






	Computers, Materials & Continua
DOI:10.32604/cmc.2020.012557
	[image: images]



	Article
	





   




	[image: images]
	This work is licensed under a Creative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.




Financing Strategy of Low-Carbon Supply Chain with Capital Constraint under Cap-and-Trade Regulation

Changli Lu1, Ming Zhao1,2, Imran Khan3 and Peerapong Uthansakul4,*

1School of Economics and Management, Shanghai Maritime University, Shanghai, 201306, China
2School of Economics and Management, Pingdingshan University, Pingdingshan, 467000, China
3Department of Electrical Engineering, University of Engineering and Technology Peshawar, Peshawar, Pakistan
4School of Telecommunication Engineering, Suranaree University of Technology, Nakhon Ratchasima, Thailand
*Corresponding Author: Peerapong Uthansakul. Email: uthansakul@sut.ac.th
Received: 04 July 2020; Accepted: 26 July 2020

Abstract: Cap-and-trade regulation provides incentives for manufacturers to reduce carbon emissions, but manufacturers’ insufficient capital can disrupt the implementation of low-carbon emission reduction technologies. To alleviate capital constraints, manufacturers can adopt external financing for low-carbon emission reduction investments. This paper studies the independent financing and financing cooperation behavior in a supply chain in which the manufacturer and retailer first implement low-carbon emission reduction technologies and then organize production and sales in accordance with wholesale price contracts. Through comparing the optimal profits and low-carbon emission reduction levels under the independent financing and financing cooperation mode, we come to the following conclusions: (1) Although financing interest increases the cost of the supply chain, manufacturers prefer to invest in reducing carbon emissions rather than buying carbon quotas. (2) When financing independently, a decentralized decision-making mode (MD) is the best choice for manufacturers. (3) In cooperative financing, when the supply chain adopts a decentralized decision-making mode (SD) in which the retailer determines the financing cost-sharing ratio according to their optimal profit, the profits of the supply chain and its members are significantly improved. (4) When manufacturers and retailers adopt a centralized decision-making model (SC) in cooperative financing, they jointly determine the financing cost-sharing ratio and the level of low-carbon emission reduction. If the financing cost-sharing ratio meets a certain threshold range, the profits of manufacturers and retailers achieve Pareto improvement, indicating that this cooperative financing model is effective.
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1  Introduction

The emission of greenhouse gases represented by carbon dioxide threatens the sustainable development of humanity. Environmental degradation caused by economic development has become a key factor in formulating environmental policies [1]. The Kyoto Protocol, signed in December 1997, stipulated that more than 30 countries would achieve carbon reduction targets of 5.2% or higher between 2008 and 2012. Both the 2009 Copenhagen Agreement and the 2015 Paris Agreement pushed countries around the world to adopt quantitative and effective emission reduction plans by 2020 [2]. Many countries and regions have introduced emission reduction policies to encourage enterprises to implement low-carbon emission reduction technologies. Cap-and-trade regulation is the most accepted method because it enable authorities to control the redistribution and quantity of carbon emissions, which is critical to improving emission reduction performance and environmental sustainability [3].

Cap-and-trade regulation refers to the authority setting an upper limit on the initial carbon emission allowances of enterprises [4]. In the consumption stage, with growing public green awareness and consumer environmental awareness, corporate low-carbon products provide opportunities for market and demand expansion, and these products cause less damage to the environment or provide greater environmental benefits [5]. In China, the government requires companies to mark energy efficiency levels on household appliances, label “green food” on packaging, and provide subsidies for the purchase of new energy vehicles. These green consumption policies are adopted to guide consumers to purchase low-carbon products [6], which is also the main driving force for enterprises to implement low-carbon emission reduction. Manufacturers often experience long payment delays after delivering products to retailers, which leads to advances in production funds and financial constraints [7]. Although low-carbon products can reduce carbon trading costs and increase product prices, some enterprises choose not to take low-carbon production because the additional cost of low-carbon progressing is high [8].

Commercial bank financing is an effective way to solve manufacturers’ financial constraints [9]. For large enterprises with fixed assets such as land, plants, and equipment, financial institutions are usually willing to use them as guarantees to issue loans. However, many start-up and fast-growing companies do not have enough assets as guarantees for financing [10], so there is an urgent need for financial markets to provide innovative green guaranteed loans. However, due to the long payback period of low-carbon technology investment, manufacturers need to pay a certain amount of interest after obtaining these bank loans, which also brings some risks to manufacturers [11]. Compared with manufacturers financing from banks alone, supply chain members can achieve better performance if they cooperate in financing, which means that cooperation financing can improve the efficiency of the supply chain [12].

Based on management practices, our research considers a carbon-restricted supply chain consisting of a manufacturer and a retailer. By establishing a game model, the effects of different decision-making models on production, emission reduction, and profit are analyzed, and a cooperative financing model based on financing cost sharing in the supply chain is constructed, which also provides practical reference values for the supply chain enterprise capital risk management.

