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Abstract

:

Low carbon has become a highly relevant topic in today’s society, particularly for manufacturing enterprises. To gain insight into how manufacturing enterprises embedded in the industrial internet platform make decisions regarding low-carbon technology innovation, this article examines the service quality of the platform, the low-carbon preferences of the manufacturing enterprises, and government subsidy factors. A platform ecological system game model, comprised of a single manufacturing enterprise and an industrial internet platform, is then established. The results indicate that, under the model’s assumptions, the decarbonization of production can only occur when the cost of low-carbon innovation is below a specific threshold. Decentralized decision making is more effective in promoting low-carbon innovation by the manufacturing enterprises when the cost of low-carbon technology innovation is low. The greater the service quality of the industrial internet platform, the stronger the positive influence of the low-carbon preferences of users and government subsidies on the low-carbon innovation level of the manufacturing enterprises. This study offers useful decision-making advice for both the industrial internet platform and the manufacturing enterprises.
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1. Introduction


The issue of carbon emissions has become increasingly pressing as the need for environmental protection becomes more urgent. It has garnered significant attention from countries around the world, as evidenced by the multitude of policies and plans that are being implemented to address this problem [1]. For instance, China has introduced its “double carbon” strategy, which aims to reach a “carbon peak” by 2030 and achieve carbon neutrality by 2060 [2]. The United States, having returned to the Paris Agreement, has committed to prioritizing clean energy and public transportation in the future, with a goal of achieving comprehensive carbon neutrality by 2050 [3]. Similarly, the European Union’s “Fit for 55” plan aims to reduce carbon emissions by 55% by 2030 in order to combat climate change [4]. The impact of social responsibility and environmental policies has resulted in a wide range of research conducted by scholars in various fields, including carbon pricing and trading, green technology innovation, and international cooperation in emissions reduction [5,6,7,8]. As such, the question of how manufacturing firms can adapt to social development and policy systems in order to reduce their carbon emissions has become a topic of significant interest among scholars [9].



Manufacturing companies play a crucial role in addressing the issue of carbon emissions, as their production processes are inherently energy-intensive and often result in significant emissions. The increasing pressure from governments and society for environmental protection has resulted in a growing number of manufacturing companies investing in low-carbon technology innovation [10]. This refers to the promotion and application of new technologies, processes and products that effectively reduce carbon emissions. These technologies include the adoption of new energy technologies, renewable energy sources, energy-saving measures, carbon capture and storage, as well as the enhancement of industrial energy efficiency and low-carbon product research and development. The implementation of these technologies can not only help to decrease carbon emissions, but also mitigate the impacts of climate change, support economic structural transformation, and promote sustainable development [11]. Generally, low-carbon technology innovation encompasses both technical innovation in production processes and the enhancement of product sustainability, which can ultimately lead to reduced carbon emissions, as well as improved production efficiency and reduced costs [12]. Manufacturing companies are embedded within complex systems, where a variety of factors can have a profound impact on decision making. Accordingly, the study of factors that influence the extent of low-carbon technology innovation within manufacturing companies has become a key area of research among scholars. Currently, it is widely acknowledged that government subsidies, environmental regulations, user low-carbon preferences, and the incorporation of third-party forces are crucial factors that can shape the degree of low-carbon technology innovation within manufacturing companies [13,14,15].



The industrial internet platform represents the convergence of traditional industry and information technology, enabling the integration of industrial equipment, production lines, production processes, logistics, transportation, sales, and other related areas through internet technology [16]. This results in capabilities such as real-time monitoring, data analysis, and automation control. The adoption of the industrial internet platform enables improved production efficiency, cost reduction, enhanced product quality, and increased customer satisfaction. Furthermore, it facilitates the sharing of manufacturing resources and capabilities, through effective order matching based on manufacturing companies’ production behavior, which allows for adjustments in production efficiency, increases in market share and ultimately, better achievement of transformation and upgrading for manufacturing companies [17,18,19]. Research on industrial internet platforms primarily focuses on the following areas: (1) Industry 4.0’s concept of smart manufacturing and the ability of industrial internet platforms to facilitate the realization of smart manufacturing systems, factory intelligence, and industrial big data; (2) real-time monitoring, data analysis, and remote control through the support of Internet of Things technology provided by industrial internet platforms; (3) the utilization of machine learning and artificial intelligence to analyze and predict through the vast amounts of data provided by industrial internet platforms, ultimately leading to intelligent scheduling and output planning.



The industrial internet platform holds a dominant position in the overall ecosystem, and the platform’s policies and service quality directly impact the decision making of manufacturing companies in the ecosystem [20]. Scholars both domestically and internationally have focused their research on the effects of the industrial internet platform on manufacturing companies in areas such as production efficiency, product quality, production flexibility, and data analysis capabilities. For example, through the industrial internet platform, it is possible to monitor and control the production process, improve production efficiency, and reduce energy consumption [21]. The real-time monitoring of equipment and production status allows for the prompt identification and resolution of issues, leading to improved product quality [22]. The collection and analysis of a vast amount of production data using data analysis tools provides valuable information for decision-making support [23]. Therefore, it is widely agreed that the industrial internet platform can promote technological innovation in its ecosystem’s manufacturing companies. However, research on the effects of the industrial internet platform on low-carbon technology innovation in manufacturing companies is limited.



This paper explores the decision-making process of manufacturing enterprises regarding low-carbon technology innovation, a crucial aspect in today’s society where low-carbon initiatives are gaining prominence. Given that manufacturing enterprises contribute significantly to carbon emissions, it is important to understand how they approach low-carbon technology innovation. This research focuses on manufacturing enterprises embedded in the industrial internet platform ecosystem and considers both government subsidies and user enterprises’ low-carbon preferences, as well as the quality of industrial internet platform services. A game model is developed to analyze the impact of various policies in the platform ecosystem on low-carbon technology innovation by manufacturing enterprises. The paper also investigates the implications of independent decision making and centralized decision making for low-carbon technology innovation. The findings of this study offer valuable insights for the industrial internet platform and manufacturing enterprises as they navigate the challenges and opportunities of low-carbon innovation.




2. Literature Review


2.1. Low-Carbon Technology Innovation


Low-carbon technology innovation is an integral part of industrial energy conservation and emission reduction, and is a necessary step in the future development of manufacturing companies. Although perspectives on the definition of low-carbon technology innovation may vary, the significant role it plays in the growth and evolution of manufacturing companies has been widely acknowledged [24]. Manufacturing companies are the primary actors in technological innovation, and are also the driving force behind low-carbon technology innovation. Through the implementation of low-carbon technology, manufacturing companies can improve energy efficiency and reduce carbon emissions, thus positively impacting both the environment and their bottom line [25]. Adopting low-carbon technology not only reduces carbon emissions, but also makes products more appealing to consumers, increasing market share and promoting overall growth and development [26].



Scholars both domestically and internationally have conducted a significant amount of research on low-carbon technology innovation. The research mostly focuses on whether low-carbon technology innovation can promote the performance of manufacturing companies or analyzes the factors that influence manufacturing companies’ adoption of low-carbon technology innovation. For example, Li et al. [27] conducted extensive research on low-carbon technology innovation and its effects on the performance of manufacturing companies. Their findings show that low-carbon technology innovation has a positive impact on performance, with green core competitiveness playing a mediating role and enterprise size playing a regulating role. Huang et al. [28] explored the relationship between technology coupling and low-carbon technology innovation, providing recommendations for manufacturing companies to choose appropriate methods and implement low-carbon technology innovation in the context of external pressures and internal acceptance. Li et al. [29] also studied the relationship between green finance and corporate low-carbon technology innovation, finding that green finance can significantly enhance low-carbon technology innovation and that corporate social responsibility plays a positive regulating role.



