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Market-based carbon cap-and-trade mechanisms play a pivotal role in reducing the carbon emissions of shipping logistics companies. Focusing on the issue of emission reduction investment in the competitive shipping logistics service supply chain (SLSSCs) under carbon cap-and-trade, this paper constructs a game theory model for emission reduction investment decision-making in the SLSSC, which comprises two participants-a shipping logistics service provider (SLSP) and a shipping logistics service integrator (SLSI)-discusses the equilibrium strategy of emission reduction investment based on optimization theory, and further explores the benefits of participating entities, consumer surplus, and social welfare under different emission reduction strategies. The findings indicate that: (1) a no-reduction investment strategy, a single-chain investment strategy, and a dual-chain investment strategy can each serve as equilibrium strategies, which are influenced by the interplay among the unit carbon emission trading price, the spillover effect of emission reduction investments, and the associated cost coefficient. (2) Both single-chain and dual-chain emission reduction strategies in the SLSSCs contribute to consumer surplus; however, their impact on social welfare is contingent on the SLSI’s cost coefficient for emission reductionn investments. (3) Under the single-chain equilibrium strategy, the spillover effect from the SLSI’s emission reduction investment has a favorable impact on returns for participants in the non-investing chain, consumer surplus, and social welfare, but adversely affectts returns for participants in the investing chain. Under the dual-chain equilibrium strategy, the spillover effect benefits both chains’ participants’ returns, consumer surplus, and social welfare. In addition, the SLSP’s altruistic inclination enhances participants’ returns, consumer surplus, and social welfare across all strategies.
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1 Introduction

In recent years, the global shipping industry has been undergoing a low-carbon transition, focusing on innovative measures for using clean energy, enhancing energy efficiency, and reducing emissions (Romano and Yang, 2021; Tadros et al., 2023). Aiming to reduce net greenhouse gas emissions by 55% by 2030 compared with 1990 levels, the EU Commission established the EU Emission Trading System, a mandatory system that seeks to control annual emissions in the EU region, operating on a “cap-and-trade” mechanism. The shipping industry was added to the EU Emission Trading System in January 2024, meaning that this industry also needs to follow the EU’s cap-and-trade rules for carbon emissions. Shipowners, operators, and service providers are now looking for ways to manage the impact of the regulations. With the EU taking the lead in monitoring emissions from the shipping sector, the International Maritime Organization set its own emission-reduction target at the MEPC 80 meeting, aiming to achieve net-zero emissions by around 2050. The carbon cap-and-trade mechanisms is characterized by its clear emission-reduction targets, relatively high efficiency, and low policy implementation resistance (Zhang and Yu, 2022; Yang et al., 2023). Hence, it has been widely adopted as an emission-reduction strategy in regions such as Europe, North America, and East Asia. As a market-oriented policy, the carbon cap-and-trade mechanisms has become an important strategy for limiting the CO2 emissions produced by companies, playing a dominant role in global emission reduction.

Meanwhile, the shipping industry has rapidly grown in tandem with technological advancements and the upgrading of business models. Information technology in shipping has continuously improved, with its logistics services moving toward high efficiency and intensification. The integrity and complexity of modern shipping logistics service outsourcing have increased. Various shipping logistics organizations cooperate based on shipping demand, forming a complete shipping logistics service system with multilevel supply-and-demand relationships, thus constituting a shipping logistics service supply chain (SLSSC). As a cross-enterprise organization, SLSSC is a new management model comprising different levels of shipping logistics service integrators (SLSIs) and shipping logistics service providers (SLSPs). It is a complex network that ensures the operation of shipping supply chains through shipping logistics services.

In SLSSC, SLSPs provide specific logistics services to SLSIs. SLSIs currently face increasing environmental protection demands from governments and consumers and are also affected by carbon emission restrictions and trading mechanisms. Among them, SLSPs (e.g., shipowners and ship operators) are the entities directly responsible for reducing greenhouse gas (GHG) emissions of ships. Thus, recognizing the urgency of transitioning to low-carbon practices, SLSIs actively pursue emission-reduction investment strategies. The emission-reduction investment strategies of SLSIs are influenced not only by upstream and downstream enterprises in SLSSC but also by horizontal competitors. On the one hand, when making emission-reduction investment strategies, two SLSSCs need to consider the potential spillover effects of their emission-reduction actions on external competitors. On the other hand, they need to ensure the continuous and stable operation of the supply chain. Upstream SLSPs might exhibit altruistic tendencies, which are prevalent in supply chains (Liu et al., 2018; Jia et al., 2022; Zhang and Yu, 2022; Meng et al., 2023), Altruistic preference refers to a situation where managers, when making decisions, consider not only their own interests but also the consequences for their cooperative partners. Such decision-makers are willing to support others in maximizing social welfare, enhance supply chain efficiency, and thereby elevate their own returns—ultimately realizing mutually beneficial outcomes. Maersk provides a prominent illustration of forward-looking collaboration: in 2018, the company helped Damco build a digital freight-forwarding platform to boost both parties’ competitive edge; in 2019, Maersk invested USD 30 million in the German freight forwarder Freight Hub to develop a digital platform to improve operational efficiency and reduce carbon emissions. Such altruistic behavior is mainly used to mitigate the emission-reduction investment pressure on SLSIs. In this circumstance, the goal of SLSPs is not to maximize their own profits but to maintain the sustainable development of the supply chain, balancing their own profits and those of SLSIs. There is currently no literature available, however, have considered emission-reduction investment in competitive SLSSCs with emission-reduction spillover effects and SLSPs’ altruistic preferences in the cap-and-trade context. To address these issues, this paper focuses on competitive shipping logistics service supply chains. Based on game theory and optimization theory, it analyzes the equilibrium emission reduction investment strategies for two shipping logistics service supply chains under the scenarios of emission reduction spillovers by shipping logistics integrators and altruistic preferences of shipping logistics providers. Furthermore, it compares the participant profits, consumer surplus, and social welfare under different emission reduction strategies to explore the optimal equilibrium strategy. This study mainly addresses the following questions:

	(1) Based on different emission-reduction investment strategies in SLSSCs, how should SLSPs and SLSIs determine the optimal prices and quantities? How should the government optimize free carbon allowances to improve social welfare?

	(2) How do different emission-reduction investment strategies affect the earnings of SLSPs, SLSIs, and their supply chains? What is the equilibrium strategy achieved by two SLSSCs?

	(3) How do the spillover effects of SLSI emission-reduction investments and SLSPs’ altruistic tendencies jointly influence supply chain participants’ profits, consumer surplus, and overall social welfare?



Building on the preceding analysis, this study develops an emission-reduction investment decision model for two SLSSCs that captures both the spillover effects of SLSIs’ emission-reduction investments and SLSPs’ altruistic preferences. By examining multiple equilibrium strategies, we find that, under competitive conditions, carbon quota allocation is primarily influenced by the carbon emission trading price rather than by each SLSP’s position within the SLSSC. Furthermore, under different emission-reduction strategies, the decisions and resulting equilibrium strategies of SLSIs and SLSPs depend on the interplay among the unit carbon emission trading price, the spillover effects of the SLSIs’ emission-reduction investments, and the cost coefficients of these investments. The main contributions of this study are as follows: (1) For two competitive SLSSCs, we derive the optimal pricing and decision-making variables under no-investment, single-chain investment, and dual-chain investment models, indicating that under various strategies, returns for the SLSI, the SLSP, and the overall supply chain are shaped by the inherent relationships among the unit carbon emission trading price, the spillover from the integrator’s emission-reduction investment, and associated cost coefficients. (2) We further investigate and determine the optimal initial free carbon emission quota for the SLSI, showing that it is largely dictated by the unit carbon emission trading price in the carbon market, irrespective of a participant’s position. (3) Lastly, we examine how the three investment strategies affect the performance of the two competitive SLSSCs, proposing differentiated investment strategies for SLSIs and SLSPs, thus enabling flexible formulation and adjustment of emission-reduction strategies under varying market conditions.