2  Literature Review

This paper is relevant to multiple streams of literature, three of which are most related to our research: A firm’s decisions under cap-and-trade regulation, the coordination of the low-carbon supply chain, and the financing decisions of a capital-constrained supply chain.

2.1 Firm’s Decisions under Cap-and-Trade Regulation

In terms of a firm’s low-carbon strategy decisions, Zhang et al. [13] considered the manufacturer’s strategy choices for adopting green technology and purchasing carbon credits, and investigated the manufacturer’s emission abatement decisions with three power structures. Ji et al. [14] discussed the O2O retail supply chain member’s emission reduction strategies, and compared the impact of benchmarking and grandfathering mechanisms on companies’ low-carbon decisions. After that, Yang et al. [15] examined the manufacturer’s channel selection and emission reduction decisions, and the results showed that carbon emissions are distinguished according to different sales channels, which provided useful insights for the supply chain and government. In the area of production decisions, Xu et al. [16] studied the production and pricing problem of manufacturing with multiple products, and they found that the optimal number of products is determined by the emission trading prices and the cap and tax rate. Meng et al. [17] considered product selection strategies of two competitive firms, and analyzed the effects of the power structure on low-carbon product selection. In the area of inventory decisions, He et al. [18] adopted an economic order quantity (EOQ) model to examine the firm’s production lot-sizing issues under cap-and-trade regulations. Using a mixed integer linear programming model, Purohit et al. [19] studied non-stationary stochastic inventory lot-sizing problems considering carbon cap-and-trade regulatory mechanisms. García-Alvarado et al. [20] explored the influence of environmental legislation on inventory control decisions.

The above studies discuss a firm’s choice of low-carbon strategy, production, and inventory under cap-and-trade regulation. These studies are all based on the assumption of sufficient capital and do not consider the financial constraints of the firm. Our research takes into account the importance of capital in the improvement of low-carbon technologies under cap-and-trade regulation, mainly focusing on low-carbon emission reduction decisions based on the financing background of capital-constrained manufactures.

2.2 The Coordination of the Low-Carbon Supply Chain

Many scholars have begun to pay more attention to the coordination mechanism of the low-carbon supply chain. Zhu et al. [21] adopted a multivariate analysis of variance (MANOVA) cluster analysis method to point out the importance of the supply chain’s cooperation in environmental protection. Xu et al. [22] adopted wholesale price and cost sharing contracts to coordinate the supply chain consisting of a manufacturer and a retailer. Similarly, Li et al. [23] devised revenue-sharing and cost-sharing contracts offered by retailers to encourage manufacturers to participate in low-carbon supply chains. Xu et al. [24] investigated the coordination decision in the dual channel supply chain. An improved revenue-sharing contract is designed to coordinate the supply chain under cap-and-trade regulation. Chen et al. [25] focused on firms’ green R&D cooperation behavior, evaluating the effects of green R&D cooperation on the economic, environmental, and social performances of the supply chain. Bai et al. [26] also proposed a revenue and investment sharing contract to coordinate the supply chain. The difference is, in this model, the upstream supplier provided two types of raw materials and the downstream manufacturer produced two products. Xu et al. [27] considered revenue sharing and two-part tariff contracts to coordinate the sustainable supply chain, and they proved that only the two-part tariff contract can lead to perfect coordination. In addition, Dai et al. [28] analyzed the two typical cooperative behaviors of the two supply chain members. Compared with the non-cooperative model, the cost-sharing contract brought more profits to the members and the supply chain.

This existing literature on supply chain coordination mainly focus on cost-sharing, revenue-sharing, and green R&D cooperation. Our model studies the problem of cooperative financing. For manufacturers with financial constraints, we design a financing cost-sharing mechanism with the participation of retailers to coordinate the low-carbon supply chain. Compared with the traditional share-sharing model, financing cost-sharing has a lower risk for supply chain members and can better achieve the coordination of low-carbon supply chain.

2.3 The Financing Decisions of a Capital-Constrained Supply Chain

Lai et al. [29] pointed out that many firms with heavy investment and low margin are capital-constrained. These firms need to finance their operations from external capital markets. Gong et al. [30] also found that a firm’s operational decisions are affected by their internal capital and ability to obtain external capital. They studied the dynamic inventory control for firms with limited capital and short-term financing. Some articles have examined the effect of different supply chain financing contracts. Dada et al. [31] studied the game between the capital-constrained retailer’s inventory decisions and the bank’s interest rate decisions, and presented a non-linear loan contract to coordinate the supply chain. Xiao et al. [32] considered the situation where downstream retailers have financial constraints and bank credit restrictions. Suppliers can borrow from banks and provide retailers with commercial credit financing. They discussed the supply chain coordination under revenue sharing contracts, repurchase contracts, and full-volume discount contracts. Green financing, which is closely related to our research, has also attracted scholars’ attention. Wang et al. [33] argued that green financing is an innovative financial model with environmental protection as the goal, which can achieve the organic combination of environmental protection and economic benefits. Fang et al. [34] studied a Green Supply Chain Financing (GSCF) system, and derived the financing equilibrium of the GSCF system under the green supply chain and hybrid financing. Yang et al. [35] considered a green supply chain with one manufacturer and two fund-restricted retailers, and then analyzed the impact of credit strategies on the performance of green supply chains. In addition, some scholars have explored financing decisions for capital-constrained [36] and risk-averse [37] supply chains.