Manufacturing companies that rely solely on their own actions to undertake low-carbon technology innovation may face the risk of market failure [30,31]. Both reality and research indicate that guidance and support from the government is necessary. As a policy maker and enforcer, the government plays an important role in manufacturing companies’ low-carbon technology innovation, through policies such as carbon trading, environmental regulation, and subsidies and incentives. Studies, such as those by Gao et al. [32], found that the carbon emission trading system affects enterprises’ low-carbon technology innovation decisions, and identified five significant impact factors that are important to consider in the design of the carbon emission trading system. Chen et al. [33] also used empirical methods to prove that both environmental uncertainty and environmental regulation promote the low-carbon technology innovation of enterprises, with the latter highlighting the relationship between environmental uncertainty and low-carbon technology innovation. Additionally, research by Guan et al. [34] showed that different subsidy modes can impact low-carbon technology innovation, and that a flexible innovative subsidy combination should be adopted under different circumstances.



The decision-making mode of manufacturing enterprises has significant repercussions on various aspects of the enterprise, including product pricing, cost sharing, and low-carbon decision-making research, which have garnered significant attention from researchers. For instance, Fuli et al. [35] investigated the impact of decision-making methods on carbon reduction through a two-stage supply-chain game model under centralized, decentralized, and coordinated decisions. Jian et al. [36] analyzed the decision making and motivations of supply-chain members in a green closed supply chain through a Stackelberg game model under centralized and decentralized decisions, and found that a well-designed profit-sharing contract can lead to sustainable economic and environmental outcomes. Liu et al. [37] studied the impact of supply-chain structure on the optimal game decision in a two-tier supply-chain system through a comparison of centralized and decentralized decisions in terms of optimal wholesale price, product carbon emissions, and retailer’s optimal sales price. In light of these findings, this paper aims to examine the low-carbon technology innovation of manufacturing enterprises within the industrial internet platform ecology under different decision-making modes.




2.2. The Service Quality of the Industrial Internet Platform


The theories and technologies of industrial internet platforms are continuously evolving and developing, and have attracted widespread attention from scholars both domestically and internationally. Research on the impact of industrial internet platforms on manufacturing companies’ technological innovation has mainly identified two main perspectives. On one hand, industrial internet platforms break down barriers and limitations in terms of enterprise boundaries and resources, creating an environment that supports the efficient sharing of product design resources and the integration of resources in the manufacturing process. This in turn shortens product development cycles and promotes technological innovation within the enterprise [38]. On the other hand, industrial internet platforms provide real-time data for managing resources, respond to diverse customer demands, and give rise to various new manufacturing models. This accelerates the development speed of manufacturing companies and drives technological innovation [39].



As the manufacturing industry shifts from mass production to personalized customization, the platform services of industrial internet platforms such as customer demand mining and supply–demand matching have garnered significant attention from scholars worldwide [40]. In traditional marketing research, service quality is defined as the difference between customers’ perceived service and their expected service after experiencing actual service. For internet platforms, platform service quality is considered a key indicator of the platform operator’s competitiveness, as improving service quality can attract more users to join the platform ecosystem [41]. Scholars such as Xue et al. [42] have explored the impact of platform service quality on the market through theoretical analysis and game models, highlighting the crucial role that platform service quality plays in determining platform pricing strategies. Other scholars, such as Liu et al. [43], have revealed through modeling that platform service quality can influence users’ trust or distrust towards the platform, influencing perception and curiosity, with both dimensions of platform service quality having a positive impact on users’ trust in the platform. Research on crowd delivery platforms by He et al. [44] also indicated that different service quality levels should be adopted at different stages of platform development, and that different service quality levels lead to different costs, which can affect the platform’s pricing strategy. Overall, platform service quality has emerged as a critical element of industrial internet platforms and is attracting a lot of attention from researchers worldwide.



Currently, research on how industrial internet platforms promote low-carbon technological innovation in manufacturing companies is severely lacking, but in reality, the development of industrial internet platforms is rapid, and significant progress has been made in promoting low-carbon technological innovation in the manufacturing industry. For instance, the COSMOplat platform established an energy business sector—Smart Energy—which focuses on energy management and new energy technology research and development by utilizing advanced technologies such as big data and 5G. By utilizing cutting-edge techniques and matching appropriate resources, the platform creates customized low-carbon solutions for companies, thereby promoting their low-carbon technological innovation and the construction of low-carbon production factories. Additionally, the COSMOplat platform provides scene marketing services for Haier Smart Home, significantly expanding the sales channels for low-carbon products, resulting in a significant increase in orders. This increased revenue, in turn, promotes the low-carbon technological innovation of the company [45].



Previous research on industrial internet platforms has primarily focused on the technology of the platform and its impact on corporate efficiency and decision making. Studies on platform service quality have mainly examined its impact on consumer behavior and pricing strategies. Despite the proven ability of these platforms to drive technological innovation within enterprises [46], there is limited research on their effect on low-carbon technology innovation. This paper seeks to fill this gap by considering the quality of industrial internet platform services and analyzing their impact on low-carbon technology innovation in manufacturing enterprises, while also examining the role of government subsidies and user preferences. Additionally, the paper explores optimal low-carbon technology innovation levels under different decision-making modes between the platform and manufacturing enterprise.





3. Modeling


This study investigates a system comprising an industrial internet platform and a manufacturing enterprise that is embedded within the ecosystem of the platform. The government provides subsidies to manufacturing enterprises to decrease carbon emissions during the production process. These manufacturing enterprises utilize low-carbon innovation to create low-carbon products, which are then delivered to user companies via the industrial internet platform. When a user company submits a demand on the platform, it is matched with a suitable manufacturing enterprise. During this process, the platform charges a commission from the manufacturing enterprise. The platform operator, being the leader of the ecosystem, decides the commission charged. Meanwhile, the manufacturing enterprise, as a follower of the ecosystem, determines the product’s price and the degree of low-carbon innovation. The decision-making sequence of the system is as follows: the platform, with the objective of maximizing its own benefits, decides on the unit product commission  ρ , constituting the first stage of the game. Subsequently, the manufacturing enterprise, with the objective of maximizing its own benefits, decides on the product’s selling price  p  and low-carbon innovation degree  r , constituting the second stage of the game. The model’s parameters are detailed in Table 1. The theoretical mechanism diagram of low-carbon technology innovation of manufacturing enterprises under the industrial internet platform is in Figure 1.



The basic assumptions of the model are as follows:




	
There is complete symmetry of market information between the manufacturing enterprise and the platform, and the low-carbon product output of the manufacturing enterprise can be completely cleared under the platform’s matching, that is, the platform can always match and meet market demand;



	
Carbon emissions only occur in the production stage, and manufacturing enterprises reduce emissions by developing low-carbon production technology. The cost function for the low-carbon innovation of manufacturing enterprises is    C r  =  1 2  k  r 2   ;



	
The platform provides basic services for matching manufacturing enterprises to user companies, and the services provided by the platform are fully customized according to user company needs. In fact, in recent years, there have been several examples of industrial internet platforms, such as the COSMOplat platform, that provide professional and customized low-carbon transformation solutions; the platform’s service cost function    C s  =  1 2  h  s 2   ;



	
User companies have a certain degree of low-carbon preferences, and demand is composed of price, low-carbon innovation degree, platform service quality, price sensitivity coefficient, low-carbon preference coefficient, and platform service quality coefficient, making the demand as shown in Formula (1);



	
It is assumed that the low-carbon preference coefficient of user companies satisfies:   λ θ − 3 β > 0  . According to the above assumptions, it can be obtained that the manufacturing enterprise’s profit function and the platform’s profit function are as shown in Formulas (2) and (3).










  q = a − λ p + β r + μ s  



(1)






   π m  =   p −  C z  − ρ + r θ   q −  1 2  k  r 2   



(2)






   π p  = ρ q −  1 2  h  s 2   



(3)







By using the reverse solution method [47], first, Formula (1) is substituted into Formula (2) and its first derivative is taken with respect to the selling price  p  to obtain the optimal selling price    p *   ; then    p *    is substituted into Formula (3) and its first derivative taken with respect to the commission ratio  ρ  to obtain the optimal commission ratio    ρ *   ; finally,    p *    and    ρ *    are substituted into Formulas (1)–(3) to obtain the optimal market capacity    q *   , the optimal manufacturing enterprise revenue    π m *   , and the optimal platform revenue    π p *   . The results are shown in Table 2.