The rest of this paper is organized as follows. Section 2 reviews the literature. Sections 3 and 4 provide the model assumptions and develop the basic no-investment model, single-chain emission-reduction investment model, and dual-chain emission-reduction investment model within the context of China’s SLSSCs. Section 5 analyzes the effects of the three investment models on the earnings of providers, SLSIs, and the two SLSSCs overall. Section 6 examines the effects of optimal decisions in competitive SLSSCs on consumer surplus and social welfare. Section 7 describes the simulation and sensitivity analysis. Section 8 concludes with management insights and directions for future research.




2 Literature review



2.1 Research on coordination of SLSSCs

Research on SLSSCs primarily falls into two categories. The first involves qualitative analyses of the operational mechanisms, cooperation models, and coordination mechanisms within SLSSCs. Studies by Bichou and Gray (2004); Song and Panayides (2008); Tongzon and Lee (2016), and Jiang et al. (2021), and Xu et al. (2024a) explore how different stakeholders in the shipping industry collaborate to enhance efficiency and service quality. These works examine the complexities of maritime logistics and the importance of integrating various services to optimize the supply chain. The second category encompasses quantitative analyses focused on the optimization and integration of shipping logistics service chains, including the selection and profit distribution among chain members. Lee and Song (2017), and Kim et al. (2021), and Xu et al. (2024b), and Xiao et al. (2024) utilize mathematical models and simulations to optimize logistics processes and improve the competitiveness of shipping companies. These studies address issues such as route optimization, cost reduction, and service level enhancement.

Despite extensive research, there is no universally accepted definition of an SLSSC. The terminology varies, including “shipping supply chain,” “shipping service chain,” “port transport chain,” and “maritime transport chain.” Talley and Ng (2013) introduced the concept of the maritime transport chain and conducted studies analyzing its components-maritime carriers, land carriers, ports, and shippers. They examined selection behaviors among these entities and evaluated port performance within the constructed maritime transport chain. Based on previous research, this paper defines the SLSSC, SLSPs, and SLSIs. The SLSSC refers to the network of enterprises and organizations involved in providing shipping logistics services from suppliers to end customers. It encompasses the full range of services involved in the maritime transportation of goods, including transportation, warehousing, loading and unloading, distribution, and other end-to-end services. SLSPs are enterprises that directly offer specific shipping logistics services, such as shipowners, ship operators, port operators, and transportation companies (Hingley et al., 2011). They are responsible for the actual transportation and handling of goods. SLSIs are enterprises that integrate various shipping logistics services to provide comprehensive solutions for customers. By coordinating and managing multiple SLSPs, they offer integrated logistics services; examples include international freight forwarders and fourth-party logistics (4PL) companies.

Environmental concerns have recently shifted research focus toward emission reduction in the shipping supply chain. Liu H. et al. (2023) developed a model involving ports and liner companies to assess the effects of carbon tax policies on emission-reduction technologies. They found that knowledge sharing and consumers’ green preferences significantly influence carbon emission benefits, yielding gains for both ports and liners. Mao et al. (2024) emphasized the shipping industry’s role in achieving carbon neutrality and meeting the temperature targets set by the Paris Agreement. They suggested potential solutions to the challenges posed by the EU’s maritime carbon emission trading system. Most research on SLSSCs focuses on single-chain coordination under normal conditions. However, interchain competition and government carbon policies are critical in real-world operations. Therefore, exploring coordination in competitive SLSSCs under carbon cap-and-trade mechanisms is necessary to offer managerial insights for sustainable development.




2.2 Research on competitive supply chain decisions

Under rapid economic globalization, supply chains have become critical determinants of the competitiveness of enterprises, industries, and even nations. Current research in this field can be categorized into two types. The first focuses on vertical integration and coordination within supply chains, and the second concerns the design of cooperative contracts within supply chains.

First, in competitive supply chain structures, the operational outcomes of enterprises can be significantly improved by selecting an appropriate equilibrium structure. Li et al. (2020) investigated structures with partially vertical integration in two competitive supply chains. Zhao H. et al. (2022) explored contract strategies for competitive supply chains under demand uncertainty. They found that manufacturers will adopt wholesale price contracts under scenarios of moderate price competition and high demand volatility. Conversely, when price competition and demand are relatively stable, revenue-sharing contracts are preferred. Second, regarding internal and external coordination contracts in competitive supply chains, some studies have investigated vertical channel contracts under chain-to-chain competition or asymmetric Nash bargaining models, focusing on buyback contracts, outsourcing contracts, and wholesale pricing. Xia et al. (2023) studied the effects of market competition intensity and consumers’ low-carbon preferences on equilibrium strategies and corporate profits, finding that intense competition reduced manufacturers’ emission-reduction efforts and negatively affected profits. Liu et al. (2023a) evaluated the equilibrium conditions of government subsidies, consumer trust, and competition intensity using a game theory model for two competitive manufacturers and one retailer. The results showed that equilibrium strategies with market effects exhibit “four highs”: high prices, high quantities, high profits, and high environmental benefits.

The Chinese Governments have implemented various carbon management policies to encourage supply chain enterprises to participate in carbon reduction activities. Such policies involve carbon taxes, carbon cap-and-trade mechanisms, and direct subsidies. Studies indicate that carbon emission trading mechanisms have stronger incentivizing effects (Sun and Yang, 2021; Zhao X. et al. (2022); Fan et al., 2023; Zhang et al., 2024). Many countries have identified the carbon cap-and-trade mechanisms as the main measure for controlling emissions from major carbon-emitting enterprises (Grubb, 2012; Zhang et al., 2016). Several researchers have explored supply chain emission reduction investments under carbon cap-and-trade schemes. Xu et al. (2017) investigated production and emission reduction decisions for a make-to-order supply chain consisting of manufacturers and retailers under such policies. Chen et al. (2021) analyzed how different trading mechanisms influence the optimal decisions of a power company that invests in conventional energy under a cap-and-trade framework for renewable energy. Zou et al. (2023), building on carbon quota trading systems and the effect of retailers’ risk aversion, employed variational inequality theory to develop a network equilibrium model that incorporates inventory-capacity constraints. Their findings suggest that, when retailers exhibit risk aversion, an increase in the risk-aversion coefficient lowers manufacturers’ carbon emissions and profits but raises product prices as well as retailers’ profits. Altruism is a social preference representing an irrational economic factor that influences decision-making. Some have incorporated altruistic preferences into studies of low-carbon and green supply chain management. Feng et al. (2021) examined retailers’ altruistic behaviors and designed a profit distribution mechanism for joint replenishment under the cap-and-trade policy. Moreover, a few studies have combined altruism with low-carbon investment in a supply chain. Jiang et al. (2024) considered consumers’ increased environmental awareness, which encourages competitive shippers to voluntarily disclose their carriers’ carbon reduction information. The equilibrium information disclosure strategies of competitive shippers were tested in that study.




2.3 Literature summary

This section has reviewed the research on emission-reduction investments in SLSSCs under carbon cap-and-trade mechanisms, mainly focusing on SLSSCs, competitive supply chain decisions, and emission-reduction investments under carbon cap-and-trade mechanisms. Existing studies of supply chain emission-reduction investments under cap-and-trade policies have mostly addressed vertical spillover effects between upstream and downstream entities, with limited exploration of horizontal spillover effects among competitive firms (Wang et al., 2021; Zhang and Zhang (2022); Mao et al., 2024). Although some studies have examined the effects of horizontal spillovers on emission-reduction strategies among competitive firms, systematic analyses of emission-reduction investments in SLSSCs in the cap-and-trade context are lacking. Additionally, many studies overlook the integration of cross-chain spillover effects and vertical altruistic behavior in SLSSCs, especially the interaction between these factors and their effects on emission-reduction decisions. This study, therefore, examines the competitive SLSSC structure, considering horizontal investment spillovers among SLSIs and the altruistic preferences of SLSPs within the chain. Furthermore, it considers the effects of emission-reduction investment spillovers and SLSPs’ altruistic behaviors on emission-reduction investments in competitive SLSSCs.





