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This paper discusses how managers adjust their strategies to allocate relevant resources more 
effectively and maximize economic benefits when major technological changes are predicted for 
the future. For a supply chain system consisting of a single manufacturer and two competing 
retailers as the research object. First, random stop model is applied to portray the impact 
of technological innovation on the decision-making of supply chain members. On this basis, 
differential game models for supply chain members are constructed based on different cooperation 
modes, including centralized, decentralized, and retailers alliance. Second, we solve and compare 
the optimal decision-making, emissions reduction, low-carbon goodwill, and profit levels before 
and after technological innovation in different modes. Finally, we design a bilateral cost-

sharing contract to achieve coordination. Results demonstrate that: (1) Before the success of 
technological innovation, when a higher probability of success and uplift rate is predicted can 
incentivize supply chain members’ emissions reduction and low-carbon promotion inputs; (2) 
In the presuccess period of technological innovation, members’ independent decision-making 
(decentralized decision-making) can optimize the retailer’s low-carbon promotional inputs under 
certain conditions. In contrast, the optimality of decentralized decision-making after technological 
innovation depends only on the influence of competition intensity. (3) The bilateral cost-sharing 
contract designed in this paper can optimize supply chain-related inputs and performance levels 
to achieve perfect coordination within the supply chain system, given that specific preconditions 
are satisfied.

1. Introduction

“Accelerating R&D (Research and Development), promotion, application of advanced energy-saving and carbon emission re-

duction technologies, encourage green consumption, promote green and low-carbon ways of production and life.” is an important 
strategic deployment for China in the New Era [1]. It provides crucial guidance and fundamental principles for the transformation 
and upgrading of China’s manufacturing enterprises. Nevertheless, during the actual process of R&D, significant uncertainties arise 
in various facets, including technology, market, and policies, the success and timing of technological innovation carry a high degree 
of uncertainty [2–4]. For instance, the electric vehicle batteries industry faces uncertainties associated with material technology 
upgrades [5], ambiguous market dynamics (electric or hydrogen energy) [6], and the reduction of subsidies for new energy vehicles 
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[7]. The timing of achieving a technological breakthrough in performance remains uncertain [8]. At the theoretical level, random 
stop model effectively utilizes conditional probabilities to characterize the likelihood of technological innovation reaching realization 
at a certain uncertain time node [9]. This model provides an effective mathematical framework for studying the procedural nature 
and uncertainty involved in the temporal realization of the aforementioned technological innovation.

Furthermore, the low-carbon awareness of consumers also holds significant importance in the pursuit of energy conservation and 
emissions reduction [10,11]. According to the “2020 Research Report on Climate Awareness and Behavior of Chinese Youth” [12], 
the proportions of individuals expressing willingness to “Allocate additional financial resources towards environmental protection”, 
“Contribute higher taxes for environmental preservation”, and “Sacrifice living standards for the sake of environmental conservation” 
were recorded as 68%, 62%, and 57% correspondingly. The data mentioned above provide comprehensive evidence that contem-

porary youth cohorts possess a significant subjective consciousness regarding environmental preservation and value assessment. On 
the other hand, their inclination toward low-carbon practices is likely to translate into tangible consumer behavior to some degree. 
Driven by consumers’ low-carbon consumption concepts, higher emissions reduction often means more business opportunities, in 
which manufacturers’ emissions reduction inputs play a crucial role [13,14]. However, consumer awareness of product emissions 
reduction requires appropriate low-carbon promotion by retailers [15,16]. From the perspective of the entire supply chain system, 
the emissions reduction efforts of manufacturers and the low-carbon promotion by all retailers collectively contribute to shaping 
the overall low-carbon goodwill of the entire supply chain [17]. In 2021, Gree Group developed a zero-carbon source air condition-

ing technology, reducing the environmental impact of air conditioning by 85.7%. This innovation led to the company winning the 
Global Refrigeration Technology Innovation Award, significantly enhancing the enterprise’s low-carbon goodwill. Therefore, from 
a practical perspective, it is necessary to concurrently examine the impact of emissions reduction and low-carbon goodwill on the 
decision-making of supply chain members. Notably, influenced by internal and external factors, both the aforementioned emissions 
reduction and low-carbon goodwill are dynamic processes [18,19]. Differential game theory, utilizing differential equations, effec-

tively models and optimizes the strategic interactions of multiple parties in a dynamic environment [20], providing a theoretical 
foundation for characterizing the dynamics of emissions reduction and low-carbon goodwill.

In reality, a single manufacturer often provides products to multiple retailers. For instance, the well-known soft drink brand 
Coca-Cola has over 1,300,000 distribution points globally, resulting in evident competition among these distribution outlets [21,22]. 
In this context, businesses within the supply chain frequently enhance their competitiveness and expand their market share through 
various forms of collaboration and mergers [23,24]. For example, Wangfujing and Bailian Group engaged in horizontal mergers to 
consolidate the market, weaken competition, and enhance bargaining power [25]. Retail giant Walmart, on the other hand, made 
significant emissions reductions in product manufacturing, transportation, and operations through vertical cooperation, thereby 
improving its corporate image and social competitiveness [26]. Therefore, studying decision-making regarding R&D investments in 
technology innovation between the manufacturer and competitive retailers, along with cooperation agreements, holds significant 
importance in achieving sustainable development in the supply chain.

In light of the aforementioned background, the following issues are worthy of researchers’ attention:

(1) Under the competitive environment among retailers, do various modes of collaboration within the supply chain impact the 
manufacturer’s willingness to reduce emissions and the optimal decisions of retailers?

(2) Are the relationships between decisions made by supply chain members and the intensity of competition different under 
different collaboration modes?

(3) If managers can anticipate the occurrence of future technological innovations and their impact on business operations, how 
should they make decisions to rapidly and effectively apply new technologies, thereby enhancing the economic benefits of the supply 
chain?

These issues hold paramount significance in advancing the green transformation of manufacturing enterprises and promoting 
social sustainability, and are the primary focus of this paper. Specifically, this research aims to explore and quantify the impact of 
technological innovation on the emissions reduction and promotional decisions of low-carbon supply chain members under different 
competitive and cooperative modes. On the practical level, the research conclusions are intended to serve as a reference for decision-

making by supply chain members in the context of the contemporary economy characterized by high-quality development and 
continuous technological innovation.

To analyze the above issues, we consider the competitive factors of low-carbon promotion by retailers, introducing the process 
of technological innovation into a supply chain system consisting of a single manufacturer and two retailers. This research explores 
how upstream and downstream members of the supply chain can adjust their strategies when predicting significant technological 
changes in the future to allocate relevant resources more reasonably, ultimately maximizing economic benefits. Additionally, we 
consider the dynamic nature of emissions reduction and goodwill both before and after the technological innovation. The low-carbon 
promotional inputs, competition in low-carbon promotions, and goodwill levels are collectively considered decisive factors for market 
demand. Utilizing differential game theory, we formulate three models: centralized decision-making, decentralized decision-making, 
and retailers alliance. Furthermore, we design a bilateral cost-sharing contract to achieve coordination. The primary goal is to 
provide a reference basis for supply chain member decisions in the context of current high-quality economic development and the 
ever-evolving technological background. Specifically, this paper contributes theoretically and practically in the following ways:

(1) On the theoretical level, we consider the competitive environment of retailers. On this basis, we utilize the random stop model 
to effectively characterize the uncertainty in the realization of technological innovation and its impact on the decision-making of 
2

supply chain members. This represents a methodological attempt to apply the random stop model in the competitive environment.
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(2) On the practical level, we confirm that the predicted success rate, improvement rate, and competition intensity before and 
after technological innovation have positive impacts on the emissions reduction and low-carbon promotional decisions of supply 
chain members. These findings can provide guidance and reference for relevant practitioners.

2. Literature review

2.1. Supply chain emissions reduction

In terms of supply chain emissions reduction, the most representative study is that of Benjaafar et al. [27], which, for the first 
time, integrated emissions reduction into supply chain members’ decision-making and analyzed the impact of carbon emissions on 
the overall profitability of the supply chain. Subsequently, scholarly investigations of reducing emissions in supply chains can be 
classified into two distinct categories: static and dynamic viewpoints.

A significant body of related research focuses on supply chain emissions reduction from the static perspective. For instance, Li et 
al. [28] explored the impact of incentives for professional managers on supply chain R&D for emissions reduction within the context 
of existing carbon trading policies. The findings suggested that, under specific circumstances, a cooperative R&D approach and 
sharing strategy could be considered the most effective strategies for the supply chain system. In contrast, He et al. [29] conducted 
a study on the influence of government subsidies and corporate social responsibility (CSR) practices on emissions reduction efforts 
and the profitability of the supply chain system. Their research substantiated that both government subsidies and CSR behaviors 
contribute to mitigating carbon emissions and enhancing the financial performance of supply chain systems.

However, in reality, the production processes of enterprises are often long-term, thus, from a practical perspective, it is necessary 
to study the emission reduction issues of the supply chain system from a dynamic viewpoint. One of the most representative works 
in this regard is by Xu et al. [15]. For the first time, they utilized differential game theory to study the joint emissions reduction and 
low-carbon promotion issues between upstream and downstream from a dynamic perspective. Furthermore, they explored the impact 
of a cost-sharing contract on the emissions reduction and profits of the supply chain system, indicating that under certain conditions, 
this contract can enhance the retailer’s level of low-carbon promotional investment and further achieve Pareto improvement in 
supply chain profits. Due to the dynamic optimization and optimal control theory used by Xu et al. [15], which can express complex 
evolutionary processes very clearly and concisely, it is possible to further solve the analytical expression of the optimal strategy. 
Building on this, Liang et al. [30], by constructing a differential game model of a two-tier supply chain consisting of a manufacturer 
and retailer, investigated the impact of consumer low-carbon preferences on emissions reduction in the supply chain system. Xia 
et al. [31] incorporated consumer low-carbon awareness and social preferences into the emissions reduction problem of the supply 
chain and introduced the cost-sharing contract for coordination, studying its impact on carbon reduction in the supply chain. The 
above studies ingeniously use differential game theory to vividly depict the dynamics of enterprise emissions reduction, laying a 
foundation for subsequent research on supply chain emission reduction.

2.2. Supply chain goodwill

From an economic standpoint, goodwill refers to the prospective economic value that can yield surplus profits for a company and 
is considered a significant factor in shaping consumer demand [32]. Similar to the emissions reduction, previous studies on goodwill 
are predominantly based on the static aspect. For instance, Pnevmatikos et al. [33] found that companies’ investments in brand 
goodwill enhance supply chain performance and result in a certain degree of gain in consumer surplus. Wang et al. [34] concluded 
that institutional investors could enhance the extent of corporate goodwill by implementing strategies such as augmenting corporate 
disclosure practices and mitigating corporate agency costs.

However, goodwill is also a dynamic process and is bound to be affected by other state variables during the long-term operation 
of companies [35,36]. Guan et al. [37] assumed that the evolution of goodwill is influenced by a combination of product quality 
and market promotion and investigated the issue of bargaining fairness among upstream and downstream members of the supply 
chain. On the other hand, Liu et al. [17] considered the impact of corporate emissions reduction on supply chain goodwill, studied 
the investment decision problem of the supply chain system with differential game theory, and analyzed the dynamic trend of brand 
goodwill. In contrast to the literature on supply chain dynamic emissions reduction, the studies conducted by Guan et al. [37] and 
Liu et al. [17] considered the interdependent relationship between dual state variables in supply chain management, which is more 
in line with the supply chain management complexity.

2.3. Technological innovation

In the contemporary setting of the strategic objective of achieving the “carbon peak and carbon neutrality” and the advent of 
the green development period, enterprises need to attain green transformation through technical innovation [1]. In their study, Ha-

jhashem et al. [9] noted that the time of realization of technological innovations is often uncertain, and the effective implementation 
of such innovations might result in substantial advancements in performance. Within the realm of supply chain management, numer-

ous researchers have undertaken research on the technological innovation behaviors of supply chain members [38,39], investment 
strategies [40], and the influence of technological innovation on levels of supply chain profitability [41,42].

Nevertheless, the aforementioned research is grounded in a static framework that fails to consider the enduring and evolving 
3
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Consequently, several scholars have sought to investigate the technical innovation of supply chain systems from a dynamic stand-

point. For instance, Hu et al. [43] delved into the optimal decision-making of supply chain members before and after technological 
innovation using differential game theory. Their study indicated a significant correlation between the level of relevant inputs from 
supply chain members and the predicted probability of success in technological innovation. Wu et al. [44] explored the impact of 
the carbon trading mechanism and government subsidies on the decision-making of supply chain members, with the level of low-

carbon technological innovation as the state variable. They demonstrated that under specific conditions, government subsidies can 
effectively optimize the overall technological innovation level and emission reduction within the supply chain. Unfortunately, their 
investigation was confined to a two-tier supply chain comprising a manufacturer and a retailer, presenting a discrepancy with the 
complex structure of practical supply chain settings. In contrast, Liu et al. [45] investigated the impact of technological innovation 
on green R&D investments among supply chain members in a three-tier supply chain. They concluded that the influence of green 
technological innovation on manufacturers’ decisions regarding green R&D investments is contingent upon the level of their green 
competitive intensity. The research by Liu et al. [45], to a certain extent, expands upon the practical significance of the research 
objects in Hu et al. [43] and Wu et al. [43]. However, concerning the setting of the state variable, they only consider the dynamics 
of supply chain greenness and do not consider the existence of multiple state variables during the operational period or the interplay 
relationships among them.

2.4. Competitive scenario

In the context of the market economy, competition is a fundamental characteristic among enterprises, and even among different 
departments within the same enterprise during their operational processes. Through competition, entities seek to acquire more mar-

ket resources while simultaneously achieving the survival of the fittest, thereby coordinating the allocation of production factors. In 
the field of supply chain management, existing research has predominantly focused on the competition among horizontal members, 
primarily analyzing the impact of competitive behavior on supply chain performance or profits from a static perspective. For exam-

ple, Zhou et al. [46] argued that under conditions of manufacturer competition, government carbon tax policies can significantly 
promote energy conservation and emission reduction efforts within the supply chain system. Jahanbakhsh et al. [47] suggested that 
competitive advantages can positively impact organizational performance, confirming the mediating effect of competitive advantages 
between supply chain management and organizational performance.

Although there are several existing studies on supply chain competition, in recent years, only few scholars have attempted to 
study the impact of competitive relationships on supply chain decisions from the perspective of long-term business operations. Zhang 
et al. [48] applied differential game theory to analyze the relationship between travel agency competition intensity and scenic area 
profits within a supply chain system consisting of a low-carbon scenic area and two competing travel agencies. However, their 
focus was limited to the dynamics of low-carbon scenic emissions reduction and the reputation of travel agency service providers 
within the supply chain system. It is worth noting that external influences beyond these factors can significantly affect the decision-

making processes and profitability of supply chain participants. In this context, Zhuo et al. [49] and Huang [50] made pioneering 
attempts to study retailers’ competitive supply chain pricing decisions and emissions reduction decisions, respectively, considering the 
perspective of government subsidies. While commendable for integrating external environmental factors into the analysis of decision-

making behavior within competitive supply chain systems, these studies assume that the government’s objective is to maximize social 
welfare and the overall return of the supply chain [51,52]. However, constructing a realistic government objective function may be 
challenging due to the national conditions of each country, the nature of enterprises, and other contextual influences. Apart from 
government subsidies, technological innovation stands out as another significant external factor. As mentioned earlier, technological 
innovation differs from government subsidies in that its stochastic and processual nature can be visually depicted using the random 
stop model. Hu et al. [43] were pioneers in using this model to portray the technological innovation process and confirm its validity. 
In practical terms, portraying the technological innovation process appears to be more relevant than the often complex and rationally 
oriented nature of government subsidy decision-making.

2.5. Supply chain coordination

In the field of supply chain management, collaboration among supply chain members is often advantageous for the achievement of 
overall objectives, with the cost-sharing contract being a beneficial means of cooperation among these members. Tsao et al. [53] first 
applied the cost-sharing strategy to the field of supply chain management, considering the cost-sharing contract as a coordination 
mechanism for the supply chain system. Ghosh et al. [54] and Zhang et al. [55] introduced the cost-sharing contract to address 
emissions reduction issues in supply chain systems, finding that the cost-sharing contract can improve carbon emissions in the supply 
chain to some extent. Huang et al. [56], focusing on the coexistence of government subsidies and cost-sharing, studied the impact of 
government subsidies and the cost-sharing contract on the retailer’s willingness to share information with suppliers. They suggested 
that the retailer’s willingness to share information is positively correlated with the level of government subsidies and negatively 
correlated with the level of cost-sharing.

It is worth noting that, while the aforementioned cost-sharing contract can improve the decision-making of supply chain mem-

bers to some extent, the complexity of the supply chain environment and the heterogeneity among members make it challenging 
to achieve full coordination within the supply chain system. Based on this foundation, Giannoccaro et al. [57] designed a revenue-
4
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Heliyon 10 (2024) e27474W. Guo, Y. Liang and M. Lei

Fig. 1. Schematic diagram of supply chain members’ decision-making considering retailers’ competition and technological innovation.

and Bhuniya et al. [59]. This contract, building upon the cost-sharing contract, incorporates revenue-sharing mechanisms to incen-

tivize the behavior of supply chain members. However, the implementation of the revenue-sharing contract often requires defining 
and calculating contributions from each party [60]. In practical management, different participants may have varying perspectives 
on how to measure and allocate contributions, thereby increasing the potential for disputes [61]. To address the aforementioned 
shortcomings, Feng et al. [62] devised a bilateral cost-sharing contract to incentivize all parties to prudently control and manage 
various production and operational costs. Subsequent extensive research indicates that providing incentives to supply chain members 
is more achievable through the mutual sharing of costs [63,64]. Considering that, in practical management, the bilateral cost-sharing 
contract is often easier to implement and manage, it has gradually become a favorable tool for coordinating supply chains.

2.6. Summary

In brief, the current research on emissions reduction in supply chain management primarily revolves around the static framework. 
While Xu et al. [15], Liang et al. [30], and Xia et al. [31] expanded on this research by incorporating a dynamic framework, Guan 
et al. [37] and Liu et al. [17] further investigated the influence of two state variables on supply chain decision-making within 
this context. However, these studies do not consider competitive factors, nor do they consider the effects of external technological 
advancements on the decision-making processes of supply chain participants. In the existing research on technological innovation, 
the majority tends to perceive it as a fixed scenario and does not account for its stochastic and process-oriented nature.

Building upon these gaps, we adopt the processing method proposed by Hu et al. [43], utilizing the random stop model to 
illustrate the influence of technological innovation on supply chain decision-making. First, we consider the competitive environment, 
supply chain emissions reduction, and low-carbon goodwill, by constructing centralized decision-making, retailers alliance, and 
decentralized decision-making models from both vertical and horizontal cooperation perspectives. Subsequently, we analyze optimal 
decisions, emissions reduction, low-carbon goodwill, and profits before and after technological innovation. On this basis, we design 
a contract to facilitate coordination.

3. Problem description and model assumptions

3.1. Problem description

This paper examines a supply chain system consisting of a single manufacturer 𝑀 and two competing retailers 𝑅𝑖, (𝑖 = 1, 2), 
where the manufacturer’s main objective is to reduce the carbon emissions of the entire supply chain, and the retailers’ primary 
objective is to promote the manufacturer’s low-carbon products. In this process, the emergence of new technology will significantly 
change all aspects of the low-carbon supply chain industry. Therefore, this paper explores how supply chain members can optimize 
their decision-making to allocate resources to achieve sustainable development and increase profitability when significant tech-

nological changes are predicted. The specific game process comprises two stages: pre-technology innovation implementation and 
post-technology innovation implementation. In the pre-technology innovation stage, the manufacturer and retailers aim to maximize 
their profits throughout the entire operational period while determining their investments in emissions reduction and low-carbon 
promotional inputs. In the post-technology innovation stage, both the manufacturer and retailers shift their focus to maximizing 
profits in the post-technology innovation stage, with corresponding decisions on emissions reduction and low-carbon promotional 
5
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Table 1

Symbols declaration.