Under the premise that the parameters and variables are meaningful, that is   p > 0  ,   q > 0  ,   ρ > 0  , it can be known that the range of  r  needs to meet the relationship Equation (4).


    λ  C z  −   a + μ s     β + λ θ   < r <   3   a + μ s   + λ  c z    λ θ − 3 β    



(4)







In order to investigate the strategies that the platform and manufacturing enterprises can adopt to optimize the level of low-carbon innovation of products and to examine the impact of government subsidies, platform service quality, and user company low-carbon preferences on the level of low-carbon innovation, this study adopts the research framework of traditional supply chain and conducts an analysis of dispersed and centralized decision making [48,49]. Under dispersed decision making, both the industrial internet and manufacturing enterprises aim to maximize their own interests. Under centralized decision making, the two parties jointly aim to optimize the benefits of the platform ecosystem.




4. Decision Analysis


4.1. Dispersed Decision Making


In this decision scenario, the low-carbon innovation level  r  serves as an independent decision variable for the manufacturing firm, and the firm’s profit function is    π m  =   ( a + β r + μ s − λ  c z  + λ r θ )  2  / 16 λ − 0.5 k  r 2   . According to the first-order optimization condition, by setting   ∂  π m  / ∂ r = 0  , the optimal low-carbon innovation level is obtained as shown in Equation (5).


   r *  =     β + λ θ     a + μ s − λ  c z      8 λ k −   ( β + λ θ )  2     



(5)







It is easy to prove that when   k <       β + λ θ    2    8 λ    ,    π m    takes on a minimum value at    r *  ,   and when   k >       β + λ θ    2    8 λ    ,    π m    takes on a maximum value at    r *   .



According to the range of values of  r  in Equation (4) and considering that   r ≤ 1  , by analyzing the conditions required for  r  to take on its maximum value under different values of  a  and  k , it can be concluded that  r  has four stationary values:    r 1  =   λ  c z  −   a + μ s     /   β + λ θ   ;      r 2  =   3   a + μ s   + λ  c z    /   λ θ − 3 β   ;      r 3  = 1 ;      r 4  =     β + λ θ     a + μ s − λ  c z      / [ 8 λ k −   β + λ θ  ) 2     . Among them, due to   r =  r 1    and   r =  r 2   , the values of  p ,  q , and  ρ  are 0, so these two possibilities are discarded.



It is easy to prove that when either of the two conditions shown in Equation (6) is met,    π m    reaches its maximum value at   r = 1  ; when either of the two conditions shown in Equation (7) is met,    π m    reaches its maximum value at   r =  r 4   , where the values of K1, K2, and K3 are as follows.


         K 1  =   ( a + β + μ s − λ  c z  + λ θ )     β + λ θ    2    8 λ     β + λ θ   −   a + μ s − λ  c z               K 2  =     β + λ θ     a + μ s − λ  C z    +   ( β + λ θ )  2    8 λ          K 3  =     β + λ θ       λ θ − 3 β     a + μ s − λ  c z    +   3   a + μ s   + λ  c z      β + λ θ       8 λ   3   a + μ s   + λ  c z             











Further analysis of Equation (6) shows that when either of the conditions in Equation (8) is met,    π m    reaches its maximum value at   r = 1  , and the corresponding product demand, sales price, and platform commission ratio are shown in Table 3. When either of the conditions in Equation (9) is met,    π m    reaches its maximum value at   r =     β + λ θ     a + μ s − λ  c z      8 λ k −   ( β + λ θ )  2     , and the corresponding product demand, sales price, and platform commission ratio are shown in Table 4.


        max     λ θ − 3 β − 3 μ s − λ  c z   3  ,   λ  c z  − μ s − β − λ θ   < a < λ  c z  − μ s     a n d   k <  K 1        a ≥ λ  c z  − μ s     a n d   k <  K 2         



(6)






        max   λ  c z  − μ s ,   λ θ − 3 β − 3 μ s − λ  c z   3    < a     a n d   k >  K 2        λ  c z  − μ s < a <   λ θ − 3 β − 3 μ s − λ  c z   3      a n d   k >  K 3         



(7)






        λ  C z  − μ s − β − λ θ < a < λ  C z  − μ s     a n d         k <  K 1      i f   θ <   3 β + 4 λ  C z   λ        a ≥ λ  C z  − μ s   a n d       k <  K 2      i f   θ <   3 β + 4 λ  C z   λ        a >   λ θ − 3 β − 3 μ s − λ  C z   3        a n d       k <  K 2      i f   θ >   3 β + 4 λ  C z   λ         



(8)






        a ≥ λ  C z  − μ s     a n d         k >  K 2      i f   θ <   3 β + 4 λ  C z   λ        a >   λ θ − 3 β − 3 μ s − λ  C z   3      a n d       k >  K 2      i f   θ >   3 β + 4 λ  C z   λ        λ  C z  − μ s ≤ a <    λ θ − 3 β − 3 μ s − λ  C z   3        a n d       k  >  K 3      i f   θ >   3 β + 4 λ  C z   λ         



(9)







Based on the above analysis, the following two propositions are established.



Proposition 1. 

When   θ <   3 β + 4 λ  C z    / λ  , ➀   a ≥ λ  C z  − μ s  ,   k >  K 2   ; or when     λ  C z  − μ s ≤ a <   λ θ − 3 β − 3 μ s − λ  C z    / 3  , ➀   k > K   ➁   a >   λ θ − 3 β − 3 μ s − λ  C z    / 3  ,   k >  K 2   , under the dispersed decision-making scenario of the platform ecosystem, the optimal low-carbon innovation level of the manufacturing enterprise is   r =     β + λ θ     a + μ s − λ  C z      / [ 8 λ k −   β + λ θ  ) 2     .





Proposition 2. 

When   θ <   3 β + 4 λ  C z    / λ  , ➀   λ  C z  − μ s − β − λ θ < a < λ  C z  − μ s  ,   k <  K 1    ➁   a ≥ λ  C z  − μ s  ,   k <  K 2   ; or when   θ >   3 β + 4 λ  C z    / λ  , ➀   a ≥ λ  C z  − μ s  ,   k <  K 2   , the dispersed decision making of the platform ecosystem can promote the manufacturing enterprises to achieve decarbonization production.





Conclusion 1. 

In a dispersed decision-making system within the platform ecosystem, the achievement of decarbonization by manufacturing companies remains contingent on the cost of low-carbon technology falling below a certain threshold, regardless of the intensity of government subsidies or the size of the market. This conclusion aligns with the reality that, in order to effectively incentivize manufacturing companies to adopt decarbonization practices, the cost of low-carbon innovation must be markedly low. Otherwise, manufacturing companies will tend to opt for moderate low-carbon innovation. Furthermore, government subsidies can play a role in reducing the cost of low-carbon R & D for manufacturing companies and encouraging low-carbon innovation [50]. However, attaining the goal of decarbonization will likely prove difficult without significant subsidies, as reliance on the commonly employed short-term, specific subsidies alone is inadequate.






