacturer 1 shares more green publicity costs, the promotion burden of retailers is reduced; thus, they are more motivated to promote green products. Not only does it increase market awareness, but it also effectively enhances consumer guidance. The market competitiveness and synergistic effect of both parties are enhanced, thus promoting the greenness of products. As can be seen from Figure 5, retailers bear more product promotion costs, and their share increases with the increase in greenness. In green process innovation, when the retailer’s share increases, Manufacturer 2 spends more money on actual green R&D and production improvement. By improving the green attributes of the process chain to show its green value, the greenness of the product is increased. At the same time, in green process innovation, as consumers cannot easily visualize the green attributes brought about by green process innovation changes, the market recognition of green process innovation usually needs to be cultivated over some time, and the market response time tends to be delayed, so the publicity effect of green process innovation is gradually significant at a later stage.




5.2. Product Prices and Innovation Efforts


Considering the relationship between the price of the product and the level of innovation effort of the game subjects, the level of innovation effort of the manufacturer is simulated, as shown in Figure 6 and Figure 7.



As can be seen from Figure 6 and Figure 7, in the later stages of innovation evolution,   f   increases with   n − 1   for a certain   m  . And for certain   n  ,   f   decreases with decreasing   1 − m  . When both m and n are large,     f   m i     is the largest. The high selling price motivates the level of innovation effort of the manufacturer, but the price is not stable at this point and it is difficult to maintain this high level in the long run. The levels of green product innovation effort and green process innovation effort plotted based on the initial conditions are     f   m 10     and     f   m 20    , respectively. It can be seen from Figure 6 that an increase in the intensity of market competition or the proportion of costs shared by Manufacturers 1 increases the overall level of green product innovation effort. Through Figure 7, it can be seen that an increase in the intensity of market competition or a decrease in the proportion of costs shared by Manufacturer 2 increases the level of the green process innovation effort of Manufacturer 2.





6. Discussion


	(1)

	
In green product innovation, suppliers should collaborate with manufacturers to develop cost-effective solutions when consumer preference for green products is low, aiming to reduce costs and attract more customers. In a competitive market, suppliers should optimize production and supply chain processes to minimize costs and reduce their share of cost-sharing contracts, while enhancing product greenness. Manufacturers should increase investment in green product innovation to gain a larger market share.




	(2)

	
In green process innovation, suppliers and manufacturers should establish a fair cost-sharing mechanism to ensure mutual incentives for process innovation. Manufacturers should attract consumers and build brand loyalty by improving product greenness when bearing greater innovation costs. Suppliers should maintain manufacturers’ price advantage by improving supply chain efficiency when they bear more costs. In less competitive markets, manufacturers should adopt aggressive strategies to improve greenness, while suppliers play a crucial role in supporting manufacturers’ market share in highly competitive environments.




	(3)

	
When a retailer’s green campaign is more effective than the manufacturer’s, the manufacturer should bear greater campaign costs, as the retailer’s success increases market acceptance and benefits the manufacturer. Conversely, if the manufacturer’s campaign is more effective, the retailer should increase investment to capitalize on the established green image and consumer trust.




	(4)

	
Enterprises should adopt flexible pricing strategies to adapt to market changes and consumer preferences. Setting the marginal price increase higher than the marginal greenness increase helps stabilize price differences and compensate for technological innovation costs. Leveraging the brand premium of green products provides more pricing space, enhances market recognition, achieves price stability, and maintains market competitiveness through effective cost management and market positioning.








7. Conclusions and Limitations


7.1. Conclusions


Green technology innovation has a positive effect on enterprises to realize the established emission reduction targets. This paper examines the core issue of green technology co-innovation in supply chains and draws the following conclusions:




	(1)

	
In green product innovation, the formation of cost-sharing contracts hinges on factors such as market competition, consumer green preferences, and supply chain innovation efficiency. When consumer green preferences are low, market incentives diminish, reducing the overall effectiveness of supply chain innovation. In this scenario, price becomes crucial, significantly influencing cost-sharing contracts, while market competition has a limited impact. As market competition intensifies, manufacturers invest more in enhancing product greenness to gain market share, leading them to reduce cost-sharing with suppliers. This shifts supplier incentives from cost reduction to demand expansion. With weak market competition, external interventions, such as increased government subsidies or higher manufacturer cost-sharing ratios, can effectively promote optimal decision-making and green innovation efforts. Conversely, in highly competitive markets, the market mechanism alone can maintain decision equilibrium, allowing for reduced government subsidies and lower manufacturer cost-sharing ratios. Therefore, manufacturers and suppliers should adapt cost-sharing strategies to the intensity of market competition and consumer green preferences, using subsidies and increased manufacturer cost-sharing in low-competition markets to promote green innovation.