3 Problem description and assumptions

Under the carbon cap-and-trade mechanisms, this study models two SLSSCs with substitutable logistics services. Each supply chain consists of an SLSP and an SLSI. Within SLSSC  ( ), the SLSP offers one or more logistics services and sells these services to the SLSI at a wholesale price  . The SLSI then generates comprehensive logistics solutions by integrating logistics resources and sells the integrated services to logistics service demanders at a market price  . Under government-imposed carbon emission limits and trading policies, if the carbon emissions of two SLSIs exceed the stipulated quotas, they can purchase carbon emission allowances in the carbon trading market. Conversely, if an SLSI has surplus emission quotas, it can sell these excess allowances to other enterprises in need. To comply with carbon emission constraints, SLSIs can choose to invest in green, low-carbon solutions or technologies to reduce emissions, or they can purchase the necessary allowances through the carbon trading market. Assume that two SLSIs exhibit similar investment efficiency. Their efforts in emission-reduction investment might lead to emission-reduction spillover effects owing to knowledge diffusion or transfer. Furthermore, when focusing on their own interests, SLSPs consider the revenue of SLSIs to ensure the stability of SLSSC and avoid disrupting cooperation owing to high investment costs. SLSPs with altruistic preferences can alleviate the pressure on SLSIs in emission-reduction investments, further incentivizing them to pursue low-carbon transformation.

This study explores a decision-making model for carbon emission-reduction investments in competitive SLSSCs while incorporating the altruistic preference of SLSPs and the technology spillover from logistics integrators. The specific decision process is as follows. First, the government maximizes social welfare and determines the specific carbon allowances for logistics integrators in two competitive SLSSCs. Second, each logistics integrator independently chooses whether to implement emission-reduction strategies and then determines optimal production levels and selling prices. Figure 1 shows the framework of the competitive SLSSC model developed in this study. Overall, there are four strategic combinations between logistics integrators in competitive SLSSCs: (1) Neither logistics integrator implements emission-reduction investments [i.e., no emission-reduction investment strategy (NN)]. (2) Only one logistics integrator conducts emission-reduction investments (i.e., single-chain emission-reduction investment strategy (YN)/(NY) with similarities, thus showing (YN) as a representative). (3) Both logistics integrators in the competitive SLSSC implement emission-reduction investments [i.e., dual-chain emission-reduction investment strategy (YY)]. Table 1 gives the corresponding details.




Figure 1 | Model of emission-reduction investment in competitive SLSSCs under carbon cap-and-trade mechanisms.




Table 1 | Parameter descriptions.



The parameters used in this study are described in Table 1.




4 Model formulation and solution

This section begins with the formulation of the baseline model without emission-reduction investment (NN), the single-chain emission-reduction investment model (YN), and the dual-chain emission-reduction investment model (YY). Then, optimal pricing and service decisions are solved for the two SLSPs and the two SLSIs under each of the three models. These solutions serve as the foundational basis for subsequent discussions relevant to the effect of emission-reduction investments by SLSIs. Based on the widespread application of linear demand functions in the operations-related literature (Liu et al., 2020; Dong et al., 2023), this study assumes that the market demands faced by two SLSSCs can be represented by   and   while  . In this equation,   stands for the maximum market demand for shipping logistics services,  ( ) is the degree of substitution between the two SLSSCs,   indicates completely nonsubstitutable,   represents partially substitutable, and   means totally substitutable.



4.1 Baseline model without emission-reduction investment (NN)

This section details the construction of a baseline model (NN) where neither of the two chains invests in emission reduction. The profit function of the SLSP within the supply chain can be expressed as follows:  ( ). This yields the corresponding profit functions for SLSSC 1 and SLSSC 2 as follows:





In Equations 1, 2, the first part calculates the service revenue of each SLSP, and the second part computes the service costs of each SLSP.

Similarly, the profit function of SLSIs in SLSSC can be written as   ( ). The profit functions of the SLSIs in the two SLSSCs are shown below:





In Equations 3, 4, the first part represents the sales revenue of each SLSI, and the second part represents the SLSI’s costs (or revenue) in purchasing (selling) insufficient (excess) carbon allowances in the carbon trading market.

In the preceding context, it is assumed that both SLSPs in the two SLSSCs have altruistic preferences. Based on the literature on altruistic preferences (Wang et al., 2021; Yu et al., 2024), the utility function expression for SLSPs in SLSSC is  . The utility functions of the SLSPs in the two chains are as follows:





In Equations 5 and 6, the first part gives the profit of the SLSP, and the second part gives the partial profit of the SLSI.




4.2 Single-chain emission-reduction investment model (YN)/(NY)

Since the two single-chain emission-reduction investment models (YN)/(NY) are almost identical, without loss of generality, this study solely discusses (YN), which supposes that the SLSI in SLSSC 1 implements emission-reduction investments while the SLSI in SLSSC 2 does not. In this scenario, the profit functions of the SLSPs in the two chains are as follows:





In Equations 7, 8, the first part represents the service revenue of the SLSP, and the second part represents the service cost of the SLSP.

Similarly, the profit functions of the SLSIs in the two SLSSCs can be written as follows:





In Equations 9, 10, the first part represents the sales revenue of the SLSI. The second part represents the costs (or revenue) of the SLSI in purchasing (selling) insufficient (excess) carbon allowances in the carbon trading market. Note that the third part of Equation 9 represents the expenditure cost of SLSI 1 for implementing emission-reduction investments.

Suppose the providers in both SLSSCs have altruistic preferences. The utility functions of the SLSPs in the two chains are as follows:





In Equations 11, 12, the first part represents the profit of the SLSP, and the second part represents a portion of the profit of the SLSI.




4.3 Dual-chain emission-reduction investment model (YY)

Regarding the dual-chain emission-reduction investment model (YY), the SLSIs in both SLSSCs implement emission-reduction investments. In this situation, the profit functions of the SLSPs in the two chains are expressed by the following equations:





In Equations 13, 14, the first part represents the service revenue of the SLSP, and the second part represents the logistics service cost of the SLSP.

Similar to the abovementioned expressions, the profit functions of the SLSIs in the two SLSSCs are as follows:





In Equations 15, 16, the first part represents the sales revenue of the SLSI. The second part represents the costs (or revenue) of the SLSI in purchasing (selling) insufficient (excess) carbon allowances in the carbon trading market. The third part of Equations 15 and 16 shows the expenditure costs of SLSI 1 and SLSI 2 for implementing emission-reduction investments.

Given the altruistic preferences of the providers in the two SLSSCs, the utility functions of the SLSP in the two supply chains are as follows:





In Equations 17, 18, the first part represents the profit of the SLSP, and the second part represents a portion of the profit of the SLSI.




4.4 Social welfare

This section explores the social welfare aspects of the above models with no emission-reduction investment (NN), single-chain emission-reduction investment (YN), and dual-chain emission-reduction investment (YY). It includes the social cost of initial carbon allowances allocated by the government, total revenues of the SLSPs in the two SLSSCs, total revenues of the SLSIs in the two SLSSCs, and consumer surplus. In consideration of cost convexity, and referring to previous studies, the square of the initial government carbon emission quota is perceived as the social cost while consumer surplus in the SLSSC market is as follows:



The expression of social welfare is



Under the carbon cap-and-trade policy, the decision sequence for competitive SLSSCs is as follows. First, the government sets the free carbon allowances for SLSI 1 and SLSI 2 ( ) to maximize social welfare. Second, SLSP 1 and SLSP 2 in the two SLSSCs independently set their individual wholesale prices per unit of logistics service   and   to maximize their utility. Third, based on government carbon allowances and wholesale prices per unit of logistics service set by the SLSPs, SLSI 1 and SLSI 2 independently decide whether to implement emission-reduction investments and set the unit sales prices   and   for logistics services to maximize their own profits. By searching for solutions in reverse order, the decisions of the SLSPs and SLSIs in the two SLSSCs can be obtained, as detailed in Theorem 1.