4.2. Centralized Decision Making


In centralized decision making, the industrial internet platform and manufacturing companies aim to maximize the system benefits, and the objective function of the platform ecosystem is as shown in Equation (10).


  π =   p −  C z  + r θ   q −  1 2  k  r 2  −  1 2  h  s 2   



(10)







Similar to dispersed decision making, it can be known that the low-carbon technology innovation level of the product can reach its maximum value or even the decarbonization of production, and it is required to meet the following conditions.



When either of the conditions in Equation (11) is met, the optimal low-carbon innovation level is   r = 1  , and the corresponding product demand, sales price, and platform commission ratio are the same as in Table 3. When either of the conditions in Equation (12) is met, the optimal low-carbon innovation level is   r =  r 5  =   3   β + λ θ     a + μ s − λ  C z      / [  8 λ k − 3     β + λ θ    2   ]  , and the corresponding product demand, sales price, and platform commission ratio are shown in Table 5.


         C z  − μ s − β − λ θ < a < λ  C z  − μ s   a n d   k <  K 1      i f   θ <   3 β + 4 λ  C z   λ        a ≥ λ  C z  − μ s   a n d   k <  K 2      i f   θ <   3 β + 4 λ  C z   λ        a >   λ θ − 3 β − 3 μ s − λ  C z   3    a n d   k <  K 2      i f   θ >   3 β + 4 λ  C z   λ         



(11)






        a ≥ λ  C z  − μ s   a n d   k >  K 2      i f   θ <   3 β + 4 λ  C z   λ        a >   λ θ − 3 β − 3 μ s − λ  C z   3    a n d   k >  K 2      i f   θ >   3 β + 4 λ  C z   λ        λ  C z  − μ s ≤ a <    λ θ − 3 β − 3 μ s − λ  C z   3    a n d   k  >  K 3      i f   θ >   3 β + 4 λ  C z   λ         



(12)







Based on the above analysis, the following two propositions are established.



Proposition 3. 

When   θ <   3 β + 4 λ  C z    / λ  , ➀   a > λ  C z  − μ s  ,   k >  K 2   ; or when   θ >   3 β + 4 λ  C z    / λ  , ➀   λ  C z  − μ s ≤ a <   λ θ − 3 β − 3 μ s − λ  C z    / 3  ,   k >  K 3    ➁   a >   λ θ − 3 β − 3 μ s − λ  C z    / 3  ,   k >  K 2   , in the centralized decision making of manufacturing enterprises, the optimal low-carbon innovation level can be achieved with   r = [  3   β + λ θ     a + μ s − λ  C z     ] / [  8 λ k − 3     β + λ θ    2   ]  .





Proposition 4. 

When   θ <   3 β + 4 λ  C z    / λ  , ➀   λ  C z  − μ s − β − λ θ < a < λ  C z  − μ s  ,   k <  K 1    ➁   a ≥ λ  C z  − μ s  ,   k <  K 2   ; or when   θ >   3 β + 4 λ  C z    / λ  , ➀   a >   λ θ − 3 β − 3 μ s − λ  C z    / 3  ,   k <  K 2   , in the centralized decision making of manufacturing enterprises, it can be achieved decarbonization production (    r = 1  ).





Conclusion 2. 

In a centralized decision-making system within the platform ecosystem, the achievement of decarbonization by manufacturing companies remains contingent on the cost of low-carbon innovation falling below a certain threshold, regardless of the intensity of government subsidies or the size of the market. This aligns with the dispersed decision-making scenario as the internalization of commission charges by the platform, while reducing costs within the ecosystem, still falls significantly short of the cost of low-carbon innovation, which remains the key determining factor. Therefore, it can be inferred that the cost of low-carbon technology must be relatively low for manufacturing companies to achieve decarbonization. Despite this, centralized decision making can still play a role in reducing costs within the ecosystem, allowing for the possibility of achieving decarbonization at relatively higher innovation costs in comparison to the dispersed decision-making scenario [51]. This highlights the potential for centralized decision making to promote decarbonization to a certain extent.






4.3. Comparative Analysis of Two Decision-Making Schemes


Proposition 5. 

When   θ <   3 β + 4 λ  C z    / λ  ,   a > λ  C z  − μ s  , ➀    K 2  < k < 3  K 2   , dispersed decision making will achieve a higher level of low-carbon innovation; ➁   k >  K 2   , centralized decision making will achieve a higher level of low-carbon innovation. When   θ >   3 β + 4 λ  C z    / λ  , centralized decision making will achieve a higher level of low-carbon innovation.





Conclusion 3. 

In the case of limited government subsidies, dispersed decision making is more conducive to increasing the level of low-carbon innovation among manufacturing companies when the market capacity is large and the difficulty of low-carbon technology innovation is low. On the other hand, when market capacity is large but the difficulty of low-carbon technology innovation is high, centralized decision making is more beneficial in improving the level of low-carbon technology innovation among manufacturing companies.





Conclusion 4. 

In the case of significant government subsidies, centralized decision making is more conducive to increasing the level of low-carbon technology innovation among manufacturing companies. Firstly, low-carbon innovation necessitates a substantial investment in terms of cost, and under conditions of limited government subsidies, manufacturing companies can only justify such investments and attain desirable returns when market capacity is substantial. In scenarios where market capacity is large and the cost of low-carbon innovation for manufacturing companies is relatively low, competition among companies for low-carbon innovation is heightened, resulting in a higher level of low-carbon innovation among manufacturing companies under dispersed decision making. Conversely, when market capacity is large but the cost of low-carbon innovation is also high, the difficulty and risk associated with independent low-carbon innovation for companies is substantial, and centralized decision making proves to be more advantageous for manufacturing companies’ low-carbon innovation efforts. Furthermore, when government subsidies are abundant, the risk associated with low-carbon innovation for manufacturing companies is significantly reduced, and market capacity becomes a less significant consideration. Centralized decision making can also aid in the sharing of costs among manufacturing companies, thus enabling a higher level of low-carbon innovation.





In the dispersed decision-making scenario, by analyzing the dependency of  r  on the related parameters, first, it is easy to calculate     ∂ r   ∂ β   =     a + μ s − λ  C z    [  8 λ k +     β + λ θ    2   ]     [  8 λ k −     β + λ θ    2   ]  2    > 0  ,      ∂ 2  r   ∂ β ∂ s   =   μ [  8 λ k +     β + λ θ    2   ]     [  8 λ k −     β + λ θ    2   ]  2    > 0  . Therefore, conclusion 5 is established.



Conclusion 5. 

The greater the low-carbon preference of user companies, the higher the level of low-carbon innovation among manufacturing companies. Additionally, the higher the quality of platform services, the greater the positive impact of user companies’ low-carbon preference on the level of low-carbon innovation among manufacturing companies. This is because as the low-carbon preference of user companies increases, manufacturing companies will inevitably strive to meet user demands and gain a competitive edge by implementing higher levels of low-carbon technology innovation.





Additionally, user companies with a strong low-carbon preference may lack understanding of low-carbon product information and struggle to find suitable low-carbon product suppliers. In this case, the involvement of the industrial internet is beneficial in improving these two situations [52]. When platform service quality is high, including pre-sales promotion and consultation of low-carbon products and post-sales guidance on usage, these services will make user companies more willing to connect with manufacturing companies on the platform [53], leading to a significant increase in the demand for low-carbon products within the platform ecosystem. Therefore, manufacturing companies will carry out more significant low-carbon innovation to meet this demand. Thus, the higher the quality of platform services, the greater the positive impact of user companies’ low-carbon preference on the level of low-carbon innovation among manufacturing companies.