	(2)

	
In green process innovation, the cost is shared between suppliers and manufacturers. Enhancing product greenness cannot rely on unilateral actions but requires considering the interaction of overall innovation efficiency, market competition intensity, and cost-sharing ratios. When manufacturers bear more process innovation costs, their higher cost-sharing leads to greener products. Lower competition in greenness gives manufacturers a price advantage and boosts overall supplier innovation efficiency. Manufacturers are likely to maintain market share and profitability, motivating them to invest more in innovation to attract consumers and build brand loyalty. Additionally, manufacturers may cover more innovation costs to encourage supplier participation. When suppliers bear more process innovation costs, their higher cost-sharing also results in greener products. In markets with low preference for green products and price-based competition, manufacturers show higher innovation efficiency but lower profits. Market demand encourages suppliers to bear more costs, aiding manufacturers in maintaining a price advantage. In the case of more intense green competition and less efficient supplier innovation, a larger share of process innovation costs by suppliers can support manufacturers in gaining more market share. Therefore, manufacturers and suppliers should balance cost-sharing based on market conditions and innovation efficiency to collaboratively enhance product greenness and maintain competitive advantage.




	(3)

	
In both green product and process innovation, the goal of green publicity is to enhance product greenness. The share of green publicity costs should correspond to the effectiveness of the publicity. If the retailer’s green publicity performance exceeds the manufacturer’s, the manufacturer should bear more of the costs. Conversely, if the retailer’s performance is lower, the retailer should bear a larger share of the costs. Therefore, manufacturers and suppliers should allocate green publicity costs based on the relative effectiveness of the retailer’s and manufacturer’s performance to maximize the impact of green marketing efforts.




	(4)

	
Over time, the marginal increase in price relative to the increase in greenness helps maintain price differential stability, considering consumer preferences. Initially, as the marginal cost of innovation decreases, a higher price is necessary later to compensate for rising costs, ensuring profitability and price stability. However, if new technological innovations lead to significant cost and price increases, market share may decline. Therefore, businesses should leverage the brand premium of green products for higher pricing flexibility, enhancing marketing efforts, and cushioning against sudden cost increases. This strategy ensures stable price growth amid competition. Conversely, if the marginal price increase is smaller than the marginal greenness increase, meaning consumers prefer cost-effective products, it helps raise the average price. Therefore, manufacturers and suppliers should utilize the brand premium of green products to maintain price stability and profitability, leveraging higher pricing flexibility and enhanced marketing to protect against cost increases and sustain their competitive edge.










7.2. Limitations and Future Direction


This paper explores the mechanisms by which different types of green technology innovations increase the greenness of supply chains. However, other aspects need to be considered in the future. First, we only considered cost-sharing contracts in the supply chain, and future research could include benefit-sharing mechanisms in the same research system. Second, we analyzed price as a random variable, and future research can take price as a decision variable and systematically analyze the factors that affect its decision. Finally, we considered the competitive advantage between green process innovation and green product innovation, and in the future, we could compare more competitive scenarios.
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Appendix A


Construct continuously differentiable functions that satisfy the following HJB equations, respectively:


     ρ   V   s     =   ∫  0     P   s 1        D   m 1     x   s 1   f     x   s 1     d   x   s 1     +   ∫  0     P   s 2          D   m 2   x   s 2   f     x   s 2     d   x   s 2     −   1 −   θ   s 1        1   2      η   s 1       f   s 1     2        −   1 −   θ   s 2       1 −   ξ   m 2        1   2      ν   2       η   m 21       f   m 21     2   +   η   s 2       f   s 2     2          +   V   s 1   ′       φ   s 1     f   s 1     1 +   φ   m 11     f   m 11     +   φ   m 12     f   m 12   +   φ   r 1     f   r 1   − δ   g   1          +   V   s 2   ′       φ   s 2     f   s 2   +   φ   m 21     f   m 21   +   φ   m 22     f   m 22   +   φ   r 2     f   r 2     +      σ   2     2      g   1     V   s 1   ″   +      σ   2     2      g   2     V   s 2   ″       



(A1)