Theorem 1 Under the three emission-reduction investment models within the carbon cap-and-trade policy, the Table 1 in the Appendix shows the optimal logistics service prices for the SLSPs in the two SLSSCs ( ,  ), the optimal unit logistics service sales prices for integrators ( ,  ), and the optimal logistics service order quantities for integrators ( ,  ), where i = NN, YN, YY.

Proof: See the proof of Theorem 1 in the Appendix.




4.5 Initial optimal carbon allowance strategy from the government

Based on the optimal equilibrium solutions of the providers and integrators in the two SLSSCs shown in Supplementary Table 1, the Chinese government determines the optimal initial carbon allowances for the two SLSIs with the maximization of social welfare, as detailed in Proposition 1.

Proposition 1 The optimal carbon allowances freely allocated by the government to the SLSIs in the two SLSSCs can be expressed as  , where i = NN, YN, YY.

Proof: See the proof of Proposition 1 in the Appendix.

We can see in Proposition 1 that the government allocation of free carbon allowances to SLSIs in SLSSC is positively correlated with the unit carbon emission trading price ( ). In a competitive environment, when the government allocates carbon allowances, the unit carbon emission trading price in the carbon market is the main factor rather than the position of the allocation entities in SLSSC. As the unit carbon emission trading price increases, economic supply-and-demand theory suggests more indications. A higher unit trading price indicates that the demand for carbon allowances exceeds the current supply of carbon allowances. This means that enterprises do not have enough carbon allowances to fit their carbon emission constraints; thus, they will need to receive higher government-allocated carbon allowances or purchase additional allowances from the market to meet their emission targets. Since excessively high carbon trading prices could place a heavy burden on enterprises and affect the stable operation of the entire market, the government and regulatory authorities might need to relax policy measures to control price fluctuations. Measures could include adjusting the allocation of allowances and introducing offset mechanisms, among others. The purpose is to guide market expectations and promote innovation and development in the carbon trading market.





5 Comparative analysis of profits under different investment models

This section presents an analysis based on the government’s optimal allocation of free carbon allowances to compare the equilibrium solutions of three models: the baseline model without emission-reduction investment (NN), the single-chain emission-reduction investment model (YN), and the dual-chain emission-reduction investment model (YY). Furthermore, it analyzes the effects of these three investment modes on the profits of SLSPs, SLSIs, and the overall supply chain in the two SLSSCs.



5.1 Profits of SLSIs under different investment models

This section analyzes the profits of integrators under three investment models, (NN), (YN), and (YY), and studies the corresponding effects and interrelationships. It provides a basis for the SLSIs in the two SLSSCs to make optimal investment decisions, as detailed in Proposition 2.

Proposition 2

(1) If  , and  , the following expressions exist:

if  , then  ;

if  , then  ;

if  , then  ;

if  , then  ; and

if  , then  .

(2) If  , and  , the following expressions exist:

if  , then  ;

if  , then  ;

if  , then  ;

if  , then  ; and

if  , then  .

Proof: See the proof of Proposition 2 in the Appendix, with detailed expressions of  ,  ,  ,  ,  , and  .

The findings below can be obtained according to Proposition 2. Under different investment strategies, the profits of the SLSIs in the two SLSSCs are influenced by the interrelationship between the unit carbon emission trading price ( ), the spillover effect of emission-reduction investments by SLSIs ( ), and the cost coefficient of emission-reduction investments by SLSIs ( ). There are two coexisting constraint conditions for the three strategies, (NN), (YN), and (YY). In Proposition 2, (1) some SLSIs’ spillover effects of emission-reduction investments are high (  and  ). In Proposition 2, (2) the unit trading prices of some carbon emissions are low, and the spillover effect of emission-reduction investments by SLSIs is low (  and  ). When the unit trading price of carbon emissions is high, and the spillover effect of emission-reduction investments by SLSIs is low, only strategies YY and NN exist for SLSIs 1 and 2 while strategy YN does not exist.

Proposition 2 part (1) explores the scenario where the spillover effect of emission-reduction investments by SLSIs is high. If the emission-reduction investment cost coefficients of the two SLSIs are below the threshold   (i.e.,  ), the profits of the two SLSIs are optimal when adopting YY. When selecting YN, the profits of SLSI 1 are higher than those of SLSI 2, but both are less than those generated by strategy YY. The profits are the least when adopting strategy NN. Similar to  , if the emission-reduction investment cost coefficient of the SLSI is within the interval  , the best strategy for optimizing profits is YY while the strategy with the least profits is NN. However, the profits of SLSI 2 are higher than those of SLSI 1 under the single-chain emission-reduction investment strategy YN. This indicates that when the cost coefficient of the emission-reduction investments of SLSIs ( ) is less than a specific threshold ( )—that is, when the investment efficiency is high-the YY strategy will increase the profits of SLSIs 1 and 2. Meanwhile, the NN strategy can reduce the profits of SLSIs 1 and 2. As the investment cost coefficient further increases (i.e., investment efficiency further decreases), the profit of SLSI 1 gradually becomes lower than that of SLSI 2. When  , the profits of SLSIs 1 and 2 are optimal under strategy YY. However, profits are the lowest for SLSI 1 when adopting strategy YN or NN. When  , SLSIs have different optimal solutions. The profit of SLSI 1 is optimal under strategy YY but lower than that of SLSI 2 under strategy YN, and it is the lowest under strategy YN. The profit of SLSI 2 is optimal under strategy YN and the lowest under strategy NN. When  , the profit of SLSI 1 is optimal when adopting strategy NN and the lowest when adopting strategy YN. The profit of SLSI 2 is optimal when adopting strategy YN and the lowest when adopting strategy YY. This indicates that when the cost coefficient ( ) of emission-reduction investments by SLSIs is above a specific threshold ( )-that is, when investment efficiency is low-the single-chain emission-reduction investment strategy YN of SLSI 1 reduces its own profits, keeping it at the lowest level. By contrast, SLSI 2 benefits from the spillover effect of emission-reduction investment. Strategy YN increases the profit of SLSI 2. However, when investment efficiency decreases to a certain level, strategy YY reduces the profits of SLSIs 1 and 2. In summary, based on the symmetry of the emission-reduction investment model, when only one SLSSC chooses the emission-reduction investment strategy, it increases the profit of the SLSI in the investing chain while reducing that of the integrator in the no-investment chain. When both SLSSCs consistently choose the investment strategy, the profit of SLSIs is higher under the dual-chain investment strategy than under the no emission-reduction investment strategy.