Secondly, by analyzing the dependency of  r  on  θ  and  s , it can be known that:     ∂ r   ∂ θ   =   λ   a + μ s − λ  C z      8 λ k −     β + λ θ    2    +   2 λ   a + μ s − λ  C z        β + λ θ    2      [  8 λ k −     β + λ θ    2   ]  2    > 0  ,      ∂ 2  r   ∂ θ ∂ s   =   λ u   8 λ k −     β + λ θ    2    +   2 λ u     β + λ θ    2      [  8 λ k −     β + λ θ    2   ]  2    > 0  . Therefore, conclusion 6 is established.



Conclusion 6. 

The more government subsidies are provided, the higher the level of low-carbon innovation for manufacturing companies. Furthermore, the higher the quality of platform services, the greater the positive impact of government subsidies on the level of low-carbon innovation for manufacturing companies. Firstly, this is because when the government adopts subsidy policies for low-carbon innovation, manufacturing companies will carry out higher levels of low-carbon innovation in order to receive more subsidies. Secondly, when the quality of the platform’s services is high, the sales of manufacturing companies’ products will increase relatively, low-carbon products will be relatively more popular, making low-carbon innovation more profitable for manufacturing companies, and they will be more willing to engage in low-carbon innovation subjectively. Therefore, the government subsidy policy is more effective at this time.







5. Analysis of Results


The analysis results of the model are verified through numerical simulation. Firstly, the relationship between low-carbon innovation cost and low-carbon innovation level is analyzed under dispersed and centralized decision-making scenarios. The parameters   β = 0.6 ,   λ = 0.6 ,   θ = 0.5 ,   μ = 0.5 ,   s = 5 ,    C z  = 10   are the same, and for the five parameter settings of   a = 5   (---),   a = 8   (-+-),   a = 11   (—),   a = 14   (-.-),   a = 17   (…), the relationship between the low-carbon innovation level and low-carbon innovation cost of manufacturing companies is shown in Figure 2; for the five parameter settings of   a = 5   (---),   a = 6   (-+-),   a = 7   (—),   a = 8   (-.-),   a = 9   (…), the relationship between the low-carbon innovation level and low-carbon innovation cost of manufacturing companies is shown in Figure 3.



As can be seen from Figure 2 and Figure 3, the level of low-carbon technology innovation decreases as the cost of low-carbon technology innovation increases in both decision-making scenarios. Furthermore, when the cost of low-carbon technology innovation is the same, the greater the market capacity, and the higher the level of low-carbon technology innovation. Regardless of whether the market capacity is large or small, only when the cost of low-carbon technology is low can manufacturing companies achieve decarbonization. In comparison, centralized decision making is more likely to achieve decarbonization, as it can achieve decarbonization at a relatively higher innovation cost.



Secondly, the analysis examined the relationship between user enterprises’ low-carbon preferences and the level of low-carbon innovation under different platform service quality scenarios, wherein the parameters   k = 3 ,   λ = 0.6 , θ = 0.5 , μ = 0.5 , a = 5 ,  C z  = 10   are the same, and for the five sets of parameters   s = 5   (---),   s = 8   (-+-),   s = 11   (—),   s = 14   (-.-),   s = 17   (…), the relationship between the low-carbon innovation level of manufacturing companies and user enterprises’ low-carbon preferences is shown in Figure 4.



As can be seen from Figure 4, the level of low-carbon innovation among manufacturing companies increases with the increase in low-carbon preference among user companies. Furthermore, at the same level of low-carbon preference, the higher the quality of platform service, and the higher the level of low-carbon innovation among manufacturing companies. Additionally, it can be seen that the higher the quality of platform service, the greater the slope of the curve, that is, the higher the quality of platform service, the greater the positive impact of user companies’ low-carbon preferences on the low-carbon innovation of manufacturing companies.



Lastly, the relationship between the government subsidy coefficient and the level of low-carbon innovation among manufacturing companies was analyzed under different platform service quality scenarios. In this analysis, the parameters   k = 3 , β = 0.6 , λ = 0.6 , μ = 0.5 , a = 5 ,  C z  = 10   are all the same, and for the five parameter settings   s = 5   (---),   s = 8   (-+-),   s = 11   (—),   s = 14   (-.-),   s = 17   (…), the relationship between the level of low-carbon innovation among manufacturing companies and the government subsidy coefficient is shown in Figure 5.



As can be seen from Figure 5, the level of low-carbon innovation of manufacturing companies increases with the increase in government subsidy coefficients; given the same level of government subsidy coefficients, the higher the quality of service of the platform, the higher the level of low-carbon innovation of manufacturing companies. Additionally, it can be seen that when the quality of platform service is higher, the slope of the curve is greater, which means that the higher the quality of platform service, the greater the positive impact of government subsidy coefficients on the low-carbon innovation of manufacturing companies.




6. Conclusions


In recent years, the manufacturing sector has seen a growing trend towards low-carbon innovation as a means of enhancing the competitiveness of products. This top journal paper in Management presents a game model that examines the strategic interactions between two key decision-making entities: manufacturing enterprises and industrial internet platforms. The model takes into account factors such as user enterprises’ low-carbon preferences, government subsidies, and platform service quality. Through rigorous analysis, this paper yields valuable insights and conclusions on the subject matter.



	(1)

	
This study finds that for any given level of government subsidies and market demand, manufacturing companies will only be able to achieve decarbonization of production when the cost of low-carbon innovation is extremely low. This conclusion holds true in both centralized and dispersed decision-making scenarios. This highlights the challenging nature of achieving decarbonization of production for manufacturing companies with the current technology. Furthermore, as low-carbon technology advances and the cost of innovation decreases, it is expected that the level of low-carbon innovation among manufacturing companies will naturally increase. Thus, this study emphasizes the importance of investing in and promoting the advancement of low-carbon technology [54].




	(2)

	
This study examines the impact of government low-carbon subsidies on the level of low-carbon innovation achieved by manufacturing companies. We find that under conditions of minimal government subsidies, optimal low-carbon innovation can only be achieved if the market demand for low-carbon products is substantial. In these circumstances, dispersed decision making is more effective in promoting low-carbon innovation when the cost of innovation is low, whereas centralized decision making is more effective when the cost of innovation is high. Conversely, under conditions of substantial government subsidies, centralized decision making is consistently more effective in promoting low-carbon innovation, regardless of the cost of innovation. In summary, this study highlights the multifaceted nature of achieving high levels of low-carbon innovation for manufacturing companies, and the importance of efforts from the government, platforms, and other sectors of society in meeting internal and external conditions such as the enhancement of low-carbon preferences among user enterprises and terminal users, an increase in government subsidies, and the empowerment and support of industrial internet platforms.




	(3)

	
This study finds that a greater low-carbon preference among user enterprises leads to a higher level of low-carbon innovation among manufacturing companies. Additionally, we find that the higher the quality of service of the industrial internet platform, the greater the positive impact of user enterprises’ low-carbon preferences on the low-carbon innovation of manufacturing companies. This is due to the fact that a higher-quality platform service leads to increased sales of low-carbon products for manufacturing companies, reducing the risk associated with low-carbon innovation and resulting in increased profits. Given the critical role that market acceptance plays in the low-carbon innovation of manufacturing companies [55], this study suggests that industrial internet platforms should work to increase the transparency of low-carbon products, promote the social benefits of low-carbon products, and enhance trust and acceptance among user enterprises.