     ρ   V   m 1     =   ∫  0     P   m 1          D   m 1   x   m 1   f     x   m 1     d   x   m 1     −   ∫  0     P   s 1        D   m 1     x   s 1   f     x   s 1     d   x   s 1     −   1 −   ξ   m 1        1   2      η   m 11       f   m 11     2   −   θ   s 1      1   2      η   s 1       f   s 1     2        −   θ   r 1      1   2      ν   1       η   m 12       f   m 12     2   +   η   r 1       f   r 1     2     +   V   m 11   ′       φ   s 1     f   s 1     1 +   φ   m 11     f   m 11     +   φ   m 12     f   m 12   +   φ   r 1     f   r 1   − δ   g   1          +   V   m 12   ′       φ   s 2     f   s 2   +   φ   m 21     f   m 21   +   φ   m 22     f   m 22   +   φ   r 2     f   r 2   − δ   g   2     +      σ   2     2      g   1     V   m 11   ″   +      σ   2     2      g   2     V   m 12   ″       



(A2)






     ρ   V   m 2     =   ∫  0     P   m 2          D   m 2   x   m 2   f     x   m 2     d   x   m 2     −   ∫  0     P   s 2          D   m 2   x   s 2   f     x   s 2     d   x   s 2     −   θ   s 2     1 −   ξ   m 2        1   2      ν   2       η   m 21       f   m 21     2   +   η   s 2       f   s 2     2          −   θ   r 2      1   2      ν   3       η   m 22       f   m 22     2   +   η   r 2       f   r 2     2          +   V   m 21   ′       φ   s 1     f   s 1     1 +   φ   m 11     f   m 11     +     φ   m 12     f   m 12   +   φ   r 1     f   r 1     − δ   g   1          +   V   m 22   ′       φ   s 2     f   s 2   +   φ   m 21     f   m 21   +   φ   m 22     f   m 22   +   φ   r 2     f   r 2   − δ   g   2     +      σ   2     2      g   1     V   m 21   ″   +      σ   2     2      g   2     V   m 22   ″       



(A3)






     ρ   V   r 1     =   ∫  0     P   r 1          D   m 1   x   r 1   f     x   r 1     d   x   r 1     −   ∫  0     P   m 1          D   m 1   x   m 1   f     x   m 1     d   x   m 1     −   1 −   θ   r 1        1   2      ν   1       η   m 12       f   m 12     2   +   η   r 1       f   r 1     2          +   V   r 11   ′       φ   s 1     f   s 1     1 +   φ   m 11     f   m 11     +     φ   m 12     f   m 12   +   φ   r 1     f   r 1     − δ   g   1          +   V   r 12   ′       φ   s 2     f   s 2   +   φ   m 21     f   m 21   +   φ   m 22     f   m 22   +   φ   r 2     f   r 2   − δ   g   2     +      σ   2     2      g   1     V   r 11   ″   +      σ   2     2      g   2     V   r 12   ″       



(A4)






     ρ   V   r 2     =   ∫  0     P   r 2          D   m 2   x   r 2   f     x   r 2     d   x   r 2     −   ∫  0     P   m 2          D   m 2   x   m 2   f     x   m 2     d   x   m 2     −   1 −   θ   r 2        1   2      ν   3       η   m 22       f   m 22     2   +   η   r 2       f   r 2     2          +   V   r 21   ′       φ   s 1     f   s 1     1 +   φ   m 11     f   m 11     +     φ   m 12     f   m 12   +   φ   r 1     f   r 1     − δ   g   1          +   V   r 22   ′       φ   s 2     f   s 2   +   φ   m 21     f   m 21   +   φ   m 22     f   m 22   +   φ   r 2     f   r 2   − δ   g   2     +      σ   2     2      g   1     V   r 21   ″   +      σ   2     2      g   2     V   r 22   ″       



(A5)




where     V   m i   ′   =    d   V   m i     d   g   i       ;     V   m i   ″   =      d   2     V   m i     d     g   i     2       .     V   m i     is the expected present value of payment function of manufacturer i.     V   r i   ′   =    d   V   r i     d   g   i       ;     V   r i   ″   =      d   2     V   r i     d     g   i     2       .     V   r i     is the expected present value of payment function of expected present value of payment function of retailer i.     V   s   ′   =    d   V   s     d   g   i       ;     V   s i   ″   =      d   2     V   s     d     g   i     2       . Vs is the expected present value of payment function of supplier.