Part (2) in Proposition 2 is different from part (1), which illustrates the situation of low unit trading prices for carbon emissions and low spillover effects of emission-reduction investments by SLSIs. If the emission-reduction investment cost coefficients of the two SLSIs are below the threshold  ( ), the profit of SLSI 1 is the highest under strategy YN and the lowest when adopting strategy NN. Regarding SLSI 2, strategy YY is the optimal strategy, and YN corresponds to the least profits. This shows that the single-chain emission-reduction investment strategy YN can increase the profit of SLSI 1 while decreasing that of SLSI 2. When the emission-reduction investment cost coefficients of the two SLSIs are within the interval  , the profit of SLSI 1 is the highest when adopting strategy YN and lowest when adopting strategy YY; the profit of SLSI 2 is the highest under strategy NN and lowest under strategy YN. Therefore, the emission-reduction investment strategy in SLSSC can increase the profit of SLSI 1 in the investment chain and decrease the profit of SLSI 2 in the no-investment chain. However, some conclusions differ from those in the interval  . Owing to the gradual decrease in investment efficiency, when the two SLSSCs have the same emission-reduction investment strategy, the profit is lower under strategy YY than under strategy NN. When  , the profit of SLSI 1 is the highest when adopting strategy YN and lowest when adopting strategy YY; the profit of SLSI 2 is the highest under strategy NN and lowest under strategy YY. We can see that the dual-chain emission-reduction investment strategy of SLSIs further reduces their profits. When the emission-reduction investment cost coefficients of the two SLSIs are within the interval   and  , the optimal strategy for both SLSIs is NN while YY is the least-preferred strategy. In other words, as the cost coefficient increases above a certain threshold ( ), strategy YY will reduce the profits of SLSIs 1 and 2. As investment efficiency gradually decreases, the profit of SLSI 1 under strategy YN becomes lower than that of SLSI 2.




5.2 Profits of SLSPs under different investment models

This section analyzes the profits of SLSPs under three investment models: the baseline model without emission-reduction investment, the single-chain emission-reduction investment model, and the dual-chain emission-reduction investment model. It examines the effect of different investment models on the profits of SLSPs, as detailed in Proposition 3.

Proposition 3

(1) If   and  , then  .

(2) If   and  , then  .

Proof: See the proof of Proposition 3 in the Appendix, with detailed expressions of  ,  ,  , and  .

Instructive information can be obtained from Proposition 3. The profits of the SLSPs in the two SLSSCs under different investment strategies are influenced by the interrelationship between the unit carbon emission trading price ( ) and the spillover effects of emission-reduction investments by SLSIs ( ). The coexistence of three strategies, (NN), (YN), and (YY), requires the following constraints. In Proposition 3 part (1), the spillover effect of emission-reduction investments by SLSIs is high (  and  ). In Proposition 3 part (2), the unit trading price of carbon emissions is low and with a low spillover effect of emission-reduction investments by SLSIs (  and  ). When the unit trading price of carbon emissions is high and the spillover effect of emission-reduction investments by SLSIs is low, only strategies YY and NN exist in the two SLSSCs while strategy YN does not exist. The conclusions are as follows.

Part (1) of Proposition 3 considers the scenario in which the spillover effect of SLSIs’ emission-reduction investments is high. When SLSP 1 adopts strategy YY, its profit is the highest, and it is the lowest when adopting strategy NN. Similarly, when SLSP 2 adopts strategy YY, its profit is the highest, and it is the lowest when adopting strategy NN. This indicates that the dual-chain emission-reduction investment strategy can increase the profits of SLSP 1 and SLSP 2 while the base model without emission-reduction investments will decrease their profits. Under strategy YN, SLSP 1’s profit is higher than SLSP 2’s, which shows that the single-chain emission-reduction investment strategy can increase the profit of SLSP 1 but decrease that of SLSP 2. According to the symmetry of the model, when only one SLSSC implements the emission-reduction investment strategy, the provider’s profit increases in the investment chain and decreases in the no-investment chain. When both SLSSCs implement the emission-reduction investment strategy, the dual-chain investment strategy results in higher profits for the providers than in the base model without emission-reduction investments.

Different from part (1) of Proposition 3, section (2) considers the scenario in which both the unit trading price of carbon emissions and the spillover effect of the SLSI’s emission-reduction investments are low. In this case, the profit of SLSP 1 is the highest when adopting strategy YN and the lowest when adopting strategy NN. Similarly, the profit of SLSP 2 is the highest when adopting strategy YY and the lowest when adopting strategy YN. This indicates that the single-chain emission-reduction investment strategy can increase the profit of SLSP 1 while decreasing that of SLSP 2. Conversely, the base model without emission-reduction investments can decrease the profits of both SLSSCs 1 and 2. Then, similar to part (1), when only one SLSSC implements the emission-reduction investment strategy, the provider’s profit increases in the investment chain and decreases in the no-investment chain. When both chains implement the emission-reduction investment strategy, the dual-chain investment strategy results in higher profits for the providers than in the base model without emission-reduction investments.




5.3 Analysis of the profits of SLSSCs under different investment models

This section analyzes the profits of SLSSCs under three investment modes: the baseline model without emission-reduction investment NN, the single-chain emission-reduction investment model YN, and the dual-chain emission-reduction investment model YY. The analysis includes the effect of different investment models on supply chain profits, as detailed in Proposition 4.

Proposition 4

(1) If   and  , then the following conclusions exist:

when  , then  ;

when  , then  ;

when  , then  ;

when  , then  ; and

when  , the  .

(2) If   and  , then the following conclusions exist:

when  , then  ;

when  , then  ;

when  , then  ;

when  , then  ; and

when  , then  .

Proof: See the proof of Proposition 4 in the Appendix, with detailed expressions of  ,  ,  , and  .

Part (1) of Proposition 4 considers the high spillover effects of emission-reduction investments by SLSIs. If the emission-reduction investment cost coefficient of SLSIs is below a certain threshold   (i.e.,  ), the total profits of SLSSCs 1 and 2 are the highest under strategy YY. When adopting the YN strategy, the total profit of SLSSC 1 is higher than that of SLSSC 2. The total profits of both SLSSCs 1 and 2 are lowest when adopting the NN strategy. Similar to the   scenario, if the emission-reduction investment cost coefficient is within the range of  , the total profits of the two SLSSCs are the highest when adopting strategy YY and the lowest when adopting strategy NN. However, under the single-chain emission-reduction investment strategy YN, the total profit of SLSSC 2 is higher than that of SLSSC 1. When the emission-reduction investment cost coefficient ( ) is below a specific threshold ( )-that is, when investment efficiency is high-the YY strategy will increase the total profits of SLSSCs 1 and 2. Conversely, the   strategy will decrease their total profits. Moreover, as investment efficiency further decreases, the total profit of SLSSC 1 gradually becomes lower than that of SLSSC 2. When  , the total profits of SLSSCs 1 and 2 are the highest when adopting strategy YY. However, the total profit of SLSSC 1 is the lowest when adopting strategy YN, and the total profit of SLSSC 2 is the lowest when adopting strategy NN. When   the total profit of SLSSC 1 is the highest under strategy YY and the lowest under strategy YN. The total profit of SLSSC 2 is the highest when adopting strategy YN and the lowest when adopting strategy NN. When  , the total profit of SLSSC 1 is the highest under strategy NN and the lowest under strategy YN. The total profit of SLSSC 2 is the highest when adopting strategy YN and the lowest when adopting strategy YY. In summary, when the investment cost coefficient is low (investment efficiency is high), strategy YY increases the profits of both SLSSC 1 and 2, but strategy NN reduces their profits. Moreover, as the investment cost coefficient increases (investment efficiency decreases), the profit of SLSSC 1 gradually becomes lower than that of SLSSC 2.