Symbols Description

𝛼 The impact of the manufacturer’s emissions reduction inputs on the emissions reduction, 𝛼+ > 𝛼−

𝜀 Decay factor for supply chain emissions reduction, 𝜀+ < 𝜀−

𝛽, 𝜃 The impact of the emissions reduction and low-carbon promotion inputs on low-carbon goodwill

𝜎 Decay factor for supply chain low-carbon goodwill

𝜉, 𝜇 The uplift rate of technological innovation on emissions reduction and low carbon goodwill

𝜍 Probability of realization of the technological innovation

Ω𝑖 Consumer market demand of retailer 𝑖

Π Initial market demand

𝜑,𝜛 The impact of the low-carbon promotional inputs and low-carbon goodwill on consumer market

𝛾 The intensity of competition between two retailers

𝐶𝑀,𝐶𝑅𝑖 The costs of emissions reduction inputs and low-carbon promotion inputs

𝜂𝑀 , 𝜂𝑅𝑖 The cost factors for the manufacturer and retailer 𝑖

𝜋𝑀 ,𝜋𝑅𝑖 Marginal returns per unit for the manufacturer and retailer 𝑖, 𝜋+
𝑀
> 𝜋−

𝑀
, 𝜋+

𝑅𝑖
> 𝜋−

𝑅𝑖

𝐸𝑀 ,𝐸𝑅𝑖 Emissions reduction and low-carbon promotion inputs by the manufacturer and retailers

𝜏,𝜒 Emissions reduction and low-carbon goodwill

3.2. Symbols declaration

To enhance the clarity of the paper’s presentation, Table 1 shows the symbols declaration that have been utilized.

3.3. Model assumptions

Assumption 1. A considerable body of existing research indicates that carbon emissions within the supply chain system primarily 
occur during the manufacturing phase [15], [65,66]. Consequently, the manufacturer’s inputs to reduce emissions positively impact 
the overall emissions reduction within the supply chain at moment 𝑡. Additionally, emissions naturally decay due to factors such as 
aging equipment and technological upgrades. Therefore, drawing from the study in reference [15], [17]. We employ the following 
differential equations to describe the dynamic changes in emissions reduction within the supply chain:

̇𝜏(𝑡) = 𝛼𝐸𝑀 (𝑡) − 𝜀𝜏(𝑡). (1)

In equation (1), 𝜏(0) = 𝜏0 ≥ 0 represents the initial value of the emissions reduction.

Assumption 2. At the moment 𝑡, the low-carbon goodwill of the supply chain system is positively influenced by the combination 
of emissions reduction and low-carbon promotion inputs from retailers, with some decay occurring over time [17],[37]. Based 
on the Nerlove-Arrow classical goodwill model [67], the dynamic process of low-carbon goodwill in supply chain systems can be 
characterized as equation (2):

̇𝜒(𝑡) = 𝛽𝜏(𝑡) + 𝜃

2∑
𝑖=1

𝐸𝑅𝑖(𝑡) − 𝜎𝜒(𝑡). (2)

In equation (2), 𝜒(0) = 𝜒0 ≥ 0 represents the initial value of the low-carbon goodwill.

Assumption 3. Technological innovation in the manufacturing process has the potential to enhance emissions reduction in pro-

duction. However, technical innovation is a complex and time-consuming endeavor with unpredictable timelines for its realization 
[2–4], [9]. Building on the research of Hu et al. [43], assume that technical innovation is accomplished at time node 𝑇 with a 
probability 𝜍, 𝜍 ∈ (0, 1). The entire production process can be divided into two stages: pre-technology innovation implementation and 
post-technology innovation implementation. Therefore, the process of technological innovation is jumpy, as: lim

Δ→0
𝑃 {𝑡≤𝑇<𝑡+Δ|𝑡≤𝑇 }

Δ = 𝜍. 
Where, the conditional probability 𝑃 {𝑡 ≤ 𝑇 < 𝑡 + Δ|𝑡 ≤ 𝑇 } represents the probability of achieving technical innovation at the time 
node (𝑡, 𝑡 + Δ). Considering that the realization of technological innovation will lead to an instantaneous increase in the level of 
emissions reduction in the supply chain system [42], the emissions reduction after technological innovation can be described as 
𝜏(𝑇 +) = (1 + 𝜉)𝜏(𝑇 −). Where 𝜉 > 0 is the influence of the technological innovation on emissions reduction. Based on equation (1), 
we can derive the dynamic process of emissions reduction before and after the success of technological innovation as follows:{

̇𝜏−(𝑡) = 𝛼−𝐸−
𝑀
(𝑡) − 𝜀−𝜏−(𝑡) 𝜏−(0) = 𝜏0, 𝑡 ∈ [0, 𝑇 )

̇𝜏+(𝑡) = 𝛼+𝐸+
𝑀
(𝑡) − 𝜀+𝜏+(𝑡) 𝜏+(𝑇 +) = (1 + 𝜉)𝜏−(𝑇 −), 𝑡 ∈ [𝑇 ,∞) (3)

To align with practical scenarios, let 𝛼+ > 𝛼−, 𝜀− > 𝜀+, show that the impact of the manufacturer’s emissions reduction inputs on 
supply chain emissions reduction is more significant when technological innovations are successful and the rate of decay is reduced 
6
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has led to an annual reduction of approximately 26,000 tons of carbon dioxide emissions in the commercial catering sector of 
Beijing’s central area.

Furthermore, as emissions reduction can impact the supply chain’s low-carbon goodwill, similarly, the low-carbon goodwill after 
the realization of technological innovation can be inscribed as 𝜒(𝑇 +) = (1 + 𝜇)𝜒(𝑇 −). Where 𝜇 > 0 represents the influence of the 
technological innovation on low-carbon goodwill. According to equation (2), the dynamic process of the low-carbon goodwill before 
and after the success of technological innovation as follows:

⎧⎪⎪⎨⎪⎪⎩
̇𝜒−(𝑡) = 𝛽𝜏−(𝑡) + 𝜃

2∑
𝑖=1

𝐸−
𝑅𝑖
(𝑡) − 𝜎𝜒−(𝑡) 𝜒−(0) = 𝜒0, 𝑡 ∈ [0, 𝑇 )

̇𝜒+(𝑡) = 𝛽𝜏+(𝑡) + 𝜃
2∑
𝑖=1

𝐸+
𝑅𝑖
(𝑡) − 𝜎𝜒+(𝑡) 𝜒+(𝑇 +) = (1 + 𝜇)𝜒−(𝑇 −), 𝑡 ∈ [𝑇 ,∞))

(4)

The main objective of technological innovation is to improve emissions reduction in the supply chain system. In accordance with 
practical considerations [38], we assume that the impact of emissions reduction and retailers’ promotional inputs on low-carbon 
goodwill, as well as the decay coefficient of the supply chain’s low-carbon goodwill, remains constant before and after technological 
innovation.

Assumption 4. In this paper, we consider the competitive relationship between the two retailers. According to the findings in 
reference [11], consumers can readily perceive the low-carbon promotions provided by retailers, and create a reference effect 
in competitive situations, further influencing the market demand. Furthermore, numerous studies have demonstrated a positive 
correlation between the low-carbon goodwill and market demand [56], [68,69]. Therefore, the consumer market demand of retailer 
𝑖 at 𝑡 moment can be expressed as follows:

Ω𝑖(𝑡) = Π +𝜑𝐸𝑅𝑖(𝑡) + 𝛾[𝐸𝑅𝑖(𝑡) −𝐸𝑅(3−𝑖)(𝑡)] +𝜛𝜒(𝑡). (5)

Assume that the two retailers have the same initial market demand, further, in conjunction with Assumption 3, the market 
demand of the retailer 𝑖 before and after the achievement of the technical innovation can be expressed as:{

Ω𝑖(𝑡)− = Π+𝜑𝐸−
𝑅𝑖
(𝑡) + 𝛾[𝐸−

𝑅𝑖
(𝑡) −𝐸−

𝑅(3−𝑖)(𝑡)] +𝜛𝜒−(𝑡)) 𝑡 ∈ [0, 𝑇 )
Ω𝑖(𝑡)+ = Π+𝜑𝐸+

𝑅𝑖
(𝑡) + 𝛾[𝐸+

𝑅𝑖
(𝑡) −𝐸+

𝑅(3−𝑖)(𝑡)] +𝜛𝜒+(𝑡)) 𝑡 ∈ [𝑇 ,∞) (6)

Assumption 5. Following the commonly used principle of increasing marginal cost [70], the manufacturer’s inputs for emissions 
reduction and retailer 𝑖’s inputs for low-carbon promotion at time 𝑡 are represented by quadratic convex functions with respect to 
their effort inputs, as follows:

𝐶𝑀 [𝐸𝑀 (𝑡)] =
𝜂𝑀

2
[𝐸𝑀 (𝑡)]2. (7)

𝐶𝑅𝑖[𝐸𝑅𝑖(𝑡)] =
𝜂𝑅𝑖

2
[𝐸𝑅𝑖(𝑡)]2. (8)

Assumption 6. Assuming that all supply chain members share the same discount factor 𝜌, 𝜌 > 0 and aim to maximize their inter-

ests during the game period [0, ∞]. Then the objective functions for the decisions of the manufacturer and retailer 𝑖 before the 
implementation of technological innovation as follows:

𝐽−
𝑀

= 𝑚𝑎𝑥
𝐸−
𝑀
(𝑡)

𝑇

∫
0

𝑒−𝜌𝑡{𝜋−
𝑀

2∑
𝑖=1

Ω−
𝑖
(𝑡) −

𝜂𝑀

2
[𝐸−

𝑀
(𝑡)]2}𝑑𝑡. (9)

𝐽−
𝑅𝑖

= 𝑚𝑎𝑥
𝐸−
𝑅𝑖
(𝑡)

𝑇

∫
0

𝑒−𝜌𝑡{𝜋−
𝑅𝑖
Ω−
𝑖
(𝑡) −

𝜂𝑅𝑖

2
[𝐸−

𝑅𝑖
(𝑡)]2}𝑑𝑡. (10)

The objective functions of the manufacturer and retailer 𝑖 decision after the successful technological innovation can be expressed 
as follows:

𝐽+
𝑀

= 𝑚𝑎𝑥
𝐸+
𝑀
(𝑡)

∞

∫
𝑇

𝑒−𝜌𝑡{𝜋+
𝑀

2∑
𝑖=1

Ω+
𝑖
(𝑡) −

𝜂𝑀

2
[𝐸+

𝑀
(𝑡)]2}𝑑𝑡. (11)

𝐽+ = 𝑚𝑎𝑥

∞

𝑒−𝜌𝑡{𝜋− Ω−(𝑡) −
𝜂𝑅𝑖 [𝐸+ (𝑡)]2}𝑑𝑡. (12)
7

𝑅𝑖
𝐸+
𝑅𝑖
(𝑡)∫

𝑇

𝑅𝑖 𝑖 2 𝑅𝑖
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Due to the stochastic nature of the technological innovation implementation point 𝑇 , let 𝐹 (𝑥) and 𝑓 (𝑥) represent the distribution 
function and probability density of random time 𝑇 , respectively. Based on Rubel et al. [71], assuming that 𝜈(𝑡) represents the entire 
process of the technological innovation. 𝜈(𝑡) = 0 denotes that the technological innovation is not achieved at the 𝑡 moment; 𝜈(𝑡) = 1 de-

notes that the technological innovation is successfully achieved at the 𝑡 moment. Therefore, lim
Δ→0

𝑃 {𝑡≤𝑇<𝑡+Δ|𝑡≤𝑇 }
Δ = lim

Δ→0
𝑃 {𝜈(𝑡+𝛿)|𝜈(𝑡)=0}

Δ , 
we get 𝐹 (𝑡) = 1 − 𝑒−𝜍𝑡, 𝑓 (𝑡) = 𝑒−𝜍𝑡. Further, by taking the expected value of the random time node 𝑇 , the expected Net Present 
Value (NPV) of the overall long-term profits of the manufacturer and retailer 𝑖 can be obtained as: 𝐽𝑀 = 𝐸[𝐽−

𝑀
+ 𝑒−𝜌𝑇 𝐽+

𝑀
], 

𝐽𝑅𝑖 = 𝐸[𝐽−
𝑅𝑖

+ 𝑒−𝜌𝑇 𝐽+
𝑅𝑖
]. Using 𝑓 (𝑡) to solve for 𝐽𝑀 and 𝐽𝑅𝑖, respectively, the NPV of the expected profits of the supply chain 

members for the entire game period (the objective function of the members’ decision-making) as:

𝐽=
𝑀

𝑚𝑎𝑥
𝐸−
𝑀
(𝑡),𝐸+

𝑀
(𝑡)

∞

∫
0

𝑒−(𝜌+𝜍)𝑡{𝜋−
𝑀

2∑
𝑖=1

Ω−
𝑖
(𝑡) −

𝜂𝑀

2
[𝐸−

𝑀
(𝑡)]2 + 𝜍𝐽+

𝑀
[𝐸+

𝑀
(𝑡)]}𝑑𝑡. (13)

𝐽=
𝑅𝑖

𝑚𝑎𝑥
𝐸−
𝑅𝑖
(𝑡),𝐸+

𝑅𝑖
(𝑡)

∞

∫
0

𝑒−(𝜌+𝜍)𝑡{𝜋−
𝑅𝑖
Ω−
𝑅𝑖
(𝑡) −

𝜂𝑅𝑖

2
[𝐸−

𝑅𝑖
(𝑡)]2 + 𝜍𝐽+

𝑅𝑖
[𝐸+

𝑅𝑖
(𝑡)]}𝑑𝑡. (14)

To simplify the writing process, the following text omits the time 𝑡.

4. Model construction and analysis

In this section, we explore members’ equilibrium strategies, emissions reduction, low-carbon goodwill, and profits before and after 
technological innovation under three models of decentralized decision-making, centralized decision-making, and retailers alliance, 
respectively. On this basis, we analyze the impact of various critical parameters on them.

The model construction is based on the following:

(1) Theoretical perspective: In the centralized decision-making, supply chain members form a single entity through vertical 
cooperation, making decisions with the common goal of maximizing joint profits [72]; In the decentralized decision-making, supply 
chain members are considered to be independent, without any dominance or follower relationships. Each member makes decisions 
based on maximizing individual profits [73,74]. In the retailers alliance, retailers form a collective entity through an alliance, making 
decisions with the goal of maximizing alliance profits [75].

(2) Realistic perspective: In the centralized decision-making, achieving the ideal scenario of centralized decision-making is chal-

lenging due to members’ self-interest. However, decisions under this model are often considered optimal equilibriums in practice 
[45]; In the decentralized decision-making, departments operate independently to adapt to diverse market conditions and demands. 
For instance, companies like Procter & Gamble (P&G) and L’Oreal Paris, which have multiple brands, often make independent deci-

sions to maximize brands’ respective interests. In the retailers alliance, chain-operated supermarkets such as Walmart and Carrefour. 
Profit scenarios for the same product may differ across retail institutions due to regional variations, but the decision-making focus is 
on maximizing the alliance’s benefits.

By analyzing and comparing these three models, our objective is to explore the influence of diverse collaboration approaches on 
supply chain performance. This exploration aids manufacturers and retailers gain a deeper understanding of their shared interests 
and relationships, facilitating the development of more effective strategies and decisions.

4.1. Decentralized decision-making model

In the decentralized decision-making model (denoted by the superscript 𝑁), all members of the supply chain (manufacturer and 
two retailers) make decisions simultaneously, forming a Nash non-cooperative game. Each member pursues the maximization of 
individual interests and independently formulates strategies for emissions reduction and low-carbon promotion inputs both before 
and after technological innovation. Therefore, the decision problems of the manufacturer and retailer 𝑖 throughout the operation 
period in the decentralized decision-making model are, respectively:

𝐽𝑁
𝑀

= 𝑚𝑎𝑥
𝐸−
𝑀
,𝐸+

𝑀

∞

∫
0

𝑒−(𝜌+𝜍)𝑡{𝜋−
𝑀

2∑
𝑖=1

[Π +𝜑𝐸−
𝑅𝑖

+ 𝛾(𝐸−
𝑅𝑖

−𝐸−
𝑅(3−𝑖)) +𝜛𝜒𝑁−] −

𝜂𝑀

2
(𝐸−

𝑀
)2 + 𝜍𝐽𝑁+

𝑀
(𝐸+

𝑀
)}𝑑𝑡. (15)

𝐽𝑁
𝑅1 = 𝑚𝑎𝑥

𝐸−
𝑅1 ,𝐸

+
𝑅1

∞

∫
0

𝑒−(𝜌+𝜍)𝑡{𝜋−
𝑅1[Π +𝜑𝐸−

𝑅1 + 𝛾(𝐸−
𝑅1 −𝐸−

𝑅2) +𝜛𝜒𝑁−] −
𝜂𝑅1
2

(𝐸−
𝑅1)

2 + 𝜍𝐽𝑁+
𝑅1 (𝐸+

𝑅1)}𝑑𝑡. (16)

𝐽𝑁
𝑅2 = 𝑚𝑎𝑥

𝐸−
𝑅2 ,𝐸

+
𝑅2

∞

∫
0

𝑒−(𝜌+𝜍)𝑡{𝜋−
𝑅2[Π +𝜑𝐸−

𝑅2 + 𝛾(𝐸−
𝑅2 −𝐸−

𝑅1) +𝜛𝜒𝑁−] −
𝜂𝑅2
2

(𝐸−
𝑅2)

2 + 𝜍𝐽𝑁+
𝑅2 (𝐸+

𝑅2)}𝑑𝑡. (17)

Where 𝐽𝑁
𝑀

and 𝐽𝑁
𝑅𝑖

respectively represent the generalization functions of the decision objectives for the manufacturer and retailer 
8

𝑖 throughout the entire planning period.
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Theorem 1a. The optimal emissions reduction inputs and low-carbon promotion inputs for the manufacturer and two retailers before and 
after the realization of the technological innovation in the decentralized decision-making model are:

⎧⎪⎪⎨⎪⎪⎩
𝐸𝑁∗−
𝑀

= 𝛼−

𝜂𝑀
{ 𝛽

𝜌+𝜍+𝜀− [
2𝜋−

𝑀
𝜛

𝜌+𝜍+𝜎 +
2𝜋+

𝑀
𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
2𝜋+

𝑀
𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) }

𝐸𝑁∗−
𝑅1 =

𝜋−
𝑅1(𝜑+𝛾)
𝜂𝑅1

+ 𝜃

𝜂𝑅1
[
𝜋−
𝑅1𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅1𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ]

𝐸𝑁∗−
𝑅2 =

𝜋−
𝑅2(𝜑+𝛾)
𝜂𝑅2

+ 𝜃

𝜂𝑅2
[
𝜋−
𝑅2𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅2𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ]

(18)

⎧⎪⎪⎨⎪⎪⎩
𝐸𝑁∗+
𝑀

=
2𝛼+𝛽𝜋+

𝑀
𝜛

𝜂𝑀 (𝜌+𝜎)(𝜌+𝜀+)

𝐸𝑁∗+
𝑅1 =

𝜋+
𝑅1[(𝜑+𝛾)(𝜌+𝜎)+𝜃𝜛]

𝜂𝑅1(𝜌+𝜎)

𝐸𝑁∗+
𝑅2 =

𝜋+
𝑅2[(𝜑+𝛾)(𝜌+𝜎)+𝜃𝜛]

𝜂𝑅2(𝜌+𝜎)

(19)

Theorem 1b. The dynamics of the emissions reduction before and after the realization of technological innovation in the decentralized 
decision-making model are:

⎧⎪⎨⎪⎩
𝜏𝑁∗− = 𝜏𝑁∗−

∞ + (𝜏0 + 𝜏𝑁∗−
∞ )𝑒−𝜀−𝑡

𝜏𝑁∗−
∞ = (𝛼−)2

𝜂𝑀𝜀−
{ 𝛽

𝜌+𝜍+𝜀− [
2𝜋−

𝑀
𝜛

𝜌+𝜍+𝜎 +
2𝜋+

𝑀
𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
2𝜋+

𝑀
𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) }
𝑡 ∈ [0, 𝑇 ]

(20)

⎧⎪⎨⎪⎩
𝜏𝑁∗+ = {[𝜏𝑁∗−

∞ (𝜏0 − 𝜏𝑁∗−
∞ )𝑒−𝜀−𝑡](1 + 𝜉) − 𝜏𝑁∗+

∞ }𝑒−𝜀+(𝑡−𝑇 ) + 𝜏𝑁∗+
∞

𝜏𝑁∗+
∞ = 2(𝛼+)2𝛽𝜋𝑀𝜛

𝜂𝑀𝜀+(𝜌+𝜎)(𝜌+𝜀+)
𝑡 ∈ (𝑇 ,∞)

(21)

Where 𝜏𝑁∗−
∞ and 𝜏𝑁∗+

∞ represent the steady state values of the emissions reduction before and after technological innovation in the 
decentralized decision-making model, respectively.