	(4)

	
The greater the government’s subsidies for low-carbon innovation, the higher the level of low-carbon innovation among manufacturing companies. The quality of service provided by industrial internet platforms also plays a role in amplifying the impact of government subsidies on the low-carbon innovation of manufacturing companies. In practice, some companies have a strong inclination towards low-carbon innovation and government subsidies play a significant role in promoting their low-carbon technology innovation. However, some companies may engage in low-carbon innovation primarily to take advantage of government subsidies [56]. The introduction of industrial internet platforms can increase the popularity of low-carbon innovative products, thereby increasing the subjective willingness of manufacturing companies to innovate and reducing the number of cases where companies are only motivated by government subsidies.







This research can bring the following management implications for the industrial internet platform and the manufacturing enterprises embedded within it:




	(1)

	
Manufacturing enterprises should embrace low-carbon technology innovation when the cost is low, as the trend towards green and low-carbon products drives consumer demand. By prioritizing low-carbon technology innovation, companies can ensure long-term viability and competitiveness, without exposing themselves to financial risk. In this era of environmental awareness, it is crucial for enterprises to proactively adopt low-carbon technologies and pursue de-carbonization, even when costs are low.




	(2)

	
For manufacturing enterprises, the pursuit of low-carbon technology innovation should be prioritized when government subsidies are strong or consumer preferences for low-carbon products are high. The availability of government subsidies can provide a cushion for manufacturing enterprises to invest in low-carbon technology innovation without having to worry excessively about the cost, thus avoiding financial stress. On the other hand, high consumer preferences for low-carbon products can drive enterprises to innovate in this area, lest they risk losing market share and hindering their development.




	(3)

	
In order to enhance low-carbon technology innovation within the industrial internet platform ecosystem, it is crucial to improve the quality of the platform’s service. A higher level of service quality will not only expand the impact of government subsidies and consumer preferences for low-carbon, but also facilitate the promotion of low-carbon technology innovation among manufacturing enterprises. Furthermore, a high standard of service quality will increase consumer recognition of manufacturing enterprises and their low-carbon products within the platform ecosystem.




	(4)

	
This study has several limitations. This paper considers manufacturing companies and industrial internet platforms as decision-making subjects and only examines dispersed and centralized decision-making scenarios. In the future, other scenarios should be considered, such as the altruistic behavior or fairness concerns of decision-making subjects, and a comparison of the optimal levels of low-carbon technology innovation and implementation conditions in other contexts. Additionally, future research could include the government as a decision-making subject to explore the optimal subsidy policy for promoting social welfare. Furthermore, future research could also include the quality of platform service as a decision variable to analyze the strategic decision making of industrial internet platform companies in the context of low-carbon innovation.













Author Contributions


Conceptualization, H.Z. (Hongxia Zhao), G.X., L.L., C.S. and H.Z. (Huijuan Zhao); methodology, H.Z. (Huijuan Zhao); software, G.X.; validation, H.Z. (Hongxia Zhao); formal analysis, H.Z. (Hongxia Zhao); investigation, G.X.; resources, H.Z. (Hongxia Zhao); data curation, G.X.; writing—original draft preparation, H.Z. (Hongxia Zhao), G.X. and L.L.; writing—review and editing, C.S.; visualization, H.Z. (Hongxia Zhao); supervision, H.Z. (Huijuan Zhao); project administration, H.Z. (Huijuan Zhao). All authors have read and agreed to the published version of the manuscript.




Funding


The General programs of the National Social Science Foundation of China: 17BGL027.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Special thanks to those who participated in the writing of this paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zou, C.; Huang, Y.; Wu, S.; Hu, S. Does “low-carbon city” accelerate urban innovation? Evidence from China. Sustain. Cities Soc. 2022, 83, 103954. [Google Scholar] [CrossRef]

	



Chuan, Z.; Qidong, G.; Min, Z.; Mingke, H. Multi-sectional three-party evolutionary game of emission reduction strategy in the OEM industry from the perspective of dual carbon: Territorial government vs. foreign enterprise brand. China Manag. Sci. 2022, 11, 1–13. (In Chinese) [Google Scholar]

	



National Academies of Sciences, Engineering, and Medicine. Pathways to Urban Sustainability: Challenges and Opportunities for the United States; National Academies of Sciences, Engineering, and Medicine: Washington, DC, USA, 2016. [Google Scholar]

	



Perissi, I.; Jones, A. Investigating European Union decarbonization strategies: Evaluating the pathway to carbon neutrality by 2050. Sustainability 2022, 14, 4728. [Google Scholar] [CrossRef]

	



Song, Q.; Liu, T.; Qi, Y. Policy innovation in low carbon pilot cities: Lessons learned from China. Urban Clim. 2021, 39, 100936. [Google Scholar] [CrossRef]

	



Du, Q.; Yan, Y.; Huang, Y.; Hao, C.; Wu, J. Evolutionary games of low-carbon behaviors of construction stakeholders under carbon taxes. Int. J. Environ. Res. Public Health 2021, 18, 508. [Google Scholar] [CrossRef]

	



Wang, T.; Song, Z.; Zhou, J.; Sun, H.; Liu, F. Low-Carbon Transition and Green Innovation: Evidence from Pilot Cities in China. Sustainability 2022, 14, 7264. [Google Scholar] [CrossRef]

	



Wang, J.; Zhou, Y.; Cooke, F.L. Low-carbon economy and policy implications: A systematic review and bibliometric analysis. Environ. Sci. Pollut. Res. 2022, 29, 65432–65451. [Google Scholar] [CrossRef]

	



Zhou, Z.; Nie, L.; Ji, H.; Zeng, H.; Chen, X. Does a firm’s low-carbon awareness promote low-carbon behaviors? Empirical evidence from China. J. Clean. Prod. 2020, 244, 118903. [Google Scholar] [CrossRef]

	



Lyu, X.; Shi, A.; Wang, X. Research on the impact of carbon emission trading system on low-carbon technology innovation. Carbon Manag. 2020, 11, 183–193. [Google Scholar] [CrossRef]

	



Xu, Y.; Ge, W.; Liu, G.; Su, X.; Zhu, J.; Yang, C.; Yang, X.; Ran, Q. The impact of local government competition and green technology innovation on economic low-carbon transition: New insights from China. Environ. Sci. Pollut. Res. 2022, 1–22. [Google Scholar] [CrossRef]

	



Zhang, W.; Zhang, M.; Wu, S.; Liu, F. A complex path model for low-carbon sustainable development of enterprise based on system dynamics. J. Clean. Prod. 2021, 321, 128934. [Google Scholar] [CrossRef]

	



Li, W.; Fan, J.; Zhao, J. Has green finance facilitated China’s low-carbon economic transition? Environ. Sci. Pollut. Res. 2022, 38, 57502–57515. [Google Scholar] [CrossRef]

	



Yu, C.; Wang, C.; Zhang, S. Advertising cooperation of dual-channel low-carbon supply chain based on cost-sharing. Kybernetes 2019, 4, 1169–1195. [Google Scholar] [CrossRef]

	



Zhang, Y.; Guo, C.; Wang, L. Supply chain strategy analysis of low carbon subsidy policies based on carbon trading. Sustainability 2020, 12, 3532. [Google Scholar] [CrossRef]

	



Zhang, X.; Ming, X. A comprehensive industrial practice for Industrial Internet Platform (IIP): General model, reference architecture, and industrial verification. Comput. Ind. Eng. 2021, 158, 107426. [Google Scholar] [CrossRef]

	



Li, H.; Li, X.; Liu, X.; Bu, X.; Li, H.; Lyu, Q. Industrial internet platforms: Applications in BF ironmaking. Ironmak. Steelmak. 2022, 49, 905–916. [Google Scholar] [CrossRef]

	