Different from part (1), part (2) in Proposition 4 considers the scenario in which both the unit trading price of carbon allowances and the spillover effect of emission-reduction investment by SLSIs are low. If the emission-reduction investment cost coefficient of SLSIs is below a certain threshold   ( ), the total profit of SLSSC 1 is the highest when adopting strategy YN and the lowest when adopting strategy NN. The total profit of SLSSC 2 is the highest under strategy YY and the lowest under strategy YN. This indicates that the single-chain emission-reduction investment strategy YN can increase the total profit of SLSSC 1 while decreasing the total profit of SLSSC 2. From Propositions 2 and 3, we can see that the single-chain emission-reduction investment strategy YN can increase the profits of both SLSI 1 and SLSP 1 in SLSSC 1 while reducing those of SLSI 2 and SLSP 2 in SLSSC 2. These findings suggest that implementing an emission-reduction investment strategy YN in only one SLSSC will increase the total profit of the chain that invests while reducing that of the chain that does not invest. When both SLSSCs have the same investment behavior-that is, YY or NN -the total profit under the dual-chain emission-reduction investment strategy YY is higher than that under the no emission-reduction investment strategy NN. When the carbon reduction investment cost coefficient of the SLSI lies within the interval  , the total profit of SLSSC 1 is the highest when adopting strategy YN and the lowest when adopting strategy YY. The total profit of SLSSC 2 is the highest when adopting strategy NN and the lowest when adopting strategy YN. Within this range, the single-chain emission-reduction investment strategy YN can also increase the profit of SLSSC 1 while reducing that of SLSSC 2. However, when both SLSSCs adopt the emission-reduction investment strategy YY, the total profit is lower than that under the no emission-reduction investment strategy NN. When the carbon reduction investment cost coefficient of the SLSI lies within the interval of either   or  , the total profits of both SLSSC 1 and 2 are the highest when adopting strategy NN and the lowest when adopting strategy YY. In the corresponding interval, the no-investment strategy NN can increase the total profits of SLSSCs 1 and 2 while the emission-reduction investment strategy YY decreases the total profit of both supply chains. However, under the single-chain emission-reduction investment strategy YN, when the emission-reduction investment cost coefficient of SLSSC 1 exceeds the threshold  , the total profit of SLSSC 1 is lower than that of SLSSC 2. Similar to Propositions 2 and 3, it is known that when the unit trading price of carbon emissions is high and the spillover effect of emission-reduction investment is low, SLSSCs 1 and 2 only have strategies YY and NN and do not have strategy YN.




5.4 Equilibrium investment decisions of SLSSCs

This section analyzes the game theory situation of emission-reduction investments by shipping and logistics integrators within SLSSCs, investigating the optimal equilibrium investment decisions of SLSSC 1 and SLSSC 2, as detailed in Proposition 5.

Proposition 5

(1) If   and  , when  , the equilibrium decision for the two SLSSCs is strategy YY; when  , the equilibrium decision is strategy YN; and when  , the equilibrium decision is strategy NN.

(2) If   and  , when  , the equilibrium decision of the two SLSSCs is strategy YY; when  , the equilibrium decision is strategy NN.

(3) If   and  , when  , the equilibrium decision of the two SLSSCs is strategy YY; when  , the equilibrium decision is strategy YN; and when  , the equilibrium decision is strategy NN.

Proof: See the proof of Proposition 5 in the Appendix.

Proposition 5 indicates that the optimal investment decision for equilibrium in SLSSCs 1 and 2 depends on the relationships among the unit trading price of carbon emissions ( ), the spillover effect of emission-reduction investments by logistics integrators ( ), and the cost coefficient of emission-reduction investments by logistics integrators ( ). Figures 2, 3 provide illustrations.




Figure 2 | Optimal investment when  . Figure 2 shows the equilibrium strategy of the scenario in which the spillover effect of emission-reduction investments by logistics integrators is low ( ). If the unit trading price of carbon emissions is low ( ), the strategic selection of the logistics integrators in the two competitive SLSSCs depends on the cost coefficient of emission-reduction investments by logistics integrators ( ). When the cost coefficient of emission-reduction investments by logistics integrators is in a lower range ( ), the equilibrium strategy for the two SLSSCs is YY, where logistics integrators in both chains choose to invest in emission reduction. The main reason is that the low spillover effect and high investment efficiency of emission-reduction investments enable logistics integrators to achieve higher profits during the emission-reduction process, thus encouraging them to choose the emission-reduction investment strategy.






Figure 3 | Optimal investment when  . Figure 3 shows the equilibrium strategies when the spillover effect of emission-reduction investments by logistics integrators is high ( ). The strategic choices of the integrators in the two competitive SLSSCs simply depend on the cost coefficient of emission-reduction investments by logistics integrators ( ). When the cost coefficient of emission-reduction investments by logistics integrators is in a lower range ( ), the equilibrium strategy for the two chains is YY. The reason is similar to that for the   scenario, where high investment efficiency enables integrators to achieve higher profits during the emission-reduction process, leading them to choose the emission-reduction investment strategy. When   increases to a specific range ( ), the equilibrium strategy is YN, where only one of the two SLSSCs chooses to invest in emission reduction. When   exceeds a certain threshold ( ), the equilibrium decision for the two chains is strategy NN. In other words, as investment efficiency continues to decline, logistics integrators in both SLSSCs will choose not to invest in emission reduction.



When the cost coefficient of emission-reduction investments by logistics integrators increases to a specific range ( ), the equilibrium strategy for the two SLSSCs becomes YN, where only one logistics integrator in chain 1 or 2 chooses to invest in emission reduction. This occurs when investment efficiency decreases to a certain extent, causing the profits from emission reduction for logistics integrators to be lower than the spillover benefits from competitors. Consequently, only one logistics integrator tends toward the emission-reduction investment strategy. When the cost coefficient of emission-reduction investments by logistics integrators exceeds a specific threshold ( ), the equilibrium strategy for the two SLSSCs is NN, where neither of the logistics integrators in chains 1 and 2 chooses to invest in emission reduction. This is mainly because the excessively low investment efficiency significantly increases the cost of emission-reduction investment for logistics integrators. Additionally, if the unit trading price of carbon emissions is high ( ), strategy YN does not exist. When the cost coefficient of emission-reduction investment by logistics integrators is in a lower range ( ), the equilibrium decision for the two SLSSCs is strategy YY. When the cost coefficient of emission-reduction investment by logistics integrators exceeds a specific threshold ( ), the equilibrium strategy is NN, where neither logistics integrator chooses to invest in emission reduction.

Corollary 1

This section explores the effect of the altruistic preference coefficient ( ) of SLSPs on the equilibrium strategic decisions of logistics integrators. The specific conclusions are as follows:

(1) If  , then  ,  .

(2) If   or  , then  . If   or  , then  .

Proof: See the proof of Corollary 1 in the Appendix.

According to Corollary 1, the altruistic preference coefficient ( ) of SLSPs in SLSSC affects the critical thresholds of the decision coefficients  ,  ,  , and   for the emission-reduction investment strategy of logistics integrators. Furthermore, the influence of the altruistic preference coefficient ( ) of SLSPs on the equilibrium strategies of logistics integrators can be determined. It is known that the threshold of the unit trading price of carbon emissions ( ) is a decreasing function of the altruistic preference coefficient ( ) of SLSPs. The reason is that the altruistic preference of SLSPs alters the original optimal decision-making process. A higher altruistic preference coefficient strengthens the operational efficiency of SLSSCs, enhances cooperation between logistics integrators and SLSPs, and facilitates carbon emission trading at higher efficiency levels. The threshold cost coefficients of emission-reduction investments   and   for logistics integrators are increasing functions of the altruistic preference coefficient ( ) of SLSPs. Additionally, when the altruistic preference coefficient ( ) of SLSPs is relatively low or high, the threshold cost coefficient of emission-reduction investment   is an increasing function of the altruistic preference coefficient ( ). The reasons are as follows. As the altruistic preference coefficient ( ) of SLSPs increases, logistics integrators need to consider the interests of SLSPs more when implementing emission-reduction investments. At the same time, logistics integrators will choose strategies more favorable to SLSPs to maintain ongoing cooperation. This further reduces investment efficiency, increasing the cost coefficient of emission-reduction investments for integrators.





6 Effect of equilibrium strategies under different investment models on social performance

This section analyzes the effect of the optimal equilibrium investment strategies of SLSSCs 1 and 2 on consumer surplus and social welfare, as detailed in Propositions 6 and 7.