Equation (A2) is a concave function on     f   s 1     with first-order conditions for the decision variable     f   m 1    , as shown below:


      f   m 11     *   =      V   m 11   ′     φ   s 1     f   s 1     φ   m 11       1 −   ξ   m 1       η   m 11       



(A6)







Equation (A6) is brought into Equation (A1) to find the first-order condition for the decision variable as follows:


      f   s 1     *   =      V   s 1   ′     φ   s 1     η   m 11     1 −   ξ   m 1         1 −   θ   s 1       η   s 1     η   m 11     1 −   ξ   m 1     − 2   V   m 11   ′     V   s 1   ′         φ   s 1     φ   m 11       2       



(A7)







Substitution of Equation (A7) into Equation (A6) produces the following equation:


      f   m 11     *   =      V   s 1   ′     V   m 11   ′     φ   m 11       φ   s 1     2       1 −   θ   s 1       η   s 1     η   m 11     1 −   ξ   m 1     − 2   V   m 11   ′     V   s 1   ′         φ   s 1     φ   m 11       2       



(A8)







The first-order conditions for the decision variables     f   r 1     and     f   m 12     are shown below:


      f   r 1     *   =      V   r 11   ′     φ   r 1       1 −   θ   r 1       ν   1     η   r 1       



(A9)






      f   m 12     *   =      V   m 11   ′     φ   m 12       θ   r 1     ν   1     η   m 12       



(A10)







The first-order conditions for the decision variables     f   s 2    ,     f   m 21    ,     f   m 22    , and     f   r 2     are shown below:


      f   s 2     *   =      V   s 2   ′     φ   s 2       1 −   θ   s 2       1 −   ξ   m 2       η   s 2     ν   2       



(A11)






      f   m 21     *   =      V   m 22   ′     φ   m 21       θ   s 2     1 −   ξ   m 2       η   m 21     ν   2       



(A12)






      f   m 22     *   =      V   m 22   ′     φ   m 22       θ   r 2     ν   3     η   m 22       



(A13)






      f   r 2     *   =      V   r 22   ′     φ   r 2       1 −   θ   r 2       η   r 2     ν   3       



(A14)







Based on the structure of Equations (7)–(14), the following equations can be obtained:


     V   s       g   1   ,   g   2     =   x   1     g   1   +   x   2     g   2   +   x   3        V   m 1       g   1   ,   g   2     =   y   1     g   1   +   y   2     g   2   +   y   3        V   m 2       g   1   ,   g   2     =   z   1     g   1   +   z   2     g   2   +   z   3        V   r 1       g   1   ,   g   2     =   m   1     g   1   +   m   2     g   2   +   m   3        V   r 2       g   1   ,   g   2     =   n   1     g   1   +   n   2     g   2   +   n   3     








where     x   1    ,     x   2    ,     x   3    ,     y   1    ,     y   2    ,     y   3    ,     z   1    ,     z   2    ,     z   3    ,     m   1    ,     m   2    ,     m   3    ,     n   1    ,     n   2    ,     n   3     are the constants to be solved, which can be solved by the method of determining the coefficients to be determined, and will be substituted into Equations (A1)–(A5), resulting in Equations (A15)–(A20) below:


    V   s 1   ′   =   x   1   =        γ   g   + χ ζ     ∫  0     P   s 1        x   s 1   f     x   s 1     d   x   s 1     − χ ζ   ∫  0     P   s 2        x   s 2   f     x   s 2     d   x   s 2       ρ + δ     



(A15)






    V   s 2   ′   =   x   2   =        γ   g   + χ ζ     ∫  0     P   s 2        x   s 2   f     x   s 2     d   x   s 2     − χ ζ   ∫  0     P   s 1        x   s 1   f     x   s 1     d   x   s 1       ρ + δ     



(A16)






    V   m 11   ′   =   y   1   =        γ   g   + χ ζ       ∫  0     P   m 1        x   m 1   f     x   m 1     d   x   m 1     −   ∫  0     P   s 1        x   s 1   f     x   s 1     d   x   s 1         ρ + δ     



(A17)






    V   m 22   ′   =   z   2   =        γ   g   + χ ζ       ∫  0     P   m 2        x   m 2   f     x   m 2     d   x   m 2     −   ∫  0     P   s 2        x   s 2   f     x   s 2     d   x   s 2         ρ + δ     



(A18)






    V   r 11   ′   =   m   1   =        γ   g   + χ ζ       ∫  0     P   r 1        x   r 1   f     x   r 1     d   x   r 1     −   ∫  0     P   m 1        x   m 1   f     x   m 1     d   x   m 1         ρ + δ     