Li, J.; Zhou, Y.; Zhang, X.; Liu, S.; Li, Q. Assessment of Industrial Internet Platform Application in Manufacturing Enterprises: System Construction and Industrial Practice. IEEE Access 2021, 9, 103709–103727. [Google Scholar] [CrossRef]

	



Hao, R.; Cheng, Y.; Zhang, Y.; Tao, F. Manufacturing service supply-demand optimization with dual diversities for industrial internet platforms. Comput. Ind. Eng. 2021, 156, 107237. [Google Scholar] [CrossRef]

	



Zhang, X.; Ming, X.; Bao, Y.; Liao, X. Industrial Internet Platform (IIP) enabled Smart Product Lifecycle-Service System (SPLSS) for manufacturing model transformation: From an industrial practice survey. Adv. Eng. Inform. 2022, 52, 101633. [Google Scholar] [CrossRef]

	



Zhou, T.; Ming, X.; Chen, Z.; Miao, R. Selecting industrial IoT Platform for digital servitisation: A framework integrating platform leverage practices and cloud HBWM-TOPSIS approach. Int. J. Prod. Res. 2021, 1–23. [Google Scholar] [CrossRef]

	



Li, D.; Li, C.; Gu, R. Evolutionary game analysis of promoting industrial internet platforms to empower manufacturing SMEs through value cocreation cooperation. Discret. Dyn. Nat. Soc. 2021, 2021, 4706719. [Google Scholar] [CrossRef]

	



Liang, F.; Yu, W.; Liu, X.; Griffith, D.; Golmie, N. Toward computing resource reservation scheduling in Industrial Internet of Things. IEEE Internet Things J. 2020, 8, 8210–8222. [Google Scholar] [CrossRef]

	



Shi, R.; Cui, Y.; Zhao, M. Role of low-carbon technology innovation in environmental performance of manufacturing: Evidence from OECD countries. Environ. Sci. Pollut. Res. 2021, 28, 68572–68584. [Google Scholar] [CrossRef] [PubMed]

	



Pan, A.; Zhang, W.; Xie, Q.; Dai, L.; Zhang, Y. Do carbon emissions accelerate low-carbon innovation? Evidence from 285 Chinese prefecture-level cities. Environ. Sci. Pollut. Res. 2021, 28, 50510–50524. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Chen, M.; Yang, J.; Ying, L.; Niu, Y. Understanding Technological Input and Low-Carbon Innovation from Multiple Perspectives: Focusing on Sustainable Building Energy in China. Sustain. Energy Technol. Assess. 2022, 53, 102474. [Google Scholar] [CrossRef]

	



Li, F.; Xu, X.; Li, Z.; Du, P.; Ye, J. Can low-carbon technological innovation truly improve enterprise performance? The case of Chinese manufacturing companies. J. Clean. Prod. 2021, 293, 125949. [Google Scholar] [CrossRef]

	



Huang, L.; Wang, C.; Chin, T.; Huang, J.; Cheng, X. Technological knowledge coupling and green innovation in manufacturing firms: Moderating roles of mimetic pressure and environmental identity. Int. J. Prod. Econ. 2022, 248, 108482. [Google Scholar] [CrossRef]

	



Li, X.; Yang, Y. Does Green Finance Contribute to Corporate Technological Innovation? The Moderating Role of Corporate Social Responsibility. Sustainability 2022, 14, 5648. [Google Scholar] [CrossRef]

	



Świadek, A.; Gorączkowska, J.; Godzisz, K. Conditions driving low-carbon innovation in a medium-sized European country that is catching up–case study of Poland. Energies 2021, 14, 1997. [Google Scholar] [CrossRef]

	



Li, B.; Geng, Y.; Xia, X.; Qiao, D. The impact of government subsidies on the low-carbon supply chain based on carbon emission reduction level. Int. J. Environ. Res. Public Health 2021, 18, 7603. [Google Scholar] [CrossRef]

	



Gao, S.; Wang, C. How to design emission trading scheme to promote corporate low-carbon technological innovation: Evidence from China. J. Clean. Prod. 2021, 298, 126712. [Google Scholar] [CrossRef]

	



Chen, J.; Wang, X.; Shen, W.; Tan, Y.; Matac, L.M.; Samad, S. Environmental uncertainty, environmental regulation and enterprises’ green technological innovation. Int. J. Environ. Res. Public Health 2022, 19, 9781. [Google Scholar] [CrossRef] [PubMed]

	



Guan, H.; Zhang, Z.; Zhao, A.; Guan, S. Simulating environmental innovation behavior of private enterprise with innovation subsidies. Complexity 2019, 2019, 4629457. [Google Scholar] [CrossRef]

	



Fuli, G.; Foropon, C.; Xin, M. Reducing carbon emissions in humanitarian supply chain: The role of decision making and coordination. Ann. Oper. Res. 2020, 319, 355–377. [Google Scholar] [CrossRef]

	



Jian, J.; Li, B.; Zhang, N.; Su, J. Decision-making and coordination of green closed-loop supply chain with fairness concern. J. Clean. Prod. 2021, 298, 126779. [Google Scholar] [CrossRef]

	



Liu, Z.; Hu, B.; Lang, L.; Guo, H.X.; Sun, J.Y.; Florence, K. Research on carbon footprint reduction and smart pricing decision-making system of green energy consumption. Int. J. Environ. Pollut. 2021, 69, 261–276. [Google Scholar] [CrossRef]

	



Haghnegahdar, L.; Joshi, S.S.; Dahotre, N.B. From IoT-based cloud manufacturing approach to intelligent additive manufacturing: Industrial Internet of Things—An overview. Int. J. Adv. Manuf. Technol. 2022, 119, 1461–1478. [Google Scholar] [CrossRef]

	



Wang, P.; Luo, M. A digital twin-based big data virtual and real fusion learning reference framework supported by industrial internet towards smart manufacturing. J. Manuf. Syst. 2021, 58, 16–32. [Google Scholar] [CrossRef]

	



Wang, L.; Gao, T.; Zhou, B.; Tang, H.; Xiang, F. Manufacturing service recommendation method toward industrial internet platform considering the cooperative relationship among enterprises. Expert Syst. Appl. 2022, 192, 116391. [Google Scholar] [CrossRef]

	



Deng, T.; Qiao, L.; Yao, X.; Chen, S.; Tang, X. A Profit Framework Model for Digital Platforms Based on Value Sharing and Resource Complementarity. Sustainability 2022, 14, 11954. [Google Scholar] [CrossRef]

	



Xue, Z.; Cheng, S.; Yu, M.; Zou, L. Pricing models of two-sided markets incorporating service quality. Kybernetes 2019, 48, 1827–1850. [Google Scholar] [CrossRef]

	



Liu, X.; Jiang, N.; Fu, M.; Cai, Z.; Lim, E.T.K.; Tan, C.-W. What Piques Users’ Curiosity on Open Innovation Platforms? An Analysis Based on Mobile App Stores. Inf. Syst. Front. 2022, 18, 1–22. [Google Scholar] [CrossRef]

	



He, S.; Ma, Z. Service quality and price competition in crowdsourced delivery markets. Int. Trans. Oper. Res. 2023. [Google Scholar] [CrossRef]

	



Hui, X.; Chao, Y.; Yajun, W. Ecological “tree” source: Research on innovation diffusion mechanism of platform ecosystem–Comparative analysis of two cases of Kaos and iFLYTEK platform. Nankai Manag. Rev. 2022, 3, 1–21. (In Chinese) [Google Scholar]

	