6.1 Effect of equilibrium strategies under different investment models on consumer surplus

This part investigates consumer surplus under the equilibrium strategies with and without emission-reduction investments in the two SLSSCs. It analyzes the effect of equilibrium strategies under different investment models on consumer surplus.

Proposition 6

This section compares the effects of strategies (YY), (YN), and (NN) on consumer surplus. The following conclusions can be drawn:  ,  .

Proof: See the proof of Proposition 6 in the Appendix.

Consumer surplus under strategies YY and YN by SLSSCs 1 and 2 is higher than that under the strategy without emission-reduction investment NN. In other words, the emission-reduction investment strategies of SLSSCs can increase consumer surplus, showing a positive effect on consumers. This demonstrates that, in promoting emission-reduction investments by logistics integrators, SLSSCs have not adopted the approach of compensating for emission-reduction costs by raising the sales price of logistics services, which would harm consumer interests. Instead, they aim to protect consumer rights and increase consumer surplus. Therefore, SLSSCs and downstream consumers both hold a positive attitude toward this approach and are willing to accept and support emission-reduction investments by logistics integrators.




6.2 Effect of equilibrium strategies under different investment models on social welfare

This section explores social welfare under the equilibrium strategies with and without emission-reduction investment in the two SLSSCs. It analyzes the corresponding effect of equilibrium decisions under different investment models on social welfare.

Proposition 7

This section compares the effects of the strategies (YY), (YN), and (NN) on social welfare. The following conclusions can be drawn:

(1) when  , then  ;

(2) when  , then  ;

(3) when  , then  ; and

(4) when  , then  .

Proof: See the proof of Proposition 7 in the Appendix, with detailed expressions of   and  .

According to Proposition 7, the relationship between social welfare under strategies (YY), (YN), and (NN) and emission-reduction investments by SLSSCs 1 and 2 depends on the cost coefficient ( ) of emission-reduction investments by logistics integrators-that is, the investment efficiency of logistics integrators in the service supply chain. When the cost coefficient of emission-reduction investment ( ) by logistics integrators is below a certain threshold, indicating relatively high investment efficiency, social welfare levels are significantly higher under strategies YY and YN. In this situation, emission-reduction investments by SLSSCs can actively enhance social welfare. However, if the cost coefficient of emission-reduction investment ( ) exceeds the specified threshold, reflecting low investment efficiency, social welfare levels under strategies YY and YN will be lower than those under strategy NN. In this case, emission-reduction investments by SLSSCs not only fail to enhance social welfare but might even reduce it.





7 Case study

The Pearl River Delta region of China is at the forefront of the country’s reform and opening-up initiatives and serves as one of the world’s major manufacturing and trade hubs. This region holds a highly strategic position in the international shipping logistics chain. In recent years, driven by the growth in logistics demand from economic development, government policy support and guidance, the urgency of environmental protection, and increasingly stringent international emission reduction standards, shipping logistics enterprises in the Pearl River Delta have implemented effective emission reduction measures. These initiatives not only meet stricter environmental regulations but also actively explore green development pathways tailored to their operations, achieving a win-win outcome for economic benefits and social responsibility. This study selects the shipping logistics service supply chains in the Pearl River Delta as the focus of field research primarily due to the region’s representative business models, scale, and service scope, which effectively reflect common issues in the shipping logistics industry. This section aims to identify simulation parameters through field surveys and interviews, evaluate the application effects of different emission reduction investment strategies in actual business operations, and validate the effectiveness and practicality of the proposed maritime sustainable development strategy model.

This section takes an SLSSC company in the Pearl River Delta as a case study to confirm the reliability of the results. MATLAB is used for numerical simulation to analyze the sensitivity of the spillover effect of the emission-reduction investment   and altruistic preference coefficient   of SLSPs. Furthermore, it explores their effect on logistics integrators’ profits, logistics providers’ profits, consumer surplus, and social welfare. This section considers the following data: (1) the annual shipping logistics demand of the company  = 80 million*tons/kilometer; (2) in SLSSC, the unit logistics cost  =40 yuan/ton*kilometer; (3) the initial unit carbon emission  =100 grams/ton*kilometer; (4) the difference in unit carbon emissions between emission-reduction measures and traditional measures  =20 grams/ton*kilometer; (5) the unit trading price of carbon emissions  =0.1 yuan/kilogram (based on the latest carbon trading price in China); (6) the substitution intensity of SLSSC  =0.5; and (7) the cost coefficient of emission-reduction investments by logistics integrators  =0.5. When considering the spillover effect of emission-reduction investment  , assume the altruistic preference coefficient of SLSPs is  =0.4. When discussing the effect of the altruistic preference coefficient  , the spillover effect of emission-reduction investment is  =0.5.



7.1 Effect of spillovers from emission-reduction investments by logistics integrators

Based on the optimal equilibrium solutions of the basic model without emission-reduction investment NN-YN and YY for the single- and dual-chain emission-reduction investment models, respectively-this section compares the effects of the emission-reduction investment spillover effect of SLSIs ( ) on the profits of SLSPs, the profits of SLSIs, consumer surplus, and social welfare in the two SLSSCs.

This study explores the effect of investment spillover ( ) on the optimal profits of the SLSPs and integrators in the two supply chains, as shown in Figures 4–6.




Figure 4 | Effect of investment spillover ( ) on the profits of model NN.






Figure 5 | Effect of investment spillover ( ) on the profits of model YN.






Figure 6 | Effect of investment spillover ( ) on the profits of model YY.



Figure 4 shows that when the two SLSSCs choose a strategy without emission-reduction investment NN, the optimal profits of SLSPs and integrators in both supply chains are independent of the investment spillover effect.

Based on Figure 5, when the two SLSSCs choose a single-chain emission-reduction investment strategy YN, the optimal profits of SLSPs and integrators in the chain with emission-reduction investment are negatively correlated with the investment spillover effect ( ). Their optimal profits decrease as the investment spillover effect ( ) of the SLSI increases. By contrast, in the chain without emission-reduction investment, the optimal profits of providers and integrators are positively correlated with the investment spillover effect ( ), meaning their optimal profits increase as the investment spillover effect increases. This indicates that as the SLSI’s investment spillover effect ( ) increases, the single-chain emission-reduction investment strategy YN negatively affects the profits of firms in the chain implementing investment but positively affects those of firms in the chain not implementing investment.

Figure 6 shows that when the two SLSSCs choose the dual-chain emission-reduction investment strategy YY, the optimal profits of the SLSPs in both supply chains are the same, and their optimal profits are also the same. At this point, the optimal profits of both providers and integrators are positively correlated with the investment spillover effect ( ), meaning their optimal profits continuously increase as the investment spillover effect ( ) increases.




7.2 Effect of the altruism coefficient of SLSPs

This section compares the effect of the altruistic preference coefficient ( ) of SLSPs on providers’ and integrators’ profits, consumer surplus, and social welfare across three investment models in the two SLSSCs. This section examines the effect of the altruistic preference coefficient ( ) on the optimal profits of the providers and integrators in the two chains, as shown in Figures 7–9.




Figure 7 | Effect of the altruistic preference coefficient ( ) on the profits of model NN.






Figure 8 | Effect of the altruistic preference coefficient ( ) on the profits of model YN.






Figure 9 | Effect of the altruistic preference coefficient ( ) on the profits of model YY.