Theorem 1c. The dynamics of low-carbon goodwill in the supply chain system before and after the realization of technological innovation in 
the decentralized decision-making model are:

⎧⎪⎨⎪⎩
𝜒𝑁∗− = [𝜒0 − 𝜒𝑁∗−

∞ − 𝛽(𝜏0−𝜏𝑁∗−
∞ )

𝜀−−𝜎 ]𝑒−𝜀−𝑡 + 𝛽(𝜏0−𝜏𝑁∗−
∞ )

𝜀−−𝜎 𝑒−𝜎𝑡 + 𝜒𝑁∗−
∞

𝜒𝑁∗−
∞ =

𝜋−
𝑅1𝜃(𝜑+𝛾)
𝜎𝜂𝑅1

+ 𝜃2

𝜎𝜂𝑅1
[
𝜋−
𝑅1𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅1𝜍𝜛(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
𝜋−
𝑅2𝜃(𝜑+𝛾)
𝜎𝜂𝑅2

+ 𝜃2

𝜎𝜂𝑅2
[
𝜋−
𝑅2𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅2𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
𝛽𝜏𝑁∗−

∞
𝜎

𝑡 ∈ [𝑇 ,∞]

(22)

⎧⎪⎨⎪⎩
𝜒𝑁∗+ =

(
{[𝜒0 − 𝜒𝑁∗−

∞ − 𝛽(𝜏0−𝜏𝑁∗−)
𝜀−−𝜎 ]𝑒−𝜀−𝑡 + 𝛽(𝜏0−𝜏𝑁∗−

∞ )
𝜀−−𝜎 𝑒−𝜎𝑡 + 𝜒𝑁∗−

∞ }(1 + 𝜇) − 𝜒𝑁∗+
∞

)
𝑒𝜎(𝑡−𝑇 ) + 𝜒𝑁∗+

∞

𝜒𝑁∗+
∞ =

𝜋+
𝑅1𝜃[(𝜑+𝛾)(𝜌+𝜎)+𝜃𝜛]

𝜂𝑅1𝜎(𝜌+𝜎)
+

𝜋+
𝑅2𝜃[(𝜑+𝛾)(𝜌+𝜎)+𝜃𝜛]

𝜂𝑅2𝜎(𝜌+𝜎)
+ 𝛽𝜏𝑁∗+

∞
𝜎

𝑡 ∈ (𝑇 ,∞)

(23)

Where 𝜒𝑁∗−
∞ and 𝜒𝑁∗+

∞ represent the steady state values of low-carbon goodwill before and after technological innovation in the decen-

tralized decision-making model, respectively.

Theorem 1d. The profit functions of the manufacturer, retailer 1 and retailer 2 after successful technological innovation in the decentralized 
decision-making model are:

⎧⎪⎨⎪⎩
𝐺𝑁∗
𝑀

= 𝑘1𝜏
𝑁∗+ + 𝑘2𝜒

𝑁∗+ + 𝑘3
𝐺𝑁∗
𝑅1 = 𝑘4𝜏

𝑁∗+ + 𝑘5𝜒
𝑁∗+ + 𝑘6

𝐺𝑁∗
𝑅2 = 𝑘7𝜏

𝑁∗+ + 𝑘8𝜒
𝑁∗+ + 𝑘9

(24)

The profit functions of the manufacturer, retailer 1 and retailer 2 for the entire period of operation are:

⎧⎪⎨⎪⎩
𝑊𝑁∗

𝑀
= 𝑠1𝜏

𝑁∗− + 𝑠2𝜒
𝑁∗− + 𝑠3

𝑊𝑁∗
𝑅1 = 𝑠4𝜏

𝑁∗− + 𝑠5𝜒
𝑁∗− + 𝑠6

𝑊𝑁∗
𝑅2 = 𝑠7𝜏

𝑁∗− + 𝑠8𝜒
𝑁∗− + 𝑠9

(25)

Proof. Please see Appendix for detail. □

Proposition 1. In the decentralized decision-making model, for the probability of technological innovation success 𝜍, the uplift rate of 
9

emissions reduction 𝜉 and low-carbon goodwill 𝜇 affect the manufacturer’s emissions reduction inputs and retailers’ low-carbon promotional 
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inputs before and after technological innovation as: 
𝜕𝐸𝑁∗−

𝑀

𝜕𝜍
> 0, 

𝜕𝐸𝑁∗−
𝑅𝑖

𝜕𝜍
> 0, 

𝜕𝐸𝑁∗−
𝑀

𝜕𝜉
> 0, 

𝜕𝐸𝑁∗−
𝑅𝑖

𝜕𝜉
= 0, 

𝜕𝐸𝑁∗−
𝑀

𝜕𝜇
> 0, 

𝜕𝐸𝑁∗−
𝑅𝑖

𝜕𝜇
> 0, 

𝜕𝐸𝑁∗+
𝑀

𝜕𝜍
= 0, 

𝜕𝐸𝑁∗+
𝑅𝑖

𝜕𝜍
= 0, 

𝜕𝐸𝑁∗+
𝑀

𝜕𝜉
= 0, 

𝜕𝐸𝑁∗+
𝑅𝑖

𝜕𝜉
= 0, 

𝜕𝐸𝑁∗+
𝑀

𝜕𝜇
= 0, 

𝜕𝐸𝑁∗+
𝑅𝑖

𝜕𝜇
= 0.

Proposition 1 suggests that: In anticipation of significant technological changes, managers’ predictions regarding the probability 
of success and its impact on business operations are pivotal in decision-making. Specifically, when managers expect a high likelihood 
of technological success, they tend to increase corresponding investment levels. This is driven by a stronger motivation resulting 
from the higher success probability, directing managerial attention toward changes in the company’s post-technological success 
and consequently leading to increased pre-implementation investments in technological innovation. Similarly, if managers predict 
that the emergence of new technology will substantially enhance emissions reduction and low-carbon goodwill, they are inclined to 
escalate investments in related initiatives. In this scenario, considering both the probability of technological success and the degree of 
improvement, a conducive environment for business operations is established, further boosting member motivation. Post-successful 
implementation of technological innovation, managers’ earlier predictions about success probability and improvement degree no 
longer influence their decision-making, with the focus shifting to the product itself.

Management Insights: Managers should adjust their investment levels in emissions reduction, low-carbon promotion, and other 
aspects based on their predictions regarding the probability of technological innovation success and the anticipated degree of im-

provement in the current operational conditions. This adaptation aims to better align with the new environment brought about by 
technological changes.

Proposition 2. In the decentralized decision-making model, the effects of parameter 𝛾 before and after technological innovation on man-

ufacturer’s decisions to reduce emissions and retailers’ decisions to promote low-carbon products are: 
𝜕𝐸𝑁∗−

𝑀

𝜕𝛾
= 0, 

𝜕𝐸𝑁∗+
𝑀

𝜕𝛾
= 0, 

𝜕𝐸𝑁∗−
𝑅𝑖

𝜕𝛾
> 0, 

𝜕𝐸𝑁∗+
𝑅𝑖

𝜕𝛾
> 0.

Proposition 2 suggests that: Before and after the success of technological innovation, the extent of the manufacturer’s emissions 
reduction investment and the retailer’s low-carbon promotional investment are to some degree dependent on the impact of low-

carbon promotion, competition, and low-carbon goodwill on market demand. With the increasing influence of low-carbon goodwill 
on market demand, the manufacturer will increase their investment levels in emissions reduction. This is because the level of 
supply chain low-carbon goodwill is partly dependent on the emissions reduction level of the supply chain system. In this scenario, 
manufacturers will increase their corresponding investments. For retailers, when predicting an increase in their own low-carbon 
promotional investments can stimulate market demand, they will also increase their corresponding investment levels. Moreover, 
competition among retailers can also motivate their low-carbon promotional investments.

Management Insights: Competition is conducive to mobilizing the proactive efforts of members. Coupled with the impact of 
competition on market demand, it is necessary for members to judiciously increase their respective investment levels to better 
respond to the competitive environment.

Proposition 3. In the decentralized decision-making model, the effect of marginal returns per unit of each member before and after the 

technological innovation on their decisions are: 
𝜕𝐸𝑁∗−

𝑀

𝜕𝜋−
𝑀

> 0, 
𝜕𝐸𝑁∗−

𝑀

𝜕𝜋−
𝑅𝑖

= 0, 
𝜕𝐸𝑁∗−

𝑀

𝜕𝜋+
𝑀

> 0, 
𝜕𝐸𝑁∗−

𝑀

𝜕𝜋+
𝑅𝑖

= 0, 
𝜕𝐸𝑁∗−

𝑅𝑖

𝜕𝜋−
𝑅𝑖

> 0, 
𝜕𝐸𝑁∗−

𝑅𝑖

𝜕𝜋−
𝑅(3−𝑖)

= 0, 
𝜕𝐸𝑁∗−

𝑅𝑖

𝜕𝜋+
𝑅(3−𝑖)

= 0, 

𝜕𝐸𝑁∗−
𝑅𝑖

𝜕𝜋+
𝑀

= 0, 
𝜕𝐸𝑁∗−

𝑅𝑖

𝜕𝜋−
𝑀

= 0, 
𝜕𝐸𝑁∗+

𝑅𝑖

𝜕𝜋−
𝑀

> 0, 
𝜕𝐸𝑁∗+

𝑅𝑖

𝜕𝜋+
𝑅𝑖

= 0, 
𝜕𝐸𝑁∗+

𝑅𝑖

𝜕𝜋−
𝑅𝑖

> 0, 
𝜕𝐸𝑁∗+

𝑅𝑖

𝜕𝜋+
𝑅𝑖

> 0, 
𝜕𝐸𝑁∗+

𝑅𝑖

𝜕𝜋+
𝑀

= 0, 
𝜕𝐸𝑁∗+

𝑅𝑖

𝜕𝜋−
𝑀

= 0, 
𝜕𝐸𝑁∗+

𝑅𝑖

𝜕𝜋−
𝑅(3−𝑖)

= 0, 
𝜕𝐸𝑁∗+

𝑅𝑖

𝜕𝜋+
𝑅(3−𝑖)

= 0.

Proposition 3 suggests that: In the decentralized decision-making model, only the individual marginal revenue situation influences 
the decision-making behavior. This is due to the dual marginal effects resulting from independent decision-making among members, 
leading to relatively closed information exchange between members. Such a situation often hinders the achievement of overall 
objectives, and in practical management, corresponding collaboration is often necessary to eliminate this effect. Additionally, in the 
pre-technology innovation success stage, managers need to simultaneously consider the marginal revenue situations in both stages 
of technology innovation success. Specifically, when formulating decisions before the success of technological innovation, managers 
should consider both the current revenue situation and the anticipated revenue situation after the success of technological innovation.

Management Insights: Significant marginal benefits serve as a crucial motivating factor for managerial behavior. In practical 
management, it is imperative for managers to possess a certain level of foresight.

4.2. Centralized decision-making model

In the centralized decision-making model (denoted as superscript 𝐶), all supply chain members as a whole, to maximize the overall 
benefits. While achieving centralized management among supply chain members is challenging in practice, centralized decision-

making serves as the theoretical foundation for supply chain coordination research. It also constitutes a crucial approach for analyzing 
the relevant decisions of supply chain members under collaborative situations. Thus, the decision-making problem of supply chain 
10

members in the centralized decision-making model during the whole operation period can be expressed as follows:
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𝐽𝐶 = 𝑚𝑎𝑥
𝐸−
𝑀
,𝐸+

𝑀
,𝐸−

𝑅1 ,𝐸
+
𝑅1 ,𝐸

−
𝑅2 ,𝐸

+
𝑅2

∞

∫
0

𝑒−(𝜌+𝜍)𝑡{
2∑
𝑖=1

{𝜋−
𝑅𝑖
[Π +𝜑𝐸−

𝑅𝑖
+ 𝛾(𝐸−

𝑅𝑖
−𝐸−

𝑅(3−𝑖)) +𝜛𝜒𝐶−] −
2∑
𝑖=1

𝜂𝑅𝑖

2
(𝐸−

𝑅𝑖
)2 + 𝜋−

𝑀
(2Π +𝜑

2∑
𝑖=1

𝐸−
𝑅𝑖

+ 2𝜛𝜒𝐶−) −
𝜂𝑀

2
(𝐸−

𝑀
)2 + 𝜍𝐽𝐶+(𝐸+

𝑀
,𝐸+

𝑅1,𝐸
+
𝑅2)}𝑑𝑡.

(26)

Theorem 2a. The optimal emissions reduction inputs and low-carbon promotion inputs for the manufacturer and the two retailers before and 
after the realization of the technological innovation in the centralized decision-making model are:

⎧⎪⎪⎨⎪⎪⎩
𝐸𝐶∗−
𝑀

= 𝛼−

𝜂𝑀
{ 𝛽

𝜌+𝜍+𝜀− [
(𝜋−

𝑅1+𝜋
−
𝑅2+2𝜋

−
𝑀
)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
(𝜋−

𝑅1+𝜋
−
𝑅2+2𝜋

−
𝑀
)𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) }

𝐸𝐶∗−
𝑅1 =

(𝜋−
𝑅1−𝜋

−
𝑅2)𝛾+(𝜋

−
𝑅1−𝜋

−
𝑀
)𝜑

𝜂𝑅1
+ 𝜃

𝜂𝑅1
[
(𝜋−

𝑅1+𝜋
−
𝑅2+2𝜋

−
𝑀
)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ]

𝐸𝐶∗−
𝑅2 =

(𝜋−
𝑅2−𝜋

−
𝑅1)𝛾+(𝜋

−
𝑅2−𝜋

−
𝑀
)𝜑

𝜂𝑅2
+ 𝜃

𝜂𝑅2
[
(𝜋−

𝑅1+𝜋
−
𝑅2+2𝜋

−
𝑀
)−𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ]

(27)

⎧⎪⎪⎨⎪⎪⎩
𝐸𝐶∗+
𝑀

=
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝛼+𝛽𝜛

𝜂𝑀 (𝜌+𝜎)(𝜌+𝜀+)

𝐸𝐶∗+
𝑅1 =

(𝜋+
𝑅1−𝜋

+
𝑅2)𝛾+(𝜋

+
𝑅1−𝜋

+
𝑀
)𝜑

𝜂𝑅1
+

(𝜋+
𝑅1+𝜋

+
𝑅2+2𝜋

+
𝑀
)𝜃𝜛

𝜂𝑅1(𝜌+𝜎)

𝐸𝐶∗+
𝑅2 =

(𝜋+
𝑅2−𝜋

+
𝑅1)𝛾+(𝜋

+
𝑅2−𝜋

+
𝑀
)𝜑

𝜂𝑅2
+

(𝜋+
𝑅1+𝜋

+
𝑅2+2𝜋

+
𝑀
)𝜃𝜛

𝜂𝑅2(𝜌+𝜎)

(28)

Theorem 2b. The dynamics of the emissions reduction before and after the realization of technological innovation in the centralized decision-

making model are:

⎧⎪⎨⎪⎩
𝜏𝐶∗− = 𝜏𝐶∗−∞ + (𝜏0 + 𝜏𝐶∗−∞ )𝑒−𝜀−𝑡

𝜏𝐶∗−∞ = (𝛼−)2
𝜂𝑀𝜀−

{ 𝛽

𝜌+𝜍+𝜀− [
(𝜋−

𝑅1+𝜋
−
𝑅2+2𝜋

−
𝑀
)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) }
𝑡 ∈ [0, 𝑇 ]

(29)

⎧⎪⎨⎪⎩
𝜏𝐶∗+ = {[𝜏𝐶∗−∞ (𝜏0 − 𝜏𝐶∗−∞ )𝑒−𝜀−𝑡](1 + 𝜉) − 𝜏𝐶∗+∞ }𝑒−𝜀+(𝑡−𝑇 ) + 𝜏𝐶∗+∞

𝜏𝐶∗+∞ =
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)(𝛼+)2𝛽𝜛

𝜂𝑀𝜀+(𝜌+𝜎)(𝜌+𝜀+)
𝑡 ∈ (𝑇 ,∞)

(30)

Where 𝜏𝐶∗−∞ and 𝜏𝐶∗+∞ represent the steady state values of the emissions reduction before and after technological innovation in the 
centralized decision-making model, respectively.

Theorem 2c. The dynamics of low-carbon goodwill in the supply chain system before and after the realization of technological innovation in 
the centralized decision-making model are:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

𝜒𝐶∗− = [𝜒0 − 𝜒𝐶∗−
∞ − 𝛽(𝜏0−𝜏𝐶∗−∞ )

𝜀−−𝜎 ]𝑒−𝜀−𝑡 + 𝛽(𝜏0−𝜏𝐶∗−∞ )
𝜀−−𝜎 𝑒−𝜎𝑡 + 𝜒𝐶∗−

∞

𝜒𝐶∗−
∞ =

𝜃[(𝜋−
𝑅1−𝜋

−
𝑅2)𝛾+(𝜋

−
𝑅1+𝜋

−
𝑀
)𝜑]

𝜎𝜂𝑅1
+ 𝜃2

𝜎𝜂𝑅1
[
(𝜋−

𝑅1+𝜋
−
𝑅2+2𝜋

−
𝑀
)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜍𝜛(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ]

+
𝜃[(𝜋−

𝑅2−𝜋
−
𝑅1)𝛾+(𝜋

−
𝑅2+𝜋

−
𝑀
)𝜑]

𝜎𝜂𝑅2
+ 𝜃2

𝜎𝜂𝑅2
[
(𝜋−

𝑅1+𝜋
−
𝑅2+2𝜋

−
𝑀
)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] + 𝛽𝜏𝐶∗−∞
𝜎

𝑡 ∈ [𝑇 ,∞]

(31)

⎧⎪⎨⎪⎩
𝜒𝐶∗+ =

(
{[𝜒0 − 𝜒𝐶∗−

∞ − 𝛽(𝜏0−𝜏𝐶∗−)
𝜀−−𝜎 ]𝑒−𝜀−𝑡 + 𝛽(𝜏0−𝜏𝐶∗−∞ )

𝜀−−𝜎 𝑒−𝜎𝑡 + 𝜒𝐶∗−
∞ }(1 + 𝜇) − 𝜒𝐶∗+

∞
)
𝑒𝜎(𝑡−𝑇 ) + 𝜒𝐶∗+

∞

𝜒𝐶∗+
∞ =

𝜃[(𝜋+
𝑅1−𝜋

+
𝑅2)𝛾+(𝜋

+
𝑅1+𝜋

+
𝑀
)𝜑]

𝜎𝜂𝑅1
+

𝜃2(𝜋+
𝑅1+𝜋

+
𝑅2+2𝜋

+
𝑀
)𝜛

(𝜌+𝜎)𝜎𝜂𝑅1
+

𝜃[(𝜋+
𝑅2−𝜋

+
𝑅1)𝛾+(𝜋

+
𝑅2+𝜋

+
𝑀
)𝜑]

𝜎𝜂𝑅2
+

𝜃2(𝜋+
𝑅1+𝜋

+
𝑅2+2𝜋

+
𝑀
)𝜛

(𝜌+𝜎)𝜎𝜂𝑅2
+ 𝛽𝜏𝐶∗+∞

𝜎

𝑡 ∈ (𝑇 ,∞)

(32)

Where 𝜒𝐶∗−
∞ and 𝜒𝐶∗+

∞ represent the steady state values of low-carbon goodwill before and after technological innovation in the centralized 
decision-making model, respectively.