(A19)






    V   r 22   ′   =   n   2   =        γ   g   + χ ζ       ∫  0     P   r 2        x   r 2   f     x   r 2     d   x   r 2     −   ∫  0     P   m 2        x   m 2   f     x   m 2     d   x   m 2         ρ + δ     



(A20)








Appendix B


The evolution of product greenness is further portrayed below:


  d s  t  =   N − δ s  t    d t + σ   s  t    d W  t   



(A21)







Equation (A21) can be rewritten in the form of a stochastic integral equation as shown below:


  s  t  =  s 0  +    ∫ 0 t     N − δ s  u    d u    +    ∫ 0 t   σ   s  u    d W  u      



(A22)







As the expectation of the Wiener process is zero, the expectation can be obtained as shown below:


  E   s  t    =  s 0  +    ∫ 0 t     N − δ E   s  u      d u     



(A23)







Derivation on both sides of Equation (A23) yields the following:


  E    s ′   t    = N − δ E   s  t     



(A24)







Let,    y ′  = N − δ y  , i.e.,    y ′  + δ y = N  , be transformed into an ordinary differential equation, as shown below:


  y =  e  − δ t       N δ    e  δ t   + c    



(A25)







From the initial condition   E   s  0    =  s 0   , the following can be obtained:


  c =  s 0  −   N δ    



(A26)






  i . e . ,   E   s  t    =   N δ   +  e  − δ t      s 0  −   N δ      



(A27)







To solve the variance problem, we can define the stochastic process as   Z  t  = f   t , s  t    =  s 2   t   . As noted by Ito, the following equation stands:


    d f   t , s  t    =      ∂ f   t , s  t      ∂ t    +   N − δ s  t       ∂ f   t , s  t      ∂ s    +   1 2       σ   s  t       2      ∂ 2  f   t , s  t      ∂  s 2   t       d t     + σ   s  t       ∂ f   t , s  t      ∂ s    d W  t     



(A28)







Therefore, the process of change of    s 2   t    is


  d  s 2   t  =   − 2 δ  s 2   u  +   2 N +  σ 2    s  u    d t + 2 σ s  t    s  t    d W  t   



(A29)







Equation (A29) is integrated on both sides and rewritten in stochastic integral form as shown below:


   s 2   t  =  s 0 2  +    ∫ 0 t     − 2 δ  s 2   u  +   2 N +  σ 2    s  u    d u    + 2    ∫ 0 t   σ s  u    s  u    d W  u      



(A30)







From   E   W  t    = 0  , using both sides of Equation (A30) results in the following equation:


  E    s 2   t    =  s 0 2  +    ∫ 0 t     − 2 δ E    s 2   u    +   2 N +  σ 2    E   s  u      d u     



(A31)







Substituting Equation (A27) into Equation (A31) yields the following equation:


  E    s 2   t    =  s 0 2  +    ∫ 0 t     − 2 δ E    s 2   u    +   2 N +  σ 2       N δ  +  e  − δ t      s 0  −  N δ        d u     



(A32)







Derivation of Equation (A32) yields the following differential equation:


      d E    s 2   t      d t    = − 2 δ E    s 2   t    +   2 N +  σ 2        N δ   +  e  − δ t      s 0  −   N δ          E    s 2   0    =  s 0 2    



(A33)







This can be solved using the following equation:


    E    s 2   t    =    N   2 N +  σ 2      2  δ 2     −     e  − M t     2 N +  σ 2      N − δ  s 0       δ 2         +  e  − 2 δ t      s 0 2  −    N   2 N +  σ 2    + 2   2 N +  σ 2      δ  s 0  − N     2  δ 2          



(A34)







Using   D   s  t    = E    s 2   t    −  E 2    s  t     , the variance can be obtained as Equation (18).
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Figure 1. Supply chain model. 






Figure 1. Supply chain model.
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Figure 2. Trajectory of greenness of products produced by Manufacturer 1. 
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Figure 3. Trajectory of greenness of products produced by Manufacturer 2. 
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Figure 4. Trajectory of greenness of products promoted by Manufacturer 1. 
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Figure 5. Trajectory of greenness of products promoted by Manufacturer 2. 
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Figure 6. The level of green product innovation effort by Manufacturer 1. 
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Figure 7. The level of green process innovation effort by Manufacturer 2. 
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Table 1. Costs of green innovation for suppliers, manufacturers and retailers.