Based on Figures 7, 8, when the two SLSSCs choose the no emission-reduction strategy NN and the single-chain emission-reduction strategy YN, the optimal profits of SLSPs are negatively correlated with the altruistic preference coefficient ( ). However, the optimal profits of logistics integrators are positively correlated with ( ). This indicates that as the altruistic preference coefficient ( ) of SLSPs increases, their profits decrease while logistics integrators’ profits increase. In Figure 9, when the two SLSSCs choose the dual-chain emission-reduction investment model YY, the optimal profits of both logistics providers are the same, and the optimal profits of both logistics integrators are also the same. In this case, logistics providers’ optimal profits are positively correlated with the altruistic preference coefficient ( ) but lower than those in the NN and YN models. The optimal profits of logistics integrators are negatively correlated with ( ) and higher than those in the NN and YN models. The main reason is that in the dual-chain emission-reduction investment model YY, as logistics providers’ altruistic preference coefficient ( ) increases, logistics integrators need to consider the interests of the providers more when implementing emission-reduction investment. The logistics integrators tend to choose strategies that are more favorable to logistics providers to maintain the stability of SLSSC.




7.3 Research conclusions

Based on the above research results, this study’s main conclusions are summarized below.

(1) In a competitive environment, when the government allocates carbon quotas, the unit price of carbon emissions in the carbon market is the main factor. The position of participants in SLSSC is not crucial. This indicates that the government needs to allocate free carbon quotas to SLSIs in the supply chain based on carbon emission trading prices, thereby promoting innovation and development in the carbon trading market. Therefore, under the guidance and regulation of existing shipping emission reduction policies (Meng et al., 2022; Liu et al. (2023b), the government can establish a dynamic carbon quota allocation mechanism linked to market carbon prices. When carbon market prices consistently rise, the government can relax related carbon policies by increasing carbon quota allocations to maritime logistics enterprises, thereby alleviating cost pressures. Conversely, when carbon prices are low, reducing free quota allocations can incentivize enterprises to improve energy efficiency and adopt low-carbon technologies. These policies not only influence the behavior of participants in the shipping logistics service supply chain but also drive the entire industry toward more sustainable development.

(2) In contrast to the research conclusions on shipping and logistics emission reduction investment decisions derived from a single-enterprise or single-supply-chain perspective (Metzger and SChinas (2019); Shang et al., 2024), Under different investment strategies, the profits of SLSIs, SLSPs, and the overall supply chain in the two SLSSCs are influenced by the interrelationships among the unit price of carbon emissions in the carbon market, the spillover effects of emission-reduction investments by SLSIs, and the cost coefficients of emission-reduction investments by SLSIs. When investment spillover effects are low and carbon emission trading prices are high, since single-chain investment might not be an equilibrium strategy, SLSIs should seek cooperation with other SLSSCs to jointly invest in carbon reduction projects. This approach facilitates sharing the high costs of carbon emissions and exploring the establishment of industry alliances or collaborative mechanisms to collectively promote policy support. When investment spillover effects are low and unit carbon emission trading prices are low, or when investment spillover effects are high and SLSIs’ cost coefficients for carbon reduction investments are high, strategies should focus on cost control and efficiency improvement. This involves optimizing existing operational processes and asset utilization efficiency while actively seeking low-cost or innovative carbon reduction solutions. Suppose SLSIs’ cost coefficients for carbon reduction investments are moderate. In that case, they should adopt a single-chain investment strategy, selectively investing in carbon reduction projects with relatively short payback periods and high technological maturity to ensure economic benefits. A dual-chain investment strategy should be pursued if SLSIs’ cost coefficients for carbon reduction investments are low. This strategy encourages investment in carbon reduction projects by their own supply chains as well as their competitors or partners, facilitating rapid scalability and cost reduction per unit of carbon reduction. Leveraging spillover effects enhances the overall carbon reduction efficiency of the entire industry. This can not only help the shipping logistics service supply chain better adapt to increasingly stringent environmental requirements but also promote collaboration and innovation within the industry, ultimately achieving a win-win situation for economic benefits and environmental protection.

(3) In a competitive environment, the equilibrium investment decisions of SLSSCs also depend on the relationships among the unit price of carbon emissions, the spillover effects of emission-reduction investments by SLSIs, and the cost coefficients of emission-reduction investments by SLSIs. When faced with different cost coefficients for carbon reduction investments and carbon emission trading prices, SLSPs should adopt specific and actionable strategies. When the cost coefficient for the carbon reduction investments of SLSIs is high, they should initially refrain from large-scale investment. Instead, they should focus on improving the energy efficiency of existing assets and optimizing operational processes. This could involve optimizing route planning through data analysis, reducing idle time, and increasing loading rates to effectively reduce carbon emissions costs. When the cost coefficient for the carbon reduction investments of SLSIs is moderate, they should implement a single-chain investment strategy. This strategy involves identifying the most carbon-intensive processes, such as transportation or warehouse operations, and investing targeted funds in energy-saving and emission-reducing technology upgrades in those areas. When the cost coefficient for the carbon reduction investments of SLSIs is low, they should collaborate with competitors to establish a carbon reduction fund. This fund should be used to devote resources to cutting-edge emission-reduction technologies and infrastructure, such as green fuel storage and supply facilities and efficient energy management systems. By promoting effective emission-reduction technologies within the industry through knowledge sharing, SLSPs can accelerate the industry-wide transition to low-carbon operations.





8 Conclusions and insights

Against the background of carbon cap-and-trade mechanisms, this study constructs two competitive SLSSCs, each consisting of an SLSP and an SLSI that are mutually substitutable. First, based on game theory, this study considers no emission-reduction investment NN, single-chain emission-reduction investment YN, and dual-chain emission-reduction investment YY. It solves the optimal pricing and service decisions of SLSPs and SLSIs under these three models. Second, under the assumption of government-designed initial free optimal carbon quotas, this study analyzes the effect of the three emission-reduction investment modes on the profits of SLSPs, SLSIs, and the overall supply chain. It compares the effects of the no emission-reduction investment baseline model, single-chain emission-reduction investment model, and dual-chain emission-reduction investment model, deriving equilibrium solutions for the two competitive SLSSCs. Subsequently, this study further examines the effects of the optimal equilibrium emission-reduction decisions of SLSSCs on consumer surplus and social welfare. Finally, using practical examples, it examines the spillover effects of emission-reduction investments by SLSIs and the altruism coefficient of SLSPs on the profits of SLSSCs, consumer surplus, and social welfare.



8.1 Management insights

Based on the conclusions, this study addresses investment strategies for carbon reduction in competitive SLSSC environments. Management insights are offered with regard to governments, SLSIs, and SLSPs. First, regarding the government allocation of free carbon quotas, in a competitive environment, the government allocates carbon quotas to SLSIs based not on their position in SLSSC but on the unit carbon trading price in the maritime carbon market. Second, regarding SLSIs’ carbon reduction investment strategies, the equilibrium strategy choices of two competing SLSSCs are determined by the relationships among unit carbon emission trading prices, carbon reduction investment spillover effects of SLSIs, cost coefficients of carbon reduction investments, and altruistic preference thresholds. SLSIs should adopt differentiated investment strategies and flexibly formulate and adjust their carbon reduction investment strategies based on different market conditions. Finally, in terms of SLSPs’ carbon reduction investment strategies, even when the unit carbon emission trading price is low, both SLSIs might still choose to implement carbon reduction investment strategies. This depends on the cost coefficient for carbon reduction investments determined by the altruistic preference coefficient of SLSPs. These actionable strategies not only help shipping logistics service supply chains effectively address challenges posed by varying cost factors and carbon prices but also drive the entire shipping industry toward greater sustainability. Meanwhile, by enhancing internal management and external collaboration, shipping logistics enterprises can achieve emission reduction goals while maintaining their competitiveness.




8.2 Limitations and future work

This study has certain limitations. Future work could focus on two aspects. First, this study assumes that the SLSIs in the two SLSSCs have the same investment efficiency. In a competitive environment, however, SLSIs will typically continue to innovate emission-reduction measures. Therefore, future research should be extended to situations where the SLSIs in the two SLSSCs have different investment efficiencies in a competitive environment. Second, since emission-reduction investments in SLSSCs are often multiperiod behaviors, future research should extend the study to multiple periods and analyze the key characteristics of cross-period emission-reduction investments.
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