Theorem 2d. The profit function of the whole supply chain after successful technological innovation in the centralized decision-making model 
is:

𝐺𝐶∗+ = 𝑒1𝜏
𝐶∗+ + 𝑒2𝜒

𝐶∗+ + 𝑒3. (33)

The profit function of the whole supply chain for the entire period of operation is:
11

𝑊 𝐶∗ = 𝑙1𝜏
𝐶∗− + 𝑙2𝜒

𝐶∗− + 𝑙3. (34)
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Proof. Please see Appendix for detail. □

Proposition 4. In the centralized decision-making model, the effects of parameter 𝛾 before and after technological innovation on manufactur-

er’s decisions to reduce emissions and retailers’ decisions to promote low-carbon products are 
𝜕𝐸𝐶∗−

𝑀

𝜕𝛾
= 0, 

𝜕𝐸𝐶∗−
𝑀

𝜕𝛾
= 0; When 𝜋𝑅𝑖−𝜋𝑅(3−𝑖) > 0, 

𝜕𝐸𝐶∗−
𝑅𝑖

𝜕𝛾
> 0, 

𝜕𝐸𝐶∗−
𝑅𝑖

𝜕𝛾
> 0.

Proposition 4 shows that: In the centralized decision-making model, the impact of parameters 𝑣𝑎𝑟𝑝𝑖 and 𝑣𝑎𝑟𝑝ℎ𝑖 on managerial 
decisions is similar to that in the decentralized decision-making model. The difference lies in the context of low-carbon promotional 
investment by retailers. Only when the retailer’s own marginal revenue exceeds that of competitors will an increase in parameter 
𝛾 stimulate a corresponding increase in the investment level for the side with higher marginal revenue. The rationale behind this 
is that the decision objective in centralized decision-making is the maximization of overall benefits. Consequently, the party with 
higher marginal revenue willingly takes on a greater share of the low-carbon promotional investment as part of the collective effort 
to maximize overall benefits.

Management Insights: From the perspective of coordinating resource allocation, the central manager should make informed 
decisions based on the actual revenue situation of the subordinate departments. On the one hand, this involves incentivizing the 
party with higher marginal revenue to increase its corresponding investment level. On the other hand, it also requires the manager 
to appropriately concede to the party with lower marginal revenue.

Proposition 5. In the centralized decision-making model, the effect of marginal returns per unit of each member before and after the 

technological innovation on their decisions are: 
𝜕𝐸𝐶∗−

𝑀

𝜕𝜋−
𝑀

> 0, 
𝜕𝐸𝐶∗−

𝑀

𝜕𝜋−
𝑅𝑖

> 0, 
𝜕𝐸𝐶∗−

𝑀

𝜕𝜋+
𝑀

> 0, 
𝜕𝐸𝐶∗−

𝑀

𝜕𝜋+
𝑅𝑖

> 0, 
𝜕𝐸𝐶∗−

𝑅𝑖

𝜕𝜋−
𝑅𝑖

> 0, 
𝜕𝐸𝐶∗−

𝑅𝑖

𝜕𝜋−
𝑅(3−𝑖)

> 0, 
𝜕𝐸𝐶∗−

𝑅𝑖

𝜕𝜋+
𝑅(3−𝑖)

> 0, 

𝜕𝐸𝐶∗−
𝑅𝑖

𝜕𝜋+
𝑀

> 0, 
𝜕𝐸𝐶∗−

𝑅𝑖

𝜕𝜋−
𝑀

> 0, 
𝜕𝐸𝐶∗+

𝑅𝑖

𝜕𝜋−
𝑀

> 0, 
𝜕𝐸𝐶∗+

𝑅𝑖

𝜕𝜋+
𝑅𝑖

> 0, 
𝜕𝐸𝐶∗+

𝑅𝑖

𝜕𝜋−
𝑅𝑖

> 0, 
𝜕𝐸𝐶∗+

𝑅𝑖

𝜕𝜋+
𝑅𝑖

> 0, 
𝜕𝐸𝐶∗+

𝑅𝑖

𝜕𝜋+
𝑀

> 0, 
𝜕𝐸𝐶∗+

𝑅𝑖

𝜕𝜋−
𝑀

> 0, 
𝜕𝐸𝐶∗+

𝑅𝑖

𝜕𝜋−
𝑅(3−𝑖)

> 0, 
𝜕𝐸𝐶∗+

𝑅𝑖

𝜕𝜋+
𝑅(3−𝑖)

> 0.

Proposition 5 shows that: In the centralized decision-making model, the marginal revenue situation of partners similarly influences 
managerial decisions. This is because, in this case, the supply chain system operates as a whole. In contrast to the self-interest behavior 
of decision-makers in the decentralized decision-making model mentioned earlier, the decision point for members in the centralized 
model is to maximize overall profits. When anticipating that partners have higher marginal revenue, the manager will also increase 
their relevant investment level.

Management Insights: In enterprises operating under the centralized mode, it is crucial for long-term sustainable development 
to have a timely and comprehensive understanding of the profitability of each department and to make decisions based on this 
scientific assessment.

4.3. Retailers alliance model

In the retailers alliance model (superscript 𝑆 represents this decision model), the two retailers have formed an alliance to share 
information, negotiate, and make decisions to maximize mutual benefits. It is important to note that, with the establishment of 
the alliance between the two retailers, the sharing of information and negotiations enables alliance members to better adapt to 
market changes, collectively address challenges, and ensure the overall maximization of the alliance’s interests. Thereby, the decision 
problem of the manufacturer and retailers alliance 𝐴 during the whole operational period can be expressed as follows:

𝐽𝑆
𝑀

= 𝑚𝑎𝑥
𝐸−
𝑀
,𝐸+

𝑀

∞

∫
0

𝑒−(𝜌+𝜍)𝑡{𝜋−
𝑀

2∑
𝑖=1

[Π +𝜑𝐸−
𝑅𝑖

+ 𝛾(𝐸−
𝑅𝑖

−𝐸−
𝑅(3−𝑖)) +𝜛𝜒𝑆−] −

𝜂𝑀

2
(𝐸−

𝑀
)2 + 𝜍𝐽𝑆+

𝑀
(𝐸+

𝑀
)}𝑑𝑡. (35)

𝐽𝑆
𝐴
= 𝑚𝑎𝑥

𝐸−
𝑅1 ,𝐸

+
𝑅1 ,𝐸

−
𝑅2 ,𝐸

+
𝑅2

∞

∫
0

𝑒−(𝜌+𝜍)𝑡{
2∑
𝑖=1

𝜋−
𝑅𝑖
[Π +𝜑𝐸−

𝑅𝑖
+ 𝛾(𝐸−

𝑅𝑖
−𝐸−

𝑅(3−𝑖)) +𝜛𝜒𝑆−] −
2∑
𝑖=1

𝜂𝑅𝑖

2
(𝐸−

𝑅𝑖
)2 + 𝜍𝐽𝑆+

𝐴
(𝐸+

𝑅1,𝐸
+
𝑅2)}𝑑𝑡. (36)

Theorem 3a. The optimal emissions reduction inputs and low-carbon promotion inputs for the manufacturer and the two retailers before and 
after the realization of the technological innovation in the retailers alliance are:

⎧⎪⎪⎨⎪
𝐸𝑆∗−
𝑀

= 𝛼−

𝜂𝑀
{ 𝛽

𝜌+𝜍+𝜀− [
2𝜋−

𝑀
𝜛

𝜌+𝜍+𝜎 +
2𝜋+

𝑀
𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
2𝜋+

𝑀
𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) }

𝐸𝑆∗−
𝑅1 =

(𝜋−
𝑅1−𝜋

−
𝑅2)𝛾+𝜋

−
𝑅1𝜑

𝜂𝑅1
+ 𝜃

𝜂𝑅1
[
(𝜋−

𝑅1+𝜋
−
𝑅2)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2)𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ]
(𝜋− −𝜋− )𝛾+𝜋− 𝜑 𝜃 (𝜋− +𝜋− )−𝜛 (𝜋+ +𝜋+ )𝜛𝜍(1+𝜇)

(37)
12

⎪⎩ 𝐸𝑆∗−
𝑅2 = 𝑅2 𝑅1 𝑅2

𝜂𝑅2
+

𝜂𝑅2
[ 𝑅1 𝑅2

𝜌+𝜍+𝜎 + 𝑅1 𝑅2
(𝜌+𝜍+𝜎)(𝜌+𝜎) ]
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⎧⎪⎪⎨⎪⎪⎩
𝐸𝑆∗+
𝑀

=
2𝜋+

𝑀
𝛼+𝛽𝜛

𝜂𝑀 (𝜌+𝜎)(𝜌+𝜀+)

𝐸𝑆∗+
𝑅1 =

(𝜋+
𝑅1−𝜋

+
𝑅2)𝛾+𝜋

+
𝑅1𝜑

𝜂𝑅1
+

(𝜋+
𝑅1+𝜋

+
𝑅2)𝜃𝜛

𝜂𝑅1(𝜌+𝜎)

𝐸𝑆∗+
𝑅2 =

(𝜋+
𝑅2−𝜋

+
𝑅1)𝛾+𝜋

+
𝑅2𝜑

𝜂𝑅2
+

(𝜋+
𝑅1+𝜋

+
𝑅2)𝜃𝜛

𝜂𝑅2(𝜌+𝜎)

(38)

Theorem 3b. The dynamics of the emissions reduction before and after the realization of technological innovation in the retailers alliance 
model are:⎧⎪⎨⎪⎩

𝜏𝑆∗− = 𝜏𝑆∗−∞ + (𝜏0 + 𝜏𝑆∗−∞ )𝑒−𝜀−𝑡

𝜏𝑆∗−∞ = (𝛼−)2
𝜂𝑀𝜀−

{ 𝛽

𝜌+𝜍+𝜀− [
2𝜋−

𝑀
𝜛

𝜌+𝜍+𝜎 +
2𝜋+

𝑀
𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
2𝜋+

𝑀
𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) }
𝑡 ∈ [0, 𝑇 ]

(39)

⎧⎪⎨⎪⎩
𝜏𝑆∗+ = {[𝜏𝑆∗−∞ (𝜏0 − 𝜏𝑆∗−∞ )𝑒−𝜀−𝑡](1 + 𝜉) − 𝜏𝑆∗+∞ }𝑒−𝜀+(𝑡−𝑇 ) + 𝜏𝑆∗+∞

𝜏𝑆∗+∞ =
2𝜋+

𝑀
(𝛼+)2𝛽𝜛

𝜂𝑀𝜀+(𝜌+𝜎)(𝜌+𝜀+)
𝑡 ∈ (𝑇 ,∞)

(40)

Where 𝜏𝑆∗−∞ and 𝜏𝑆∗+∞ represent the steady state values of the emissions reduction before and after technological innovation in the retailers 
alliance model, respectively.

Theorem 3c. The dynamics of low-carbon goodwill in the supply chain system before and after the realization of technological innovation in 
the retailers alliance model are:⎧⎪⎪⎪⎨⎪⎪⎪⎩

𝜒𝑆∗− = [𝜒0 − 𝜒𝑆∗−
∞ − 𝛽(𝜏0−𝜏𝑆∗−∞ )

𝜀−−𝜎 ]𝑒−𝜀−𝑡 + 𝛽(𝜏0−𝜏𝑆∗−∞ )
𝜀−−𝜎 𝑒−𝜎𝑡 + 𝜒𝑆∗−

∞

𝜒𝑆∗−
∞ =

𝜃[(𝜋−
𝑅1−𝜋

−
𝑅2)𝛾+𝜋

−
𝑅1𝜑]

𝜎𝜂𝑅1
+ 𝜃2

𝜎𝜂𝑅1
[
(𝜋−

𝑅1+𝜋
−
𝑅2)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2)𝜍𝜛(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
𝜃[(𝜋−

𝑅2−𝜋
−
𝑅1)𝛾+𝜋

−
𝑅2𝜑]

𝜎𝜂𝑅2

+ 𝜃2

𝜎𝜂𝑅2
[
(𝜋−

𝑅1+𝜋
−
𝑅2)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2)𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] + 𝛽𝜏𝑆∗−∞
𝜎

𝑡 ∈ [𝑇 ,∞]

(41)

⎧⎪⎨⎪⎩
𝜒𝑆∗+ =

(
{[𝜒0 − 𝜒𝑆∗−

∞ − 𝛽(𝜏0−𝜏𝑆∗−)
𝜀−−𝜎 ]𝑒−𝜀−𝑡 + 𝛽(𝜏0−𝜏𝑆∗−∞ )

𝜀−−𝜎 𝑒−𝜎𝑡 + 𝜒𝑆∗−
∞ }(1 + 𝜇) − 𝜒𝑆∗+

∞
)
𝑒𝜎(𝑡−𝑇 ) + 𝜒𝑆∗+

∞

𝜒𝑆∗+
∞ =

𝜃[(𝜋+
𝑅1−𝜋

+
𝑅2)𝛾+𝜋

+
𝑅1𝜑]

𝜎𝜂𝑅1
+

𝜃2(𝜋+
𝑅1+𝜋

+
𝑅2)𝜛

(𝜌+𝜎)𝜎𝜂𝑅1
+

𝜃[(𝜋+
𝑅2−𝜋

+
𝑅1)𝛾+𝜋

+
𝑅2𝜑]

𝜎𝜂𝑅2
+

𝜃2(𝜋+
𝑅1+𝜋

+
𝑅2)𝜛

(𝜌+𝜎)𝜎𝜂𝑅2
+ 𝛽𝜏𝑆∗+∞

𝜎

𝑡 ∈ (𝑇 ,∞)

(42)

Where 𝜒𝑆∗−
∞ and 𝜒𝑆∗+

∞ represent the steady state values of low-carbon goodwill before and after technological innovation in the centralized 
decision-making model, respectively.

Theorem 3d. The profit functions of the manufacturer and retailers alliance after successful technological innovation in the retailers alliance 
model are:{

𝐺𝑆∗
𝑀

= 𝑦1𝜏
𝑆∗+ + 𝑦2𝜒

𝑆∗+ + 𝑦3
𝐺𝑆∗
𝐴

= 𝑦4𝜏
𝑆∗+ + 𝑦5𝜒

𝑆∗+ + 𝑦6
(43)

The profit functions of the manufacturer and retailers alliance for the entire period of operation are:{
𝐺𝑆∗
𝑀

= 𝑞1𝜏
𝑆∗− + 𝑞2𝜒

𝑆∗− + 𝑞3
𝐺𝑆∗
𝐴

= 𝑞4𝜏
𝑆∗− + 𝑞5𝜒

𝑆∗− + 𝑞6
(44)

Proof. Please see Appendix for detail. □

Proposition 6. In the retailers alliance model, the effect of marginal returns per unit of each member before and after the technological 

innovation on their decisions are: 
𝜕𝐸𝑆∗−

𝑀

𝜕𝜋−
𝑀

> 0, 
𝜕𝐸𝑆∗−

𝑀

𝜕𝜋−
𝑅𝑖

= 0, 
𝜕𝐸𝑆∗−

𝑀

𝜕𝜋+
𝑀

> 0, 
𝜕𝐸𝑆∗−

𝑀

𝜕𝜋+
𝑅𝑖

= 0, 
𝜕𝐸𝑆∗−

𝑅𝑖

𝜕𝜋−
𝑅𝑖

> 0, 
𝜕𝐸𝑆∗−

𝑅𝑖

𝜕𝜋−
𝑅(3−𝑖)

> 0, 
𝜕𝐸𝑆∗−

𝑅𝑖

𝜕𝜋+
𝑅(3−𝑖)

> 0, 
𝜕𝐸𝑆∗−

𝑅𝑖

𝜕𝜋+
𝑀

= 0, 
𝜕𝐸𝑆∗−

𝑅𝑖

𝜕𝜋−
𝑀

= 0, 

𝜕𝐸𝑆∗+
𝑅𝑖

𝜕𝜋−
𝑀

> 0, 
𝜕𝐸𝑆∗+

𝑅𝑖

𝜕𝜋+
𝑅𝑖

= 0, 
𝜕𝐸𝑆∗+

𝑅𝑖

𝜕𝜋−
𝑅𝑖

> 0, 
𝜕𝐸𝑆∗+

𝑅𝑖

𝜕𝜋+
𝑅𝑖

= 0, 
𝜕𝐸𝑆∗+

𝑅𝑖

𝜕𝜋+
𝑀

= 0, 
𝜕𝐸𝑆∗+

𝑅𝑖

𝜕𝜋−
𝑀

= 0, 
𝜕𝐸𝑆∗+

𝑅𝑖

𝜕𝜋−
𝑅(3−𝑖)

= 0, 
𝜕𝐸𝑆∗+

𝑅𝑖

𝜕𝜋+
𝑅(3−𝑖)

> 0. When 𝜋𝑅𝑖 − 𝜋𝑅(3−𝑖)>0, 
𝜕𝐸𝑆∗−

𝑅𝑖

𝜕𝛾
> 0, 

𝜕𝐸𝑆∗+
𝑅𝑖

𝜕𝛾
> 0.

Proposition 6 suggests that: In the retails alliance, the manufacturer, functioning as an independent entity, is no longer affected 
by the marginal profits of individual retailers. Conversely, retailers, acting as a unified alliance, make decisions to maximize alliance 
benefits. Hence, the marginal profit situation of alliance partners becomes a factor considered by managers in the decision-making 
13

process.
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Management Insights: The collaboration among retailers has also increased the sharing of information between departments, to 
some extent, mitigating the dual marginal effects arising from independent decision-making in each department.

4.4. Comparative analysis

This subsection compares the optimal decisions of supply chain members, emissions reduction, low-carbon goodwill, and profits 
before and after the technological innovation in the above three decision-making models and draws upon the following characteris-

tics.