Kaur, M.; Khan, M.Z.; Gupta, S.; Alsaeedi, A. Adoption of Blockchain With 5G Networks for Industrial IoT: Recent Advances, Challenges, and Potential Solutions. IEEE Access 2021, 10, 981–997. [Google Scholar] [CrossRef]

	



Zarbakhshnia, N.; Soleimani, H.; Goh, M.; Razavi, S.S. A novel multi-objective model for green forward and reverse logistics network design. J. Clean. Prod. 2019, 208, 1304–1316. [Google Scholar] [CrossRef]

	



Zhang, X.; Wu, D.; Zhao, X. Two-Step Pricing Decision Models for Manufacturer-Led Dual-Channel Supply Chains. Sustainability 2022, 14, 10005. [Google Scholar] [CrossRef]

	



Yang, M.; Wang, J. Pricing and green innovation decision of green supply chain enterprises. Int. J. Technol. Manag. 2021, 85, 127–141. [Google Scholar] [CrossRef]

	



Zhou, Y.; Rahman, M.M.; Khanam, R.; Taylor, B.R. The impact of penalty and subsidy mechanisms on the decisions of the government, businesses, and consumers during COVID-19—Tripartite evolutionary game theory analysis. Oper. Res. Perspect. 2022, 9, 100255. [Google Scholar] [CrossRef]

	



Cao, Q.; Xiao, Z.; Zhou, G. Waste emission reduction decision-making for industrial symbiosis chains in a competitive market considering environmental regulations. J. Ind. Manag. Optim. 2022. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhang, D.J.; Zhang, F. Information sharing on retail platforms. Manuf. Serv. Oper. Manag. 2021, 23, 606–619. [Google Scholar] [CrossRef]

	



Shen, L.; Fan, R.; Yu, Z.; Wang, Y. The Service Strategy and Influencing Factors of Online Recycling of Used Mobile Phones. Mathematics 2021, 9, 2690. [Google Scholar] [CrossRef]

	



Si, F.; Yan, Z.; Wang, J.; Dai, D. Dynamic Analysis of Duopoly Price Game Based on Low-Carbon Technology Sharing. Math. Probl. Eng. 2020, 2020, 1–18. [Google Scholar] [CrossRef]

	



Zhang, Z.; Yu, L. Altruistic mode selection and coordination in a low-carbon closed-loop supply chain under the government’s compound subsidy: A differential game analysis. J. Clean. Prod. 2022, 366, 132863. [Google Scholar] [CrossRef]

	



Li, M.; Jin, M.; Kumbhakar, S.C. Do subsidies increase firm productivity? Evidence from Chinese manufacturing enterprises. Eur. J. Oper. Res. 2022, 303, 388–400. [Google Scholar] [CrossRef]








[image: Sustainability 15 03555 g001 550] 





Figure 1. Theoretical mechanism diagram. 
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Figure 2. The relationship between low-carbon technology innovation cost and low-carbon technology innovation level in dispersed decision making. 






Figure 2. The relationship between low-carbon technology innovation cost and low-carbon technology innovation level in dispersed decision making.



[image: Sustainability 15 03555 g002]







[image: Sustainability 15 03555 g003 550] 





Figure 3. The relationship between low-carbon technology innovation cost and low-carbon technology innovation level in centralized decision making. 
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Figure 4. The relationship between low-carbon preference coefficient and low-carbon technology innovation level in centralized decision making. 
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Figure 5. The relationship between government subsidy coefficient and low-carbon technology innovation level in centralized decision making. 






Figure 5. The relationship between government subsidy coefficient and low-carbon technology innovation level in centralized decision making.



[image: Sustainability 15 03555 g005]







[image: Table] 





Table 1. Parameters and descriptions.






Table 1. Parameters and descriptions.





	Notation
	Description





	  a 
	Basic market capacity



	  p 
	Product sales price



	    C z   
	Unit production cost



	  q 
	Sales volume



	  r 
	Low-carbon technology innovation level



	  s 
	Platform service quality



	  k 
	Low-carbon technology innovation cost coefficient



	  h 
	Platform service cost coefficient



	  λ 
	Price sensitivity coefficient



	  β 
	Low-carbon preference coefficient



	  μ 
	Impact coefficient of platform service quality



	  ρ 
	Commission ratio per unit product



	  θ 
	Government subsidy coefficient



	   π m   ,    π p   
	Benefits of manufacturing enterprises, Benefits of platform
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Table 2. Solution result.






Table 2. Solution result.





	Definition
	Result





	Market capacity
	   q =   a + β r + μ s − λ  C z  + λ r θ  4   



	Selling price
	   p =   3 a + 3 β r + 3 μ s + λ  C z  − λ r θ   4 λ    



	Commission rate
	   ρ =   a + β r + μ s − λ  C z  + λ r θ   2 λ    



	Benefits of manufacturing enterprises
	    π m  =     ( a + β r + μ s − λ  C z  + λ r θ )  2    16 λ   −  1 2  k  r 2   



	Benefits of platform
	    π p  =     ( a + β r + μ s − λ  C z  + λ r θ )  2    8 λ   −  1 2  h  s 2   
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Table 3. Solution result (  r =  r 3   ).
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	Definition
	Result





	Market capacity
	   q =   a + β r + μ s − λ  C z  + λ r θ  4   



	Selling price
	   p =   3 a + 3 β r + 3 μ s + λ  C z  − λ r θ   4 λ    



	Commission rate
	   ρ =   a + β r + μ s − λ  C z  + λ r θ   2 λ    



	Benefits of manufacturing enterprises
	    π m  =     ( a + β r + μ s − λ  C z  + λ r θ )  2    16 λ   −  1 2  k  r 2   



	Benefits of platform
	    π p  =     ( a + β r + μ s − λ  C z  + λ r θ )  2    8 λ   −  1 2  h  s 2   
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Table 4. Solution result (  r =  r 4   ).
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	Definition
	Result





	Market capacity
	   q =   2 λ k   a − λ  C z  + μ s     8 λ k −   ( β + λ θ )  2     



	Selling price
	   p =     6 k − λ  θ 2  − β θ     a + s μ   +  C z    2 k λ −  β 2  − β θ λ     8 λ k −   ( β + λ θ )  2     



	Commission rate
	   ρ =   4 k   a − λ  C z  + μ s     8 λ k −   ( β + λ θ )  2     



	Benefits of manufacturing enterprises
	    π m  =   k   ( a + μ s − λ  C z  )  2    2 [ 8 λ k −   β + λ θ  ) 2       



	Benefits of platform
	    π p  =   8 λ  k 2    ( a + μ s − λ  C z  )  2      [ 8 λ k −   ( β + λ θ )  2  ]  2    −  1 2  h  s 2   
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Table 5. Solution result (  r =  r 5   ).






Table 5. Solution result (  r =  r 5   ).





	Definition
	Result





	Market capacity
	   q =   2 λ k   a + μ s − λ  C z      8 λ k − 3     β + λ θ    2     



	Selling price
	   p =     6 k − 3 λ  θ 2  − 3 β θ     a + s μ   +  C z    2 k λ − 3  β 2  − 3 β θ λ     8 λ k − 3     β + λ θ    2     



	Commission rate
	   ρ =   4 k   a + μ s − λ  C z      8 λ k − 3     β + λ θ    2     



	Benefits of manufacturing enterprises
	    π m  =   k     a + μ s − λ  C z     2  [  8 λ k − 9     β + λ θ    2   ]     [  8 λ k − 3     β + λ θ    2   ]  2     



	Benefits of platform
	    π p  =       a + μ s − λ  C z     2    {  3     β + λ θ    2  +   [  8 λ k − 3     β + λ θ    2   ]  2   }  2    8   [  8 λ k − 3     β + λ θ    2   ]  2    −  1 2  h  s 2   
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