Table 1. Costs of green innovation for suppliers, manufacturers and retailers.










	
	Green Product Innovation
	Green Process Innovation





	Supplier
	     C   s 1     t   =    1   2      η   s 1       f   s 1     2     t     
	     C   s 2     t   =    1   2      ν   2     η   s 2       f   s 2     2     t     



	Manufacturer
	     C   m 1     t   =    1   2            η   m 11   f   m 11     2     t   +    1   2    ν   1     η   m 12       f   m 12     2     t     
	     C   m 2     t   =    1   2      ν   2     η   m 21       f   m 21     2     t   +    1   2      ν   3     η   m 22       f   m 22     2     t     



	Retailer
	     C   m r 1     t   =    1   2      ν   1     η   r 1       f   r 1     2     t     
	     C   m r 2     t   =    1   2      ν   3     η   r 2       f   r 2     2     t     










 





Table 2. Green innovation costs for suppliers, manufacturers and retailers after the introduction of cost-sharing contracts and government subsidies.






Table 2. Green innovation costs for suppliers, manufacturers and retailers after the introduction of cost-sharing contracts and government subsidies.










	
	Green Product Innovation
	Green Process Innovation





	Supplier
	     1 −   θ   s 1       C   s 1     
	     1 −   θ   s 2       1 −   ξ   m 2       C   s 2     



	Manufacturer
	     1 −   ξ   m 1       C   m 1   +   θ   s 1     C   s 1   +   θ   r 1     C   m r 1     
	     1 −   ξ   m 2         θ   s 2   C   s 2   −   θ   r 2     C   m r 2     



	Retailer
	     1 −   θ   r 1       C   m r 1     
	     1 −   θ   r 2       C   m r 2     










 





Table 3. Supply chain green technology innovation parameterization.






Table 3. Supply chain green technology innovation parameterization.





	

	
Parameters

	
Hidden Meaning






	
Green

Product

Innovation

	
     C   s 1     

	
Green innovation costs of supplier




	
     η   s 1     

	
Green product innovation cost factor for supplier




	
     f   s 1     

	
Level of green product innovation effort by supplier




	
     C   m 1     

	
Green innovation costs of Manufacturer 1




	
     η   m 11     

	
Green product innovation cost factor for Manufacturer 1




	
     f   m 11     

	
Level of green product innovation effort by Manufacturer 1




	
     ξ   m 1     

	
Percentage of government subsidy




	
     θ   s 1     

	
Proportion of costs shared by Manufacturer 1 for supplier




	
     C   m r 1     

	
Total cost of publicity for Manufacturer 1 and Retailer 1




	
     η   m 12     

	
Green promotion cost factor for Manufacturer 1




	
     f   m 12     

	
Level of green advocacy efforts by Manufacturer 1




	
     f   r 1     

	
Level of green advocacy efforts by Retailer 1




	
     η   r 1     

	
Cost promotion cost factor for Retailer 1




	
     ν   1     

	
Cost factor for cooperation between Manufacturer 1 and Retailer 1




	
     θ   r 1     

	
Proportion of advocacy costs borne by Manufacturer 1 for Retailer 1




	
Green Process Innovation

	
     C   s 2     

	
Green innovation costs of supplier




	
     η   s 2     

	
Green process innovation cost factor for supplier




	
     f   s 2     

	
Level of green process innovation effort by supplier




	
     C   m 2     

	
Green innovation costs of Manufacturer 2




	
     η   m 21     

	
Green process innovation cost factor for Manufacturer 2




	
     f   m 21     

	
Level of green process innovation effort by Manufacturer 2




	
     ν   2     

	
Cost factor for cooperation between supplier and Manufacturer 2




	
     ξ   m 2     

	
Percentage of government subsidy




	
     θ   s 2     

	
Proportion of costs shared by Manufacturer 2




	
     C   m r 2     

	
Total cost of publicity for Manufacturer 2 and Retailer 2




	
     η   m 22     

	
Green promotion cost factor for Manufacturer 2




	
     f   m 22     

	
Level of green advocacy efforts by Manufacturer 2




	
     f   r 2     

	
Level of green advocacy efforts by Retailer 2




	
     η   r 2     

	
Cost promotion cost factor for Retailer 2




	
     ν   3     

	
Cost factor for cooperation between Manufacturer 2 and Retailer 2




	
     θ   r 2     

	
Proportion of advocacy costs borne by Manufacturer 2 for Retailer 2
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