Characteristic 1. Before and after the realization of technological innovation, the optimal decision of the manufacturer to re-

duce emissions under the three decision models has the following relationship: 𝐸𝑁∗−
𝑀

= 𝐸𝑆∗−
𝑀

< 𝐸𝐶∗−
𝑀

, 𝐸𝑁∗+
𝑀

= 𝐸𝑆∗+
𝑀

< 𝐸𝐶∗+
𝑀

; 
Before the realization of technological innovation, the retailer 𝑖’s optimal decision for low-carbon promotion has the following 

relationship: 𝐸𝑆∗−
𝑅𝑖

< 𝐸𝐶∗−
𝑅𝑖

. When 𝜃

𝜂𝑅𝑖
[
(𝜋−

𝑅(3−𝑖)+2𝜋
−
𝑀
)𝜛

𝜌+𝜍+𝜎 +
𝜍(1+𝜇)(𝜋+

𝑅(3−𝑖)+2𝜋
+
𝑀
)𝜛

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] <
𝜋−
𝑅(3−𝑖)𝛾

𝜂𝑅𝑖
, 𝐸𝑆∗−

𝑅𝑖
< 𝐸𝑁∗−

𝑅𝑖
. When 𝜃

𝜂𝑅𝑖
[
(𝜋−

𝑅(3−𝑖)+2𝜋
−
𝑀
)𝜛

𝜌+𝜍+𝜎 +
𝜍(1+𝜇)(𝜋+

𝑅(3−𝑖)+2𝜋
+
𝑀
)𝜛

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] <
𝜋−
𝑅(3−𝑖)𝛾−𝜋

−
𝑀
𝜑

𝜂𝑅𝑖
, 𝐸𝐶∗−

𝑅𝑖
< 𝐸𝑁∗−

𝑅𝑖
; After the realization of technological innovation, the retailer 𝑖’s optimal de-

cision for low-carbon promotion has the following relationship: 𝐸𝑆∗+
𝑅𝑖

< 𝐸𝐶∗+
𝑅𝑖

. When 𝜃𝜛

𝜂𝑅𝑖(𝜌+𝜎)(𝜌+𝜀+)
<

𝛾

𝜂𝑅𝑖
, 𝐸𝑆∗+

𝑅𝑖
< 𝐸𝑁∗+

𝑅𝑖
. When 

𝜃(𝜋+
𝑅(3−𝑖)+2𝜋

+
𝑀
)𝜛

(𝜌+𝜎)𝜂𝑅𝑖
<

𝜋+
𝑅(3−𝑖)𝛾−𝜋

+
𝑀
𝜑

𝜂𝑅𝑖
, 𝐸𝐶∗+

𝑅𝑖
< 𝐸𝑁∗+

𝑅𝑖
.

Characteristic 1 shows that: In the case of centralized decision-making, the manufacturer demonstrates a higher level of invest-

ment in emissions reduction compared to the scenarios of decentralized decision-making and the retail alliance. For competitive 
retailers, when the parameter 𝛾 falls below a specific threshold, the low-carbon promotion inputs for both retailers in the centralized 
decision-making model are maximized during post-technological innovation. It is noteworthy that, before the success of technologi-

cal innovation, the low-carbon promotion investment of retailers in the three models is influenced by various factors. These factors 
include not only parameter 𝛾 but also considerations such as the probability of technological innovation success and the enhance-

ment rate. In the subsequent sections, we will provide a detailed analysis of the pre-technological innovation investment levels of 
supply chain members with specific case examples. However, under the mentioned prerequisites, centralized decision-making can 
eliminate the dual marginal effects in the supply chain, allowing for a more rational allocation of resources among members and 
further enhancing supply chain efficiency.

Characteristic 2. The optimal trajectory of emissions reduction of the supply chain system under the three decision models before 
and after the success of technological innovation has the following relationship: 𝜏𝑁∗− = 𝜏𝑆∗− < 𝜏𝐶∗−, 𝜏𝑁∗+ = 𝜏𝑆∗+ < 𝜏𝐶∗+.

Characteristic 2 shows that: In the centralized decision-making model, the emissions reductions performance of the supply chain 
system surpasses that of both decentralized decision-making and the retails alliance scenarios. Combining Characteristic 1, it can 
be observed that in the centralized decision-making model, the manufacturer’s emissions reduction investment is optimal, thereby 
further promoting an overall increase in the emissions reduction level of the supply chain.

Characteristic 3. Before the success of technological innovation, the optimal trajectory of low-carbon goodwill of the supply chain 
system under the three decision models has the following relationship: 𝜒𝑆∗− < 𝜒𝐶∗−. When 𝜃2

𝜎𝜂𝑅1
[
𝜋−
𝑅2𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅2𝜛𝜍(1+𝜇)

(𝜌+𝜎)(𝜌+𝜍+𝜎) ] +
𝜃2

𝜎𝜂𝑅2
[
𝜋−
𝑅1𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅1𝜛𝜍(1+𝜇)

(𝜌+𝜎)(𝜌+𝜍+𝜎) ] <
𝜃𝛾𝜋+

𝑅2
𝜎𝜂𝑅1

+
𝜃𝛾𝜋+

𝑅1
𝜎𝜂𝑅2

, 𝜒𝑆∗− < 𝜒𝑁∗−. When 𝜃2

𝜎𝜂𝑅1
[
(𝜋−

𝑅2+2𝜋
−
𝑀
)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅2+2𝜋
+
𝑀
)𝜛𝜍(1+𝜇)

(𝜌+𝜎)(𝜌+𝜍+𝜎) ] + 𝜃2

𝜎𝜂𝑅2
[
(𝜋−

𝑅1+2𝜋
−
𝑀
)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+2𝜋
+
𝑀
)𝜛𝜍(1+𝜇)

(𝜌+𝜎)(𝜌+𝜍+𝜎) ] +
(𝛼−)2𝛽
𝜂𝑀𝜎𝜀−

{ 𝛽

𝜌+𝜍+𝜀− [
(𝜋−

𝑅1+𝜋
−
𝑅2)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2)𝜛𝜍(1+𝜇)

(𝜌+𝜎)(𝜌+𝜍+𝜎) ] +
(𝜋+

𝑅1+𝜋
+
𝑅2)𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜎)(𝜌+𝜍+𝜀−)(𝜌+𝜀+ <
𝜃(𝜋−

𝑅2𝛾−𝜋
−
𝑀
𝜑)

𝜎𝜂𝑅1
+

𝜃(𝜋−
𝑅1𝛾−𝜋

−
𝑀
𝜑)

𝜎𝜂𝑅2
, 𝜒𝐶∗− < 𝜒𝑁∗−; After the success of 

technological innovation, the optimal trajectory of low-carbon goodwill of the supply chain system under the three decision models 

has the following relationship: 𝜒𝑆∗+ < 𝜒𝐶∗+. When 
𝜂2𝜋+

𝑅2𝜛

𝜂𝑅1(𝜌+𝜎)(𝜌+𝜀+)
+

𝜂2𝜋+
𝑅1𝜛

𝜂𝑅2(𝜌+𝜎)(𝜌+𝜀+)
<

𝛾𝜃𝜋+
𝑅2

𝜂𝑅1
+

𝛾𝜃𝜋+
𝑅1

𝜂𝑅2
, 𝜒𝑆∗+ < 𝜒𝑁∗+. When 

𝜃2(𝜋+
𝑅22𝜋

+
𝑀
)𝜛

(𝜌+𝜎)𝜎𝜂𝑅1
+

𝜃2(𝜋+
𝑅12𝜋

+
𝑀
)𝜛

(𝜌+𝜎)𝜎𝜂𝑅2
+

(𝛼+)2𝛽2(𝜋+
𝑅1+𝜋

+
𝑅2)𝜛

𝜂𝑀𝜀+𝜎(𝜌+𝜀+)(𝜌+𝜎) <
𝜃(𝜋+

𝑅2𝛾−𝜋
+
𝑀
𝜑)

𝜎𝜂𝑅1
+

𝜃(𝜋+
𝑅1𝛾−𝜋

+
𝑀
𝜑)

𝜎𝜂𝑅2
, 𝜒𝐶∗+ < 𝜒𝑁∗+.

Characteristic 3 shows that: When parameter 𝛾 is below a specific threshold, the low-carbon goodwill of the supply chain in the 
centralized decision-making model surpasses that of decentralized decision-making. Combining Characteristic 1, it can be observed 
that in the centralized decision-making model under such conditions, both retailers increase their respective low-carbon promotional 
investments, and the emissions reduction level of the supply chain system is optimal. Therefore, from the overall supply chain per-

spective, the resource allocation is more rational, and the corresponding investment levels of supply chain members are also at their 
optimum. Furthermore, considering the low-carbon promotional investments of the two retailers before the success of technological 
innovation, the low-carbon goodwill levels in the three models before technological innovation success are also influenced by factors 
14

such as the probability of technological innovation success and the enhancement rate.
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Characteristic 4. In terms of the overall profitability of the supply chain system throughout the operation: 𝑊 𝑆∗ < 𝑊 𝐶∗. 

When 𝜃2

𝜎𝜂𝑅1
[
𝜋−
𝑅2𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅2𝜛𝜍(1+𝜇)

(𝜌+𝜎)(𝜌+𝜍+𝜎) ] +
𝜃2

𝜎𝜂𝑅2
[
𝜋−
𝑅1𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅1𝜛𝜍(1+𝜇)

(𝜌+𝜎)(𝜌+𝜍+𝜎) ] <
𝜃𝛾𝜋+

𝑅2
𝜎𝜂𝑅1

+
𝜃𝛾𝜋+

𝑅1
𝜎𝜂𝑅2

, 𝑊 𝑆∗ < 𝑊 𝑁∗. When 
𝜃2(𝜋+

𝑅22𝜋
+
𝑀
)𝜛

(𝜌+𝜎)𝜎𝜂𝑅1
+

𝜃2(𝜋+
𝑅12𝜋

+
𝑀
)𝜛

(𝜌+𝜎)𝜎𝜂𝑅2
+

(𝛼+)2𝛽2(𝜋+
𝑅1+𝜋

+
𝑅2)𝜛

𝜂𝑀𝜀+𝜎(𝜌+𝜀+)(𝜌+𝜎) <
𝜃(𝜋+

𝑅2𝛾−𝜋
+
𝑀
𝜑)

𝜎𝜂𝑅1
+

𝜃(𝜋+
𝑅1𝛾−𝜋

+
𝑀
𝜑)

𝜎𝜂𝑅2
, 𝑊 𝐶∗ < 𝑊 𝑁∗; In terms of the overall profitability of the supply chain system after 

the success of the technological innovation: 𝐺𝑆∗ < 𝐺𝐶∗. When 
𝜃2𝜋+

𝑅2𝜑

𝜂𝑅1(𝜌+𝜎)(𝜌+𝜀+)
+

𝜃2𝜋+
𝑅1𝜑

𝜂𝑅2(𝜌+𝜎)(𝜌+𝜀+)
<

𝜋+
𝑅2𝛾𝜃

𝜂𝑅1
+

𝜋+
𝑅1𝛾𝜃

𝜂𝑅2
, 𝐺𝑆∗ < 𝐺𝑁∗. When 

𝜃2(𝜋+
𝑅22𝜋

+
𝑀
)𝜛

(𝜌+𝜎)𝜎𝜂𝑅1
+

𝜃2(𝜋+
𝑅12𝜋

+
𝑀
)𝜛

(𝜌+𝜎)𝜎𝜂𝑅2
+

(𝛼+)2𝛽2(𝜋+
𝑅1+𝜋

+
𝑅2)𝜛

𝜂𝑀𝜀+𝜎(𝜌+𝜀+)(𝜌+𝜎) <
𝜃(𝜋+

𝑅2𝛾−𝜋
+
𝑀
𝜑)

𝜎𝜂𝑅1
+

𝜃(𝜋+
𝑅1𝛾−𝜋

+
𝑀
𝜑)

𝜎𝜂𝑅2
, 𝐺𝐶∗ <𝐺𝑁∗.

Characteristic 4 shows that: When expected profits of the supply chain under centralized decision-making is higher than the 
decentralized decision-making and retailers alliance when the preconditions of Characteristic 3 are satisfied. This is due to the 
fact that supply chain low carbon goodwill can increase market demand, making centralized decision-making more economically 
efficient when other parameters are held constant. Similarly, under certain conditions, cooperation between retailers can bring higher 
benefits to the supply chain system than decentralized decision-making. Therefore, from a management practice point of view, the 
manufacturer and the two retailers should vertical for cooperation or an alliance between the horizontals when specific prerequisites 
are met, thus improving the overall profitability.

5. Bilateral cost-sharing contract

According to the analysis in Section 4, although the decentralized decision-making model can optimize the retailers’ low-carbon 
promotion input, supply chain’s low-carbon goodwill, and profits under certain conditions, it fails to improve the manufacturer’s 
emissions reduction input and supply chain emissions reduction. The centralized decision-making model can optimize the manu-

facturer’s emissions reduction input, retailers’ low-carbon promotion input, emissions reductions, low-carbon goodwill, and profits 
under certain conditions. However, it is well known that decision-makers in real-world management practices are often driven by 
rationality, aiming to maximize their own interests. Therefore, this decision-making model is often challenging to implement in 
reality [76,77]. Based on this, this section designs a bilateral cost-sharing contract to coordinate for the following reasons:

(1) The bilateral cost-sharing contract can effectively mitigate risks arising from information asymmetry or environmental 
changes, thereby enhancing the stability of the supply chain [62].

(2) The bilateral cost-sharing contract helps optimize the allocation of resources in the supply chain system, encouraging members 
to use resources more efficiently and improving the overall efficiency of the supply chain [45].

(3) In practical management, the bilateral cost-sharing contract is typically relatively simple, making it easy to implement and 
manage [63,64].

Assuming the optimality of centralized decision-making across all metrics, as determined by the relevant parameters meeting 
the conditions outlined in Section 4. During both the pre- and post-successful stages of technological innovation, the manufacturer 
subsidizes the low-carbon promotion costs of the two retailers. The subsidy rates are denoted as Γ−

𝑖
and Γ+

𝑖
, respectively, aiming 

to incentivize their corresponding low-carbon promotion inputs. It’s essential to note that the rationality principle is considered, 
assuming 0 < Γ−

𝑖
, Γ+

𝑖
< 1. Meanwhile, the two retailers subsidize the cost of the manufacturer’s emissions reduction inputs at rates 

of Φ−
𝑖

and Φ+
𝑖

, respectively, to incentivize their relevant emissions reduction inputs, and again, 0 < Φ−
𝑖
, Φ+

𝑖
< 1. Further, under 

the bilateral cost contract (superscript 𝑍 represents it), the decision problem of the manufacturer and two retailers throughout the 
operation can be expressed as follows:

𝐽𝑍
𝑀

= 𝑚𝑎𝑥
𝐸−
𝑀
,𝐸+

𝑀
,Γ−1 ,Γ

+
1 ,Γ

−
2 ,Γ

+
2

∞

∫
0

𝑒−(𝜌+𝜍)𝑡{𝜋−
𝑀

2∑
𝑖=1

[Π +𝜑𝐸−
𝑅𝑖

+ 𝛾(𝐸−
𝑅𝑖

−𝐸−
𝑅(3−𝑖)) +𝜛𝜒𝑍−]

− (1 −Φ−
1 −Φ−

2 )
𝜂𝑀

2
(𝐸−

𝑀
)2 −

2∑
𝑖=1

Γ−
𝑖
𝜂−
𝑅𝑖

2
(𝐸−

𝑅𝑖
)2 + 𝜍𝐽𝑍+

𝑀
(𝐸+

𝑀
,Γ+1 ,Γ

+
2 )}𝑑𝑡.

(45)

𝐽𝑁
𝑅1 = 𝑚𝑎𝑥

𝐸−
𝑅1 ,𝐸

+
𝑅1 ,Φ

−
1 ,Φ

−
1

∞

∫
0

𝑒−(𝜌+𝜍)𝑡{𝜋−
𝑅1[Π +𝜑𝐸−

𝑅1 + 𝛾(𝐸−
𝑅1 −𝐸−

𝑅2) +𝜛𝜒𝑍−] − (1 − Γ−1 )
𝜂𝑅1
2

(𝐸−
𝑅1)

2

− Φ−
1
𝜂𝑀

2
(𝐸−

𝑀
)2 + 𝜍𝐽𝑍+

𝑅1 (𝐸+
𝑅1,Φ

+
1 )}𝑑𝑡.

(46)

𝐽𝑁
𝑅2 = 𝑚𝑎𝑥

𝐸−
𝑅2 ,𝐸

+
𝑅2 ,Φ

−
2 ,Φ

−
2

∞

∫
0

𝑒−(𝜌+𝜍)𝑡{𝜋−
𝑅2[Π +𝜑𝐸−

𝑅2 + 𝛾(𝐸−
𝑅2 −𝐸−

𝑅1) +𝜛𝜒𝑍−] − (1 − Γ−2 )
𝜂𝑅2
2

(𝐸−
𝑅2)

2

− Φ−
2
𝜂𝑀

2
(𝐸−

𝑀
)2 + 𝜍𝐽𝑁+

𝑅2 (𝐸+
𝑅2,Φ

+
2 )}𝑑𝑡.

(47)

Theorem 4a. The bilateral cost contract can fully coordinate the supply chain provided that the subsidy ratio before and after the technolog-
15

ical innovation as:
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⎧⎪⎪⎨⎪⎪⎩

Φ−
1 +Φ−

2 =
𝜋−
𝑅1+𝜋

−
𝑅2

𝜋−
𝑅1+𝜋

−
𝑅2+2𝜋

−
𝑀

Γ−1 =
𝜋−
𝑀
𝜑−𝜋−

𝑅2𝛾+𝐴𝜃(𝜋
−
𝑅2+2𝜋

−
𝑀
)+𝐵𝜃(𝜋+

𝑅2+2𝜋
+
𝑀
)

𝜋−
𝑅1(𝜑+𝛾)+𝜋

−
𝑀
𝜑−𝜋−

𝑅2𝛾+𝐴𝜃(𝜋
−
𝑅1+𝜋

−
𝑅2+2𝜋

−
𝑀
)+𝐵𝜃(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)

Γ−2 =
𝜋−
𝑀
𝜑−𝜋−

𝑅1𝛾+𝐴𝜃(𝜋
−
𝑅1+2𝜋

−
𝑀
)+𝐵𝜃(𝜋+

𝑅1+2𝜋
+
𝑀
)

𝜋−
𝑅2(𝜑+𝛾)+𝜋

−
𝑀
𝜑−𝜋−

𝑅1𝛾+𝐴𝜃(𝜋
−
𝑅1+𝜋

−
𝑅2+2𝜋

−
𝑀
)+𝐵𝜃(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)

(48)

⎧⎪⎪⎨⎪⎪⎩
Φ+

1 +Φ+
2 =

𝜋+
𝑅1+𝜋

+
𝑅2

𝜋+
𝑅1+𝜋

+
𝑅2+2𝜋

+
𝑀

Γ+1 =
[(𝜋+

𝑅1−𝜋
+
𝑅2)𝛾+(𝜋

+
𝑅1+𝜋

+
𝑀
)𝜑](𝜌+𝜎)+𝜃(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜛−𝜋+

𝑅1[(𝜑+𝛾)(𝜌+𝜎)+𝜃𝜛]
[(𝜋+

𝑅1−𝜋
+
𝑅2)𝛾+(𝜋

+
𝑅1+𝜋

+
𝑀
)𝜑](𝜌+𝜎)+𝜃(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜛

Γ+1 =
[(𝜋+

𝑅2−𝜋
+
𝑅1)𝛾+(𝜋

+
𝑅2+𝜋

+
𝑀
)𝜑](𝜌+𝜎)+𝜃(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜛−𝜋+

𝑅2[(𝜑+𝛾)(𝜌+𝜎)+𝜃𝜛]
[(𝜋+

𝑅2−𝜋
+
𝑅1)𝛾+(𝜋

+
𝑅2+𝜋

+
𝑀
)𝜑](𝜌+𝜎)+𝜃(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜛

(49)

Where, 𝐴 = 𝜛

𝜌+𝜍+𝜎 , 𝐵 = 𝜛𝜍(1+𝜇)
(𝜌+𝜍+𝜎)(𝜌+𝜎) . At this time, 𝜏𝑍∗− = 𝜏𝐶∗−, 𝜏𝑍∗+ = 𝜏𝐶∗+; 𝜒𝑍∗− = 𝜒𝐶∗−, 𝜒𝑍∗+ = 𝜒𝐶∗+.

Theorem 4b. The profit functions of the manufacturer, retailer 1 and retailer 2 after successful technological innovation under the bilateral 
cost-sharing contract are:⎧⎪⎨⎪⎩

𝐺𝑍∗
𝑀

= 𝑜1𝜏
𝑍∗+ + 𝑜2𝜒

𝑍∗+ + 𝑜3
𝐺𝑍∗
𝑅1 = 𝑜4𝜏

𝑍∗+ + 𝑜5𝜒
𝑍∗+ + 𝑜6

𝐺𝑍∗
𝑅2 = 𝑜7𝜏

𝑍∗+ + 𝑜8𝜒
𝑍∗+ + 𝑜9

(50)

The profit functions of the manufacturer retailer 1 and retailer 2 for the entire period of operation are:⎧⎪⎨⎪⎩
𝑊 𝑍∗

𝑀
= 𝑢1𝜏

𝑍∗− + 𝑢2𝜒
𝑍∗− + 𝑢3

𝑊 𝑍∗
𝑅1 = 𝑢4𝜏

𝑍∗− + 𝑢5𝜒
𝑍∗− + 𝑢6

𝑊𝑁∗
𝑅2 = 𝑢7𝜏

𝑍∗− + 𝑢8𝜒
𝑍∗− + 𝑢9

(51)

Proof. Please see Appendix for detail. □

Proposition 7. By comparing the profits of supply chain members under the bilateral cost-sharing contract and decentralized decision-making 
model before and after technological innovation, the following relationship exists: 𝑊𝑍∗

𝑀
−𝑊𝑁∗

𝑀
> 0, 𝑊𝑍∗

𝑅𝑖
−𝑊𝑁∗

𝑅𝑖
> 0, 𝐺𝑍∗

𝑀
−𝐺𝑁∗

𝑀
> 0, 

𝐺𝑍∗
𝑅𝑖

−𝐺𝑁∗
𝑅𝑖

> 0.

Proposition 7 shows that: Before and after technological innovation, the profits of the supply chain members under the bilateral 
cost-sharing contract exceeds that of the decentralized decision-making model. Additionally, the bilateral cost-sharing contract can 
optimize the input levels, emissions reduction, and low-carbon goodwill of supply chain members both before and after the success 
of technological innovation, reaching the optimal scenario achieved by centralized decision-making. This indicates that the bilateral 
cost-sharing contract is universally acceptable to supply chain members from an economic perspective. In conclusion, under specific 
conditions, the bilateral cost-sharing contract can achieve perfect coordination within the supply chain system.

Management Insights: From a feasibility perspective, under certain conditions, the bilateral cost-sharing contract may be the 
optimal choice for decision-makers in low-carbon supply chains. The key lies in scientifically establishing the corresponding cost-

sharing ratio.

6. Numerical analysis

This section uses Python for modeling and numerical simulations to validate the propositions and characteristics obtained earlier 
in the text, providing a visual representation of the results. Drawing on the studies of Hu et al. [43], Wu et al. [44], and Liu et al. 
[17], the relevant parameters are set as follows: 𝛼− = 0.4, 𝛼+ = 0.6, 𝜀− = 0.3, 𝜀+ = 0.1, 𝛽 = 0.5, 𝜃 = 0.5, 𝜍 = 0.6, Π = 15, 𝜑 = 0.9, 
𝜛 = 0.6, 𝛾 = 1, 𝜂𝑀 = 2, 𝜂𝑅1 = 2, 𝜂𝑅2 = 2, 𝜋−

𝑀
= 3, 𝜋+

𝑀
= 7, 𝜋−

𝑅1 = 1, 𝜋+
𝑅1 = 4, 𝜋−

𝑅2 = 2, 𝜋+
𝑅2 = 3, 𝜌 = 0.4.

6.1. Supply chain members’ decision-making

Fig. 2 illustrates the impact of the promotion parameters 𝜇 and 𝜉 on the decisions of supply chain members under low technolog-

ical success probability (𝜍 = 0.2) and high technological success probability (𝜍 = 0.8) before technological innovation.

It can be observed that predicting a higher probability of technological success can effectively motivate a higher level of effort 
among supply chain members, aligning with the conclusion of Proposition 1 in the previous section. The underlying reason is that 
a higher probability of technical success increases decision makers’ confidence and alters their time preferences. For instance, since 
2019, the Chinese government has issued more than 70 technical support policies for the development of new energy vehicles, 
which has significantly lowered the technical threshold for new energy vehicle research and development, promoting technological 
16

innovation. Presently, China has become one of the global leaders in the electric vehicle market.
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Fig. 2. The impact of parameters 𝜇 and 𝜉 on the decisions of supply chain members before technological innovation.

Next, regarding the efforts invested by the manufacturer in emissions reduction, the centralized decision-making model is optimal. 
Moreover, with the increase in the values of parameters 𝜉 and 𝜇’s values, the manufacturer will also increase their emissions 
reduction investments. In reality, the increase in parameters 𝜉 and 𝜇 signifies that the emergence of new technology can result 
in corresponding improvements in both emission reduction and low-carbon reputation within the supply chain. This can foster a 
favorable operational environment for businesses, prompting members to increase their investments, thereby laying the groundwork 
for future development. For example, the introduction of Carbon Capture and Storage (CCS) technology by Beijing Huadian Group 
significantly enhanced the carbon dioxide capture rate, effectively incentivizing proactive efforts in carbon reduction technology 
research and development. Simultaneously, it helps the company establish a positive image of environmental sustainability.

Finally, concerning the efforts invested by the two retailers in low-carbon promotion, their decisions are no longer influenced 
by parameter 𝜉. The reason is that the emissions reduction occurs exclusively in the production phase of the enterprise, providing 
limited incentives for retailers to invest in promotional efforts. However, the increase in parameter 𝜇 effectively motivates their 
investments in low-carbon promotion. Moreover, under the alliance scenario, the relevant investment levels of retailer with lower 
marginal returns are further stimulated (Retailer 1). This reconfirms the conclusion drawn in the Characteristic 1, indicating that the 
alliance situation can to some extent mitigate the dual marginal effects resulting from independent decision-making by members. 
The underlying reason lies in the fact that retailers with lower marginal returns in the alliance benefit from resource sharing and 
joint promotional effects, making them more inclined to invest additional resources in low-carbon promotion to gain the benefits 
17

brought about by the alliance. Similar cases, such as the Ant Business Alliance, have significantly boosted member enthusiasm 
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Fig. 3. Impact of technological innovation on supply chain emissions reduction.

through resource sharing and integration, achieving a turnover of 100 billion yuan in 2022 and becoming a nationwide voluntary 
alliance organization in the retail sector.

6.2. Emissions reduction

Fig. 3 illustrates the emissions reduction curves before and after technological innovation in four scenarios: low success probability 
and low enhancement rate (𝜍 = 0.2, 𝜇 = 0.2, 𝜉 = 0.2), low success probability and high enhancement rate (𝜍 = 0.2, 𝜇 = 0.8, 𝜉 = 0.8), 
high success probability and low enhancement rate (𝜍 = 0.8, 𝜇 = 0.2, 𝜉 = 0.2), and high success probability and high enhancement 
rate (𝜍 = 0.8, 𝜇 = 0.8, 𝜉 = 0.8). The moment of technological innovation success is assumed to be at time 𝑇 = 15.

It can be observed that, both before and after technological innovation, the emissions reduction curves in all four scenarios show a 
“growth followed by stability” trend. Moreover, the emissions reduction levels after technological innovation are significantly higher 
than the levels before innovation across all scenarios. This aligns with many real-world cases, such as the Technology-Supported 
Carbon Peak and Carbon Neutrality Implementation Plan (2022-2030) issued in 2022, which indicates that future digital technology 
innovations are expected to increase carbon emissions by approximately 2% but result in a nearly 20% reduction in carbon emissions, 
contributing to an annual reduction of approximately 73 million tons of carbon emissions in China.

Additionally, the steady-state value of emissions reduction in four scenarios tends to increase with the improvement of success 
probability and enhancement rate in the early stages of successful technological innovation. However, after technological innovation 
success, the four scenarios converge to the same steady-state emissions reduction level. The reason for this lies in the impact of 
success probability and enhancement rate on the decisions of supply chain members before technological innovation, leading to 
increased corresponding investments. However, after technological innovation success, supply chain members focus on the product 
itself, and success probability and enhancement rate no longer influence their decisions.

6.3. Low-carbon goodwill

Fig. 4 depicts the low-carbon goodwill curves before and after technological innovation for four scenarios: low success probability 
and low enhancement rate, low success probability and high enhancement rate, high success probability and low enhancement rate, 
and high success probability and high enhancement rate. The assumption is that technological innovation succeeds at moment 
18

𝑇 = 15.
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Fig. 4. Impact of technological innovation on supply chain low-carbon goodwill.

In the scenario of low success probability and high enhancement rate, the level of low-carbon goodwill under the retailers alliance 
is greater than that under the decentralized decision-making model during the pre-innovation period. In other scenarios, decentralized 
decision-making slightly surpasses the retailers alliance. As analyzed earlier, with the increasing of the parameter 𝜇, the alliance 
situation is favorable for motivating the relevant investment level of the retailer with lower marginal returns. After technological 
innovation, low-carbon goodwill is highest in the centralized decision-making model, followed by that in the decentralized decision-

making model, and the retailers alliance. In all scenarios, the models exhibit identical steady-state values, as after technological 
innovation, retailers’ decisions are no longer influenced by the probability of technological success or the enhancement rate.

From a practical perspective, the application of new technology can attract more environmentally conscious consumers, positively 
impacting the brand image of businesses and further expanding market demand. The case of Apple Inc., adopting renewable energy 
globally, establishing low-carbon data centers and offices, resulted in significant increases in website sales, traffic, and customer 
retention rates, providing substantial evidence for this assertion.

6.4. Supply chain profits

Fig. 5 shows the profits situation before and after the success of technological innovation in four scenarios: low probability 
of innovation success-low enhancement, low probability of innovation success-high enhancement, high probability of innovation 
success-low enhancement, and high probability of innovation success-high enhancement.

It can be observed that, in all four scenarios, the profits situation is optimal under the centralized decision-making model. In the 
scenario of low probability of innovation success and high enhancement rate, the profits of the retailers alliance in the pre-innovation 
period are slightly higher than that of the decentralized decision-making model, while in the remaining scenarios, it falls below the 
profit of the decentralized decision-making model. This is because that the decentralized decision-making model and the retailers 
alliance have the same emissions reduction situation. Therefore, the profits in these two models primarily depend on the level of low-

carbon goodwill. Additionally, regardless of the levels of technological success probability and enhancement rate, the supply chain’s 
profits situation tends to improve over time and stabilize after technological innovation. The success of technological innovation 
leads to a substantial enhancement in the economic benefits of the enterprise.

From a management perspective, when predicting a high success probability of a new technological transformation or a significant 
enhancement rate for factors influencing market demand (such as emissions reduction and low-carbon goodwill), companies should 
19

increase early-stage research and development efforts to maximize the application value of their resources. For instance, the well-
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Fig. 5. Impact of technological innovation on supply chain profits.

known Chinese condiment company, JiaJia Group, expanded its visibility and broadened its sales channels by promoting soy sauce, 
vegetable oil, and other products. Later, with the upgrade of manufacturing technology, the traditional production model of existing 
foods broke through, new products were developed, and existing channels were utilized to promote these innovations. Through a 
forward-looking strategy, the company has experienced a remarkable increase in performance in recent years, reaching a historic 
high.

7. Conclusion and prospection

This paper focuses on a supply chain system consisting of a single manufacturer and two competitive retailers. It introduces 
the process of technological innovation and explores the optimal decisions, emissions reduction, low-carbon goodwill, and perfor-

mance levels of supply chain members under three decision models: centralized decision-making, decentralized decision-making, and 
retailers alliance, based on differential game theory. On this basis, a comparative analysis is conducted. Furthermore, a bilateral cost-

sharing contract is proposed to achieve coordination, and numerical examples are employed to analyze the impact of technological 
innovation on member decisions, emission reduction, and low-carbon goodwill. The main research conclusions are as follows:

(1) Managers’ predictions of the probability of technological innovation success and the enhancement rate of emissions reduction 
and low-carbon goodwill after successful implementation are crucial for the decision-making in the early stages of technological 
innovation. Higher predictions of success probability and enhancement rate can incentivize supply chain members to invest more in 
emissions reduction and low-carbon promotional activities in the early stages of technological innovation, leading to increased levels 
of emission reduction and low-carbon goodwill in the supply chain and, consequently, higher profit levels. Additionally, in the early 
stages of technological innovation success, managerial decision-making is influenced by the marginal benefits after technological 
innovation success.

(2) The low-carbon promotional inputs of retailers are closely related to their competitive intensity but are also influenced by the 
level of cooperation among members. Specifically, when members make independent decisions, the retailer’s low-carbon promotional 
decisions are positively correlated with their competitive intensity. As the cooperation among supply chain members increases, the 
party with higher marginal benefits will voluntarily bear a greater share of the low-carbon promotional inputs, providing concessions 
to the party with lower marginal benefits.

(3) Before the success of technological innovation, under certain conditions of competitive intensity, predicted success probability, 
or enhancement rate, independent decision-making can optimize the low-carbon promotional inputs of retailers. However, after the 
20

success of technological innovation, the optimality of retailers’ promotional inputs is solely determined by their competitive intensity.
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(4) Under certain conditions, centralized decision-making can optimize the related inputs, emissions reduction, low-carbon good-

will, and profit levels of supply chain members both before and after technological innovation. Additionally, the retailers alliance 
formed by supply chain members through horizontal collaboration can partly mitigate the dual marginal effect. This alliance con-

tributes to improvements in retailer’s low-carbon promotional decisions, low-carbon goodwill, and profits. On this basis, the bilateral 
cost-sharing contract can fully coordinate the supply chain both before and after the implementation of technological innovation.

Based on the above conclusions, the following managerial recommendations are proposed:

(1) Reducing resource consumption and emissions through technological innovation is a crucial approach for China to achieve its 
carbon peak and carbon neutrality goals. In this context, managers should conduct thorough research to predict both the probability 
of technological innovation success and the extent of improvement in current operational conditions. Based on these assessments, 
scientific decision-making should guide companies in allocating funds for emissions reduction and low-carbon promotional activities, 
enhancing the ability of enterprises to adapt to the new technological environment.

(2) For competitive retailers, maintaining healthy competition should be accompanied by active engagement in horizontal co-

operation. On this basis, higher-profit retailers should take the initiative to assume a greater share of investments in low-carbon 
promotional activities, ensuring the overall long-term sustainability of the supply chain.

(3) Managers need to balance not only current profit levels but also comprehensively consider various potential factors, including 
marginal profit levels post-implementation, to determine current investment levels.

(4) In actual management practices, independent decision-making by individual departments or companies is not conducive to 
their own development. It is necessary to eliminate dual marginal effects through relevant contracts or collaborations to achieve the 
long-term sustainable development of a low-carbon supply chain system.

The current study still has certain limitations. Future research could consider expanding in the following areas:

(1) This paper only treats the marginal benefits of supply chain members as constants and does not account for the dynamic 
changes in prices. Future research could explore the impact of price dynamics by considering price factors as variables.

(2) The supply chain studied in this paper consists of a single manufacturer producing a single product and two competitive 
retailers. Future research could extend this study to investigate corresponding dynamics in three-tier or even multi-tier supply chains, 
involving multiple suppliers, manufacturers, and retailers, through the production of multiple products and mutual competition 
among them.

(3) This paper only considers the competition between retailers in low-carbon promotion. However, there may be price compe-

tition and advertisement competition between retailers, which can be considered to be introduced in the future for a more in-depth 
study.
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Appendix A. Proof of Theorem 1a-Theorem 1d

In order to maximize profits for all parties during the plan period, the manufacturer and retailer 𝑖 need to maximize their profits 
in the two stages before and after the success of the technological innovation, respectively. Employing the backward induction 
for resolution, the first step is to determine the optimal strategies for the manufacturer and retailer 𝑖 after the implementation 
of technological innovation. According to Bellman’s continuous dynamic optimization theory, for any 𝜏𝑁+, 𝜒𝑁+ ≥ 0 the decision 
problem of the manufacturer and retailer 𝑖 after the technological innovation satisfies the following Hamilton-Jacobi-Bellman (HJB) 
21

equations:
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𝜌𝐺𝑁
𝑀
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+ 𝛾(𝐸+
𝑅𝑖

−𝐸+
𝑅(3−𝑖)) +𝜛𝜒𝑁+] −
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2
(𝐸+

𝑀
)2 +𝐺𝑁 ′

𝑀
(𝜏𝑁+)(𝛼+𝐸+

𝑀
− 𝜀+𝜏𝑁+)

+𝐺𝑁 ′
𝑀

(𝜒𝑁+)(𝛽𝜏𝑁+ + 𝜃

2∑
𝑖=1

𝐸+
𝑅𝑖

− 𝜎𝜒𝑁+)}.

(A.1)

𝜌𝐺𝑁
𝑅1(𝜏

𝑁+, 𝜒𝑁+) =𝑚𝑎𝑥
𝐸+
𝑅1

{𝜋+
𝑅1[Π +𝜑𝐸+

𝑅1 + 𝛾(𝐸+
𝑅1 −𝐸+

𝑅2) +𝜛𝜒𝑁+] −
𝜂𝑅1
2

(𝐸+
𝑅1)

2 +𝐺𝑁 ′
𝑅1 (𝜏

𝑁+)(𝛼+𝐸+
𝑀

− 𝜀+𝜏𝑁+)+

𝐺𝑁 ′
𝑅1 (𝜒

𝑁+)(𝛽𝜏𝑁+ + 𝜃

2∑
𝑖=1

𝐸+
𝑅𝑖

− 𝜎𝜒𝑁+)}.
(A.2)

𝐺𝑁
𝑅2(𝜏

𝑁+, 𝜒𝑁+) =𝑚𝑎𝑥
𝐸+
𝑅2

{𝜋+
𝑅2[Π +𝜑𝐸+

𝑅2 + 𝛾(𝐸+
𝑅2 −𝐸+

𝑅1) +𝜛𝜒𝑁+] −
𝜂𝑅2
2

(𝐸+
𝑅2)

2 +𝐺𝑁 ′
𝑅2 (𝜏

𝑁+)(𝛼+𝐸+
𝑀

− 𝜀+𝜏𝑁+)+

𝐺𝑁 ′
𝑅2 (𝜒

𝑁+)(𝛽𝜏𝑁+ + 𝜃

2∑
𝑖=1

𝐸+
𝑅𝑖

− 𝜎𝜒𝑁+)}.
(A.3)

Where 𝐺𝑁
𝑀

, 𝐺𝑁
𝑅1, and 𝐺𝑁

𝑅2 are the optimal value functions of the manufacturer and retailer 1 and 2, respectively, in the post-

successful stage of technological innovation. According to the first-order condition, we get the following: 𝐸𝑁∗
𝑀

=
𝛼+𝐺𝑁′

𝑀
(𝜏+)
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. Substituting into the corresponding HJB equation collapses to give:
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According to the equation (A.4)–(A.6) differential equations characteristics, can assume that 𝜌𝐺𝑁
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. According to the constant relationship can 
be obtained 𝑘𝑖, 𝑖 = 1, 2, ...9 respectively, substituting into the first-order conditions of the manufacturer and retailer 1,2’s strategy 
can be obtained after the success of the technology and their equilibrium strategy. Secondly, substituting into 𝐺𝑁

𝑀
, 𝐺𝑁

𝑅1 and 𝐺𝑁
𝑅2

respectively, the optimal equilibrium decision and the optimal value function after the technological innovation of the supply chain 
members can be obtained according to the first-order condition and the expression.

Further, according to 𝜏(𝑇 +) = (1 + 𝜉)𝜏(𝑇 −), 𝜒(𝑇 +) = (1 + 𝜇)𝜏(𝑇 +) and equation (15)–(17), the HJB equations of the supply chain 
members during the whole operation process can be obtained as:
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𝑁−)(𝛼−𝐸−
𝑀

− 𝜀−𝜏𝑁−) +𝑊𝑁 ′
𝑅2 (𝜒

𝑁−)(𝛽𝜏𝑁− + 𝜃

2∑
𝑖=1

𝐸−
𝑅𝑖

− 𝜎𝜒𝑁−)}.
(A.9)

Where 𝑊𝑁
𝑀

, 𝑊𝑁
𝑅1, and 𝑊𝑁

𝑅2 are the optimal value functions of the manufacturer and retailers 1 and 2 over the entire period 

of operation. According to the first-order condition, we get the following: 𝐸𝑁−
𝑀

=
𝛼−𝑊𝑁′

𝑀
(𝜏−)

𝜂𝑀
, 𝐸𝑁−

𝑅1 =
[𝜋−

𝑅1(𝜑+𝛾)+𝜃𝑊
𝑁′
𝑅1 (𝜒−)]

𝜂𝑅1
, 𝐸𝑁−

𝑅2 =
[𝜋−

𝑅2(𝜑+𝛾)+𝜃𝑊
𝑁′
𝑅2 (𝜒−)]

𝜂𝑅2
. By substituting into the corresponding HJB equation collapses to give:

(𝜌+ 𝜍)𝑊𝑁
𝑀

= [𝑊𝑁 ′
𝑀

(𝜒𝑁−)𝛽 + 𝜍(1 + 𝜉)𝑘1 −𝑊𝑁 ′
𝑀

(𝜏𝑁−)𝜀−]𝜏𝑁− + [2𝜋−
𝑀
𝜛 + 𝜍(1 + 𝜇)𝑘2 −𝑊𝑁 ′

𝑀
(𝜒𝑁−)𝜎]𝜒𝑁− +

[𝛼−𝑊𝑁 ′
𝑀

(𝜏𝑁−)]2

2𝜂𝑀

+
[𝜋−

𝑀
𝜑+ 𝜃𝑊 𝑁 ′

𝑀
(𝜒𝑁−)][𝜋−

𝑅1(𝜑+ 𝛾) + 𝜃𝑊 𝑁 ′
𝑅1 (𝜒

𝑁−)]
𝜂𝑅1

+
[𝜋−

𝑀
𝜑+ 𝜃𝑊 𝑁 ′

𝑀
(𝜒𝑁−)][𝜋−

𝑅2(𝜑+ 𝛾) + 𝜃𝑊 𝑁 ′
𝑅2 (𝜒

𝑁−)]
𝜂𝑅2

+ 2𝜋−
𝑀
Π+ 𝜍𝑘3.

(A.10)

(𝜌+ 𝜍)𝑊𝑁
𝑅1 = [𝑊𝑁 ′

𝑅1 (𝜒
𝑁−)𝛽 + 𝜍(1 + 𝜉)𝑘4 −𝑊𝑁 ′

𝑅1 (𝜏
𝑁−)𝜀+]𝜏𝑁− + [𝜋−

𝑅1𝜛 + 𝜍(1 + 𝜇)𝑘5 −𝑊𝑁 ′
𝑅1 (𝜒

𝑁−)𝜎]𝜒𝑁−

+
(𝛼−)2𝑊𝑁 ′

𝑀
(𝜏𝑁−)𝑊𝑁 ′

𝑅1 (𝜏
𝑁−)

𝜂𝑀
+

[𝜋−
𝑅1(𝜑+ 𝛾) + 𝜃𝑊 𝑁 ′

𝑅1 (𝜒
𝑁−)]2

2𝜂𝑅1
+

[𝜋−
𝑅2(𝜑+ 𝛾) + 𝜃𝑊 𝑁 ′

𝑅2 (𝜒
𝑁−)][𝜃𝑊 𝑁 ′

𝑅1 (𝜒
𝑁−) − 𝛾𝜋−

𝑅1)]
𝜂𝑅2

+ 𝜋−
𝑅1Π + 𝜍𝑘6.

(A.11)

(𝜌+ 𝜍)𝑊𝑁
𝑅2 = [𝑊𝑁 ′

𝑅2 (𝜒
𝑁−)𝛽 + 𝜍(1 + 𝜉)𝑘7 −𝑊𝑁 ′

𝑅2 (𝜏
𝑁−)𝜀+]𝜏𝑁− + [𝜋−

𝑅2𝜛 + 𝜍(1 + 𝜇)𝑘8 −𝑊𝑁 ′
𝑅2 (𝜒

𝑁−)𝜎]𝜒𝑁−

+
(𝛼−)2𝑊𝑁 ′

𝑀
(𝜏𝑁−)𝑊𝑁 ′

𝑅2 (𝜏
𝑁−)

𝜂𝑀
+

[𝜋−
𝑅2(𝜑+ 𝛾) + 𝜃𝑊 𝑁 ′

𝑅2 (𝜒
𝑁−)]2

2𝜂𝑅2
+

[𝜋−
𝑅1(𝜑+ 𝛾) + 𝜃𝑊 𝑁 ′

𝑅1 (𝜒
𝑁−)][𝜃𝑊 𝑁 ′

𝑅2 (𝜒
𝑁−) − 𝛾𝜋−

𝑅2)]
𝜂𝑅1

+ 𝜋−
𝑅2Π + 𝜍𝑘9.

(A.12)

Similarly, assuming that (𝜌 + 𝜍)𝑊𝑁
𝑀

= 𝑠1𝜏
𝑁∗+ + 𝑠2𝜒

𝑁∗+ + 𝑠3, (𝜌 + 𝜍)𝑊𝑁
𝑅1 = 𝑠4𝜏

𝑁∗+ + 𝑠5𝜒
𝑁∗+ + 𝑠6, (𝜌 + 𝜍)𝑊𝑁

𝑅2 = 𝑠7𝜏
𝑁∗+ +

𝑠8𝜒
𝑁∗+ + 𝑠9. Where 𝑠𝑖, 𝑖 = 1, 2, ...9 are the constant coefficients to be determined, it is easy to know that 𝑊 𝑁

𝑀
(𝜏𝑁−∗) = 𝑠1, 

𝑊𝑁
𝑀
(𝜒𝑁−∗) = 𝑠2, 𝑊𝑁

𝑅1(𝜏
𝑁−∗) = 𝑠4, 𝑊𝑁

𝑅1(𝜒
𝑁−∗) = 𝑠5, 𝑊𝑁

𝑅2(𝜏
𝑁−∗) = 𝑠7, 𝑊𝑁

𝑅2(𝜒
𝑁−∗) = 𝑠8. Where 𝑠1 =

𝛽

𝜌+𝜍+𝜀− [
2𝜋−

𝑀
𝜛

𝜌+𝜍+𝜎 +
2𝜋+

𝑀
𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
2𝜋+

𝑀
𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) , 𝑠2 =
2𝜋−

𝑀
𝜛

𝜌+𝜍+𝜎 +
2𝜋+

𝑀
𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) , 𝑠3 = (𝛼−𝑠1)2

2(𝜌+𝜍)𝜂𝑀
+

(𝜋−
𝑀
𝜑+𝜃𝑠2)[𝜋+𝑅1(𝜑+𝛾)+𝜃𝑠5]

(𝜌+𝜍)𝜂𝑅1
+

(𝜋−
𝑀
𝜑+𝜃𝑠2)[𝜋+𝑅2(𝜑+𝛾)+𝜃𝑠8]

(𝜌+𝜍)𝜂𝑅2
+

2𝜋−
𝑀
Π+𝜍𝑘3
𝜌+𝜍 , 𝑠4 =

𝛽

𝜌+𝜍+𝜀− [
𝜋−
𝑅1𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅1𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
𝜋+
𝑅1𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) , 𝑠5 =
𝜋−
𝑅1𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅1𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) , 𝑠6 =
(𝛼−)2𝑠1𝑠4
(𝜌+𝜍)𝜂𝑀

+
[𝜋−

𝑅1(𝜑+𝛾)+𝜃𝑠5]
2

2(𝜌+𝜍)𝜂𝑅1
+

(𝜃𝑠5−𝛾𝜋−𝑅1)[𝜋
+
𝑅2(𝜑+𝛾)+𝜃𝑠8]

(𝜌+𝜍)𝜂𝑅2
+

𝜋−
𝑅1Π+𝜍𝑘6
𝜌+𝜍 , 𝑠7 =

𝛽

𝜌+𝜍+𝜀− [
𝜋−
𝑅2𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅2𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
𝜋+
𝑅2𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) , 𝑠8 =
𝜋−
𝑅2𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅2𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) , 𝑠9 =
(𝛼−)2𝑠1𝑠8
(𝜌+𝜍)𝜂𝑀

+
(𝜃𝑠8−𝛾𝜋−𝑅2)[𝜋

+
𝑅1(𝜑+𝛾)+𝜃𝑠5]

(𝜌+𝜍)𝜂𝑅1
+

[𝜋−
𝑅2(𝜑+𝛾)+𝜃𝑠8]

2

2(𝜌+𝜍)𝜂𝑅2
+

𝜋−
𝑅2Π+𝜍𝑘9
𝜌+𝜍 . Further, we can get the equilibrium strategies of the manufacturer and the retailer 1, 2 before the success 

of the technology.

Theorem 1a can be proven.

Then, by substituting 𝐸𝑁−∗
𝑀

into the state equation of emissions reduction, according to the boundary condition 𝜏(0) = 𝜏0 ≥ 0
combined with the particular solution of 𝜏(𝑡), the optimal trajectory of emissions reduction before the success of technological 
innovation can be obtained, and similarly, the optimal trajectory of emissions reduction after the success of technological innovation 
can be obtained.

Theorem 1b can be proven.

Similarly, by substituting 𝐸𝑁∗−
𝑅1 , 𝐸𝑁∗−

𝑅2 , 𝜏𝑁∗− into the state equation of low-carbon goodwill, according to the boundary condition 
𝜒(0) = 𝜒0 ≥ 0 combined with the particular solution of, the optimal trajectory of low-carbon goodwill before the success of techno-

logical innovation can be obtained, and similarly, the optimal trajectory of low-carbon goodwill after the success of technological 
innovation can be obtained.
23

Theorem 1c can be proven.
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Finally, by substituting 𝑘𝑖, 𝑖 = 1, 2, ...9 and 𝑠𝑖, 𝑖 = 1, 2, ...9 into 𝐺𝑁
𝑀

, 𝐺𝑁
𝑅1, 𝐺𝑁

𝑅2 and 𝑊𝑁
𝑀

, 𝑊𝑁
𝑅1, 𝑊𝑁

𝑅2 respectively, the optimal 
value function of the supply chain members after the success of technological innovation and during the whole operation period can 
be obtained according to their expressions.

Theorem 1d can be proven.

Appendix B. Proof of Theorem 2a-Theorem 2d

In the same way as the decentralized decision-making model. First, solve for the manufacturer and retailer 𝑖’s optimal strategies 
after the technological innovation. According to Bellman’s continuous dynamic optimization theory, the decision problem of the 
manufacturer and retailer 𝑖 after technological innovation satisfies the following HJB equation:

𝜌𝐺𝐶 (𝜏𝐶+, 𝜒𝐶+) = 𝑚𝑎𝑥
𝐸+
𝑀
,𝐸+

𝑅1 ,𝐸
+
𝑅2

{
2∑
𝑖=1

{𝜋+
𝑅𝑖
[Π +𝜑𝐸+

𝑅𝑖
+ 𝛾(𝐸+

𝑅𝑖
−𝐸+

𝑅(3−𝑖)) +𝜛𝜒𝐶+] −
2∑
𝑖=1

𝜂𝑅𝑖

2
(𝐸+

𝑅𝑖
)2 + 𝜋+

𝑀
(2Π +𝜑

2∑
𝑖=1

𝐸+
𝑅𝑖

+ 2𝜛𝜒𝐶+) −
𝜂𝑀

2
(𝐸+

𝑀
)2 +𝐺𝐶′

𝑀
(𝜏𝐶+)(𝛼+𝐸+

𝑀
− 𝜀+𝜏𝐶+) +𝐺𝐶′

𝑀
(𝜒𝐶+)(𝛽𝜏𝐶+ + 𝜃

2∑
𝑖=1

𝐸+
𝑅𝑖

− 𝜎𝜒𝐶+)}.

(B.1)

According to the first-order condition, we get the following: 𝐸𝐶+
𝑀

= 𝛼+𝐺𝐶′ (𝜏𝐶+)
𝜂𝑀

, 𝐸𝐶+
𝑅1 =

(𝜋+
𝑅1−𝜋

+
𝑅2)𝛾+(𝜋

+
𝑅1−𝜋

+
𝑀
)𝜑+𝜃𝐺𝐶′ (𝜒𝐶+)

𝜂𝑅1
, 𝐸𝐶+

𝑅2 =
(𝜋+

𝑅2−𝜋
+
𝑅1)𝛾+(𝜋

+
𝑅2−𝜋

+
𝑀
)𝜑+𝜃𝐺𝐶′ (𝜒𝐶+)

𝜂𝑅2
. By substituting into equation (B.1) simplifies and collates to give:

𝜌𝐺𝐶 (𝜏𝐶+, 𝜒𝐶+) = [𝐺𝐶′ (𝜒𝐶+)𝛽 −𝐺𝐶′ (𝜏𝐶+)𝜀+]𝜏𝐶+ + [(𝜋+
𝑅1 + 𝜋+

𝑅2 + 2𝜋+
𝑀
)𝜑−𝐺𝐶′ (𝜒𝐶+)𝜎]𝜒𝐶+ + [𝛼+𝐺𝐶′ (𝜏𝐶+)]2

2𝜂𝑀

+
[(𝜋+

𝑅1 − 𝜋+
𝑅2)𝛾 + 2(𝜋+

𝑅1 + 𝜋+
𝑅2 + 2𝜋+

𝑀
)𝜑− (𝜋+

𝑅1 + 𝜋+
𝑀
)𝜑+ 𝜃𝐺𝐶′ (𝜒𝐶+)][(𝜋+

𝑅1 − 𝜋+
𝑅2)𝛾 + (𝜋+

𝑅1 + 𝜋+
𝑀
)𝜑+ 𝜃𝐺𝐶′ (𝜒𝐶+)

2𝜂𝑅1

+
[(𝜋+

𝑅2 − 𝜋+
𝑅1)𝛾 + 2(𝜋+

𝑅1 + 𝜋+
𝑅2 + 2𝜋+

𝑀
)𝜑− (𝜋+

𝑅2 + 𝜋+
𝑀
)𝜑+ 𝜃𝐺𝐶′ (𝜒𝐶+)][(𝜋+

𝑅2 − 𝜋+
𝑅1)𝛾 + (𝜋+

𝑅2 + 𝜋+
𝑀
)𝜑+ 𝜃𝐺𝐶′ (𝜒𝐶+)

2𝜂𝑅2
+ (𝜋+

𝑅1 + 𝜋+
𝑅2 + 2𝜋+

𝑀
)Π

(B.2)

According to the equation (B.2), we can assume that 𝜌𝐺𝐶 (𝜏𝐶∗+, 𝜒𝐶∗+) = 𝑒1𝜏
𝐶∗+ + 𝑒2𝜒

𝐶∗+ + 𝑒3. Where 𝑒1 =
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝛽𝜛

(𝜌+𝜎)(𝜌+𝜀+) , 𝑒2 =
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜛

𝜌+𝜎 , 𝑒3 =
[𝛾(𝜋+

𝑅1−𝜋
+
𝑅2)+2𝜑(𝜋

+
𝑅1+𝜋

+
𝑅2+𝜋

+
𝑀
)−(𝜋+

𝑅1+𝜋
+
𝑀
)𝜑+𝜃𝑒2][(𝜋+𝑅1−𝜋

+
𝑅2)𝛾+(𝜋

+
𝑅1+𝜋

+
𝑀
)𝜑+𝜃𝑒2]

2𝜌𝜂𝑅1
+

(𝜋+
𝑅1+𝜋

+
𝑅2+2𝜋

+
𝑀
)Π

𝜌
+

[𝛾(𝜋+
𝑅2−𝜋

+
𝑅1)+2𝜑(𝜋

+
𝑅1+𝜋

+
𝑅2+𝜋

+
𝑀
)−(𝜋+

𝑅2+𝜋
+
𝑀
)𝜑+𝜃𝑒2][(𝜋+𝑅2−𝜋

+
𝑅1)𝛾+(𝜋

+
𝑅2+𝜋

+
𝑀
)𝜑+𝜃𝑒2]

2𝜌𝜂𝑅2
+ (𝛼+𝑒1)2

2𝜌𝜂𝑀
+. 𝑒𝑖, 𝑖 = 1, 2, 3 are the constant coefficients to be de-

termined, it is easy to know that 𝐺𝐶 (𝜏𝐶∗+) = 𝑒1, 𝐺𝐶 (𝜒𝐶∗+) = 𝑒2. After solving for 𝑒𝑖, 𝑖 = 1, 2, 3, the optimal equilibrium decision and 
the optimal value function after the success of technological innovation of the supply chain members can be obtained according to 
the first-order condition and the expression.

Further, the HJB equation of the supply chain members during the whole operation process can be obtained as:

(𝜌+ 𝜍)𝑊 𝐶 = 𝑚𝑎𝑥
𝐸−
𝑀
,𝐸−

𝑅1 ,𝐸
−
𝑅2
{

2∑
𝑖=1

{𝜋−
𝑅𝑖
[Π +𝜑𝐸−

𝑅𝑖
+ 𝛾(𝐸−

𝑅𝑖
−𝐸−

𝑅(3−𝑖)) +𝜛𝜒𝐶−] −
2∑
𝑖=1

𝜂𝑅𝑖

2
(𝐸−

𝑅𝑖
)2 + 𝜋−

𝑀
(2Π +𝜑

2∑
𝑖=1

𝐸−
𝑅𝑖

+ 2𝜛𝜒𝐶−)

−
𝜂𝑀

2
(𝐸−

𝑀
)2 + 𝜍𝐺𝐶 [(1 + 𝜉)𝜏𝐶−, (1 + 𝜇)𝜒𝐶−] +𝑊 𝐶′

𝑀
(𝜏𝐶−)(𝛼−𝐸−

𝑀
− 𝜀−𝜏𝐶−) +𝑊 𝐶′

𝑀
(𝜒𝐶−)(𝛽𝜏𝐶− + 𝜃

2∑
𝑖=1

𝐸−
𝑅𝑖

− 𝜎𝜒𝐶−)}.

(B.3)

According to the first-order condition, we get the following: 𝐸𝐶−
𝑀

= 𝛼−𝑊 𝐶′ (𝜏𝐶−)
𝜂𝑀

, 𝐸𝐶−
𝑅1 =

(𝜋−
𝑅1−𝜋

−
𝑅2)𝛾+(𝜋

−
𝑅1−𝜋

−
𝑀
)𝜑+𝜃𝑊 𝐶′ (𝜒𝐶−)

𝜂𝑅1
, 𝐸𝐶−

𝑅2 =
(𝜋−

𝑅2−𝜋
−
𝑅1)𝛾+(𝜋

−
𝑅2−𝜋

−
𝑀
)𝜑+𝜃𝑊 𝐶′ (𝜒𝐶−)

𝜂𝑅2
. By substituting into equation (B.3) simplifies and collates to give:

(𝜌+ 𝜍)𝑊 𝐶 = [𝑊 𝐶′ (𝜒𝐶−)𝛽 + 𝜍(1 + 𝜉)𝑒1 −𝑊 𝐶′ (𝜏𝐶−)𝜀−]𝜏𝐶− + [(𝜋−
𝑅1 + 𝜋−

𝑅2 + 2𝜋−
𝑀
)𝜑+ 𝜍(1 + 𝜇)𝑒2 −𝑊 𝐶′ (𝜒𝐶−)𝜎]𝜒𝐶−

+
[(𝜋−

𝑅1 − 𝜋−
𝑅2)𝛾 + 2(𝜋−

𝑅1 + 𝜋−
𝑅2 + 2𝜋−

𝑀
)𝜑− (𝜋−

𝑅1 + 𝜋−
𝑀
)𝜑+ 𝜃𝑊 𝐶′ (𝜒𝐶−)][(𝜋−

𝑅1 − 𝜋−
𝑅2)𝛾 + (𝜋−

𝑅1 + 𝜋−
𝑀
)𝜑+ 𝜃𝑊 𝐶′ (𝜒𝐶−)

2𝜂𝑅1

+
[(𝜋−

𝑅2 − 𝜋−
𝑅1)𝛾 + 2(𝜋−

𝑅1 + 𝜋−
𝑅2 + 2𝜋−

𝑀
)𝜑− (𝜋−

𝑅2 + 𝜋−
𝑀
)𝜑+ 𝜃𝑊 𝐶′ (𝜒𝐶−)][(𝜋−

𝑅2 − 𝜋−
𝑅1)𝛾 + (𝜋−

𝑅2 + 𝜋−
𝑀
)𝜑+ 𝜃𝑊 𝐶′ (𝜒𝐶−)

2𝜂𝑅2

− − − [𝛼−𝑊 𝐶′ (𝜏𝐶−)]2

(B.4)
24

+ (𝜋
𝑅1 + 𝜋

𝑅2 + 2𝜋
𝑀
)Π +

2𝜂𝑀
+ 𝜍𝑒3
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Similarly, assuming that (𝜌 + 𝜍)𝑊 𝐶 = 𝑙1𝜏
𝐶∗+ + 𝑙2𝜒

𝐶∗+ + 𝑙3. Where 𝑙1 = 𝛽

(𝜌+𝜍+𝜀−) [
(𝜋−

𝑅1+𝜋
−
𝑅2+2𝜋

−
𝑀
)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) , 𝑙2 =
(𝜋−

𝑅1+𝜋
−
𝑅2+2𝜋

−
𝑀
)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2+2𝜋

+
𝑀
)𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) , 𝑙3 =
(𝜋−

𝑅1+𝜋
−
𝑅2+2𝜋

−
𝑀
)Π

(𝜌+𝜍) + (𝛼−𝑙1)2

2(𝜌+𝜍)𝜂𝑀
+ 𝜍𝑒3

𝜌+𝜍 +
[𝛾(𝜋+

𝑅1−𝜋
−
𝑅2)+2𝜑(𝜋

−
𝑅1+𝜋

−
𝑅2+𝜋

−
𝑀
)−(𝜋−

𝑅1+𝜋
−
𝑀
)𝜑+𝜃𝑙2][(𝜋−𝑅1−𝜋

−
𝑅2)𝛾+(𝜋

−
𝑅1+𝜋

−
𝑀
)𝜑+𝜃𝑙2]

2(𝜌+𝜍)𝜂𝑅1
+

[𝛾(𝜋−
𝑅2−𝜋

−
𝑅1)+2𝜑(𝜋

−
𝑅1+𝜋

−
𝑅2+𝜋

−
𝑀
)−(𝜋+

𝑅2+𝜋
+
𝑀
)𝜑+𝜃𝑙2][(𝜋−𝑅2−𝜋

−
𝑅1)𝛾+(𝜋

−
𝑅2+𝜋

−
𝑀
)𝜑+𝜃𝑙2]

2(𝜌+𝜍)𝜂𝑅2
.

𝑙𝑖, 𝑖 = 1, 2, 3 are the constant coefficients to be determined, it is easy to know that 𝑊 𝐶 (𝜏𝐶−∗) = 𝑙1, 𝑊 𝐶 (𝜒𝐶−∗) = 𝑙2.

Further, we can get the equilibrium strategies of the manufacturer and the retailer 1, 2 before the success of the technology.

Theorem 2a can be proven.

Then, by substituting 𝐸𝐶−∗
𝑀

into the state equation of emissions reduction, according to the boundary condition 𝜏(0) = 𝜏0 ≥ 0
combined with the particular solution of 𝜏(𝑡), the optimal trajectory of emissions reduction before the success of technological 
innovation can be obtained, and similarly, the optimal trajectory of emissions reduction after the success of technological innovation 
can be obtained.

Theorem 2b can be proven.

Similarly, by substituting 𝐸𝐶∗−
𝑅1 , 𝐸𝐶∗−

𝑅2 , 𝜏𝐶∗− into the state equation of low-carbon goodwill, according to the boundary condition 
𝜒(0) = 𝜒0 ≥ 0 combined with the particular solution of, the optimal trajectory of low-carbon goodwill before the success of techno-

logical innovation can be obtained, and similarly, the optimal trajectory of low-carbon goodwill after the success of technological 
innovation can be obtained.

Theorem 2c can be proven.

Finally, by substituting 𝑒𝑖, 𝑖 = 1, 2, 3 and 𝑙𝑖, 𝑖 = 1, 2, 3 into 𝐺𝐶 and 𝑊 𝐶 respectively, the optimal value function of the supply 
chain members after the success of technological innovation and during the whole operation period can be obtained according to 
their expressions.

Theorem 2d can be proven.

Appendix C. Proof of Theorem 3a-Theorem 3d

The proof process is similar to the decentralized decision-making model discussed earlier, with the distinction being 
that in this decision model, retailers form an alliance as a collective. The details are not reiterated here. Where 𝑦1 =

2𝜋+
𝑀
𝛽𝜛

(𝜌+𝜎)(𝜌+𝜀+) , 𝑦2 =
2𝜋+

𝑀
𝜛

𝜌+𝜎 , 𝑦3 = (𝛼+𝑦1)2

2𝜌𝜂𝑀
+

[𝛾(𝜋+
𝑅1−𝜋

+
𝑅2)+𝜑𝜋

+
𝑅1+𝜃𝑦5](𝜋

+
𝑀
𝜑+𝜃𝑦2)

𝜌𝜂𝑅1
+

[𝛾(𝜋+
𝑅2−𝜋

+
𝑅1)+𝜑𝜋

+
𝑅2+𝜃𝑦5](𝜋

+
𝑀
𝜑+𝜃𝑦2)

𝜌𝜂𝑅2
+

2𝜋+
𝑀
Π

𝜌
, 𝑦4 =

(𝜋+
𝑅1+𝜋

+
𝑅2)𝛽𝜛

(𝜌+𝜎)(𝜌+𝜀+) , 

𝑦5 =
(𝜋+

𝑅1+𝜋
+
𝑅2)𝜛

𝜌+𝜎 , 𝑦6 =
(𝛼+)2𝑦1𝑦4

𝜌𝜂𝑀
+

[𝛾(𝜋+
𝑅1−𝜋

+
𝑅2)+𝜑𝜋

+
𝑅1+𝜃𝑦5]

2+2𝜑𝜋+
𝑅2[(𝜋

+
𝑅1−𝜋

+
𝑅2)𝛾+𝜋

+
𝑅1𝜑+𝜃𝑦5]

2𝜌𝜂𝑅1
+

[𝛾(𝜋+
𝑅2−𝜋

+
𝑅1)+𝜑𝜋

+
𝑅2+𝜃𝑦5]

2+2𝜑𝜋+
𝑅1[(𝜋

+
𝑅2−𝜋

+
𝑅1)𝛾+𝜋

+
𝑅2𝜑+𝜃𝑦5]

2𝜌𝜂𝑅2
+

(𝜋+
𝑅1+𝜋

+
𝑅2)Π

𝜌
, and 𝑞1 = 𝛽

𝜌+𝜍+𝜀− [
2𝜋−

𝑀
𝜛

𝜌+𝜍+𝜎 +
2𝜋+

𝑀
𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
2𝜋+

𝑀
𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) , 𝑞2 =
2𝜋−

𝑀
𝜛

𝜌+𝜍+𝜎 +
2𝜋+

𝑀
𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) , 𝑞3 =
2𝜋−

𝑀
Π

𝜌+𝜍 + 𝜍𝑦3
𝜌+𝜍 + (𝛼−𝑞1)2

2(𝜌+𝜍)𝜂𝑀
+

[𝛾(𝜋+
𝑅1−𝜋

−
𝑅2)+𝜑𝜋

−
𝑅1+𝜃𝑞5][𝜋

−
𝑀
𝜑+𝜃𝑞2]

(𝜌+𝜍)𝜂𝑅1
+

[𝛾(𝜋−
𝑅2−𝜋

−
𝑅1)+𝜑𝜋

−
𝑅2+𝜃𝑞2][𝜋

−
𝑀
𝜑+𝜃𝑞2]

(𝜌+𝜍)𝜂𝑅2
, 𝑞4 =

𝛽

𝜌+𝜍+𝜀− [
(𝜋−

𝑅1+𝜋
−
𝑅2)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2)𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
(𝜋+

𝑅1+𝜋
+
𝑅2)𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) , 𝑞5 =
(𝜋−

𝑅1+𝜋
−
𝑅2)𝜛

𝜌+𝜍+𝜎 +
(𝜋+

𝑅1+𝜋
+
𝑅2)𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) , 𝑞6 =
(𝜋−

𝑅1+𝜋
−
𝑅2)Π

𝜌+𝜍 + (𝛼−)2𝑞1𝑞4
(𝜌+𝜍)𝜂𝑀

+ 𝜍𝑦6
𝜌+𝜍 +

[𝛾(𝜋+
𝑅1−𝜋

−
𝑅2)+𝜑𝜋

−
𝑅1+𝜃𝑞5]

2+2𝜑𝜋+𝑅2−[(𝜋−
𝑅1−𝜋

−
𝑅2)𝛾+𝜋

−
𝑅1𝜑+𝜃𝑞5]

2(𝜌+𝜍)𝜂𝑅1
+

[𝛾(𝜋−
𝑅2−𝜋

−
𝑅1)+𝜑𝜋

−
𝑅2+𝜃𝑞5]

2+2𝜑𝜋+𝑅2−[(𝜋−
𝑅2−𝜋

−
𝑅1)𝛾+𝜋

−
𝑅2𝜑+𝜃𝑞5]

2(𝜌+𝜍)𝜂𝑅2
.

Appendix D. Proof of Theorem 4a-Theorem 4b

Similar to the proof approach for the propositions in Section 4, we first determine the equilibrium strategies for the supply chain 
members both before and after the success of technological innovation:

⎧⎪⎪⎨⎪⎪⎩
𝐸𝑍∗−
𝑀

= 𝛼−

𝜂𝑀 (1−Φ−
1 −Φ

−
2 )
{ 𝛽

𝜌+𝜍+𝜀− [
2𝜋−

𝑀
𝜛

𝜌+𝜍+𝜎 +
2𝜋+

𝑀
𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
2𝜋+

𝑀
𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) }

𝐸𝑍∗−
𝑅1 =

𝜋−
𝑅1(𝜑+𝛾)

𝜂𝑅1(1−Γ−1 )
+ 𝜃

𝜂𝑅1(1−Γ−1 )
[
𝜋−
𝑅1𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅1𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ]

𝐸𝑁∗−
𝑅2 =

𝜋−
𝑅2(𝜑+𝛾)

𝜂𝑅2(1−Γ−2 )
+ 𝜃

𝜂𝑅2(1−Γ−2 )
[
𝜋−
𝑅2𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅2𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ]

(D.1)

⎧⎪⎪⎨⎪⎪⎩
𝐸𝑁∗+
𝑀

=
2𝛼+𝛽𝜋+

𝑀
𝜛

𝜂𝑀 (𝜌+𝜎)(𝜌+𝜀+)(1−Φ+
1 −Φ

+
2 )

𝐸𝑁∗+
𝑅1 =

𝜋+
𝑅1[(𝜑+𝛾)(𝜌+𝜎)+𝜃𝜛]
𝜂𝑅1(𝜌+𝜎)(1−Γ+1 )

𝐸𝑁∗+
𝑅2 =

𝜋+
𝑅2[(𝜑+𝛾)(𝜌+𝜎)+𝜃𝜛]
𝜂𝑅2(𝜌+𝜎)(1−Γ+2 )

(D.2)

Letting 𝐸𝑍∗+
𝑀

= 𝐸𝐶∗+
𝑀

, 𝐸𝑍∗+
𝑅1 = 𝐸𝐶∗+

𝑅1 , 𝐸𝑍∗+
𝑅2 = 𝐸𝐶∗+

𝑅2 , 𝐸𝑍∗−
𝑀

= 𝐸𝐶∗−
𝑀

, 𝐸𝑍∗−
𝑅1 = 𝐸𝐶∗−

𝑅1 , 𝐸𝑍∗−
𝑅2 = 𝐸𝐶∗−

𝑅2 , we can derive the sub-

sidy ratio for both before and after technological innovation that satisfies the above equation. Furthermore, we can solve 
for the emission reduction, low-carbon goodwill, and profits of the supply chain system under the bilateral cost-sharing con-

tract. Where 𝑜1 =
2𝛽𝜋+

𝑀
𝜛

(𝜌+𝜎)(𝜌+𝜀+) , 𝑜2 =
2𝜋+

𝑀
𝜛

𝜌+𝜎 , 𝑜3 =
(𝛼+𝑜1)2

2𝜌(1−Φ+)𝜂𝑀
+

(𝜋+
𝑀
𝜑+𝜃𝑜2)[𝜋+𝑅1(𝜑+𝛾)+𝜃𝑜5]

𝜌(1−Γ+1 )𝜂𝑅1
−

Γ+1 [𝜋
+
𝑅1(𝜑+𝛾)+𝜃𝑜5]

2

2𝜌(1−Γ+1 )
2𝜂𝑅1

+
(𝜋+

𝑀
𝜑+𝜃𝑜2)[𝜋+𝑅2(𝜑+𝛾)+𝜃𝑜8]

𝜌(1−Γ+2 )𝜂𝑅2
−

Γ+[𝜋+ (𝜑+𝛾)+𝜃𝑜8]2 2𝜋+ Π 𝛽𝜋+ 𝜛 𝜋+ 𝜛 (𝛼+)2𝑜 𝑜 Φ+(𝛼+𝑜1)2 [𝜋+ (𝜑+𝛾)+𝜃𝑜5]2 (𝜃𝑜5−𝛾𝜋+ )[𝜋+ (𝜑+𝛾)+𝜃𝑜8] 𝜋+ Π
25

2 𝑅2
2𝜌(1−Γ+1 )

2𝜂𝑅2
+ 𝑀

𝜌
, 𝑜4 = 𝑅1

(𝜌+𝜎)(𝜌+𝜀+) , 𝑜5 =
𝑅1
𝜌+𝜎 , 𝑜6 = 1 4

(1−Φ+)𝜌𝜂𝑀
− 1

(1−Φ+)2𝜌𝜂𝑀
+ 𝑅1

2(1−Γ+1 )𝜌𝜂𝑅1
+ 𝑅1 𝑅2

(1−Γ+2 )𝜌𝜂𝑅2
+ 𝑅1

𝜌
, 
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𝑜7 =
𝛽𝜋+

𝑅2𝜛

(𝜌+𝜎)(𝜌+𝜀+) , 𝑜8 =
𝜋+
𝑅2𝜛

𝜌+𝜎 , 𝑜9 =
(𝛼+)2𝑜1𝑜4
(1−Φ+)𝜌𝜂𝑀

−
Φ+
1 (𝛼

+𝑜1)2

(1−Φ+)2𝜌𝜂𝑀
+

[𝜋+
𝑅2(𝜑+𝛾)+𝜃𝑜8]

2

2(1−Γ+2 )𝜌𝜂𝑅2
+

(𝜃𝑜8−𝛾𝜋+𝑅2)[𝜋
+
𝑅1(𝜑+𝛾)+𝜃𝑜5]

(1−Γ+1 )𝜌𝜂𝑅1
+

𝜋+
𝑅2Π
𝜌

. Let Φ− =Φ−
1 +Φ−

2 , Φ+ =

Φ+
1 +Φ+

2 . 𝑢1 =
𝛽

𝜌+𝜍+𝜀− [
2𝜋−

𝑀
𝜛

𝜌+𝜍+𝜎 +
2𝜋+

𝑀
𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
2𝜋+

𝑀
𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) , 𝑢2 =
2𝜋−

𝑀
𝜛

𝜌+𝜍+𝜎 +
2𝜋+

𝑀
𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) , 𝑢3 =
(𝛼+𝑢1)2

2𝜌(1+Φ−)𝜂𝑀
+

(𝜋+
𝑀
𝜑+𝜃𝑜2)[𝜋+𝑅2(𝜑+𝛾)+𝜃𝑢8]

(1−Γ−2 )𝜌𝜂𝑅2
−

Γ−2 [𝜋
+
𝑅2(𝜑+𝛾)+𝜃𝑢8]

2

2𝜌(1−Γ−2 )
2𝜂𝑅2

+
(𝜋−

𝑀
𝜑+𝜃𝑜2)[𝜋+𝑅1(𝜑+𝛾)+𝜃𝑢5]

(1+Γ−1 )𝜌𝜂𝑅1
−

Γ+1 [𝜋
+
𝑅1(𝜑+𝛾)+𝜃𝑢5]

2

2𝜌(1−Γ−1 )
2𝜂𝑅1

+
2𝜋−

𝑀
Π+𝑜3
𝜌

, 𝑢4 = 𝛽

𝜌+𝜍+𝜀− [
𝜋−
𝑅1𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅1𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
𝜋+
𝑅1𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) , 

𝑢5 =
𝜋−
𝑅1𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅1𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) , 𝑢6 =
(𝛼+)2𝑢1𝑢4
𝜌(1−Φ−)𝜂𝑀

−
Φ−
1 (𝛼

+𝑢1)2

(1−Φ−)2𝜌𝜂𝑀
+

[𝜋+
𝑅1(𝜑+𝛾)+𝜃𝑢5]

2

2𝜌(1−Γ−1 )𝜂𝑅1
+

(𝜃𝑢5−𝛾𝜋+𝑅1)[𝜋
+
𝑅2(𝜑+𝛾)+𝜃𝑢8]

𝜌(1−Γ−2 )𝜂𝑅2
+

𝜋+
𝑅1Π+𝑜6

𝜌
, 𝑢7 =

𝛽

𝜌+𝜍+𝜀− [
𝜋−
𝑅2𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅2𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) ] +
𝜋+
𝑅2𝛽𝜛𝜍(1+𝜉)

(𝜌+𝜍+𝜀−)(𝜌+𝜎)(𝜌+𝜀+) , 𝑢8 =
𝜋−
𝑅2𝜛

𝜌+𝜍+𝜎 +
𝜋+
𝑅2𝜛𝜍(1+𝜇)

(𝜌+𝜍+𝜎)(𝜌+𝜎) , 𝑢9 =
(𝛼+)2𝑢1𝑢4
𝜌(1−Φ−)𝜂𝑀

−
Φ−
1 (𝛼

+𝑢1)2

(1−Φ−)2𝜌𝜂𝑀
+

[𝜋+
𝑅2(𝜑+𝛾)+𝜃𝑢8]

2

2𝜌(1−Γ−2 )𝜂𝑅2
+

(𝜃𝑢8−𝛾𝜋+𝑅2)[𝜋
+
𝑅1(𝜑+𝛾)+𝜃𝑢5]

𝜌(1−Γ−1 )𝜂𝑅1
+

𝜋+
𝑅2Π+𝑜9

𝜌
.

Theorem 4a-Theorem 4b can be proven.
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