There are three differences between this study and the above literature: Firstly, in our research, manufacturers are short of capital in low-carbon technology transformation rather than in production operations. Secondly, all the shortage of capital came from external financing, such as bank loans. Thirdly, we designed a cooperative financing model based on financing cost sharing that maximizes the benefits of the supply chain and its members.

3  Model Preparation

The supply chain in this paper is composed of one manufacturer and one retailer. Retailers purchase low-carbon products from manufacturers and sell them to consumers. Manufacturing low-carbon products can reduce carbon trading costs and increase product prices, but the capital-constrained manufacturers need external financing to implement low-carbon technology. Our model focuses on the financing strategy of the low-carbon supply chain under cap-and-trade regulation, finding the optimal cooperation model by comparing the profits, carbon emission reduction levels, and low-carbon product quantities of the supply chain under different financing cost sharing schemes.

The sequence of decision-making participants’ actions is divided into two stages. The first stage is financing and implementation of low-carbon technology. The optimal performance level of low-carbon technology is determined. The second stage is production and marketing. This is a Stackelberg game where the manufacturer determines the optimal wholesale price and the retailer determines the optimal production quantity to maximize their profits. The notations are described in Tab. 1.

Table 1: The parameters and definitions

[image: images]

Before presenting the model, we first articulate some assumptions:

Assumption 1. The supply chain adopts the MTO (make-to-order) model. The supply chain members do not consider factors such as inventory cost and out of stock loss in the process of production and sales. The quantity of low-carbon products and the retailer’s order quantity are equivalent to the market demand. MTO supply chain is widely used to study the decision-making behavior of enterprises [38]. It is easy for us to obtain analytical solutions to the problem, which can lead to more management insights.

Assumption 2. The implementation of a low-carbon emission reduction plan is a one-time investment with high cost, which is not related to the quantity of low-carbon products. Many scholars have applied the cost function of traditional technological innovation to calculate the cost of low-carbon emission reduction technology. In consideration of the previous literature [39,40], the emission cost is quadratic in the carbon emission reduction level. [image: images] efforts are paid to achieve carbon emission trading cost reductions.

Assumption 3. The manufacturer is capital-constrained, and all of the investment of carbon emission reduction technology comes from external financing and the loan capital, and financing cost [image: images] has to be paid at the end of the financing cycle. This paper takes no account of the financing risks and credit problems and considers that the manufacturer can obtain enough financing for technical improvement in production and can obtain enough funds for the payment of the principal and interest at the end of the sales cycle.

Assumption 4. Consumers’ awareness of environmental protection has gradually increased, and they are willing to pay higher prices for low-carbon products. The low-carbon level of a product is expressed as a demand enhancement factor in the linear demand function [41], so the price is positively correlated with the carbon emission reduction level, and defines the price function [image: images]. The definitions of parameters [image: images] and [image: images]are listed in Tab. 1.

Assumption 5. In our model, we depict the manufacturers’ low-carbon behaviors under the cap-and-trade regulation through the function [image: images], where [image: images] represents the carbon emission reduction per unit caused by low-carbon technological innovation. If [image: images], the initial carbon quota allocated by the government has not been used up and can be sold in the carbon trading market. Oppositely, if[image: images], the manufacturer needs to buy additional carbon quota in the carbon trading market.

4  Model Analysis

4.1 Manufacturer Independent Financing

We first analyze the situation of independent financing by manufacturers. The amount of financing is determined by the low-carbon emission reduction level. In our research, the determination of the low-carbon emission reduction level of the supply chain under the manufacturer’s independent financing model can be divided into three cases: The first is a centralized carbon emission reduction decision model that the level of low-carbon emission reduction is determined by maximizing the profit of the supply chain. The premise of this decision model is that the low-carbon emission reduction level e > 0. Because this model is carbon reduction cooperation between manufacturers and retailers, we must ensure that e ≠ 0. The second is a decentralized carbon emission reduction decision model in which manufacturers determine low-carbon emission reduction levels based on maximizing their own profits. The value of the low-carbon emission reduction level in this model is e ≥ 0. The third case is that there is no financing, manufacturers do not invest in low-carbon emission reduction technology, and the value of e is equal to zero, manufacturers should purchase additional carbon emission allowances for excessive carbon emissions.

When the manufacturer is financing independently, the profit functions of the retailer and the manufacturer are expressed as follows:

[image: images]

[image: images] is the retailer’s profit,[image: images] represents the price of the unit product, and[image: images] indicates the low-carbon premium due to consumer environmental awareness, which is the main motivation for manufacturers to implement low-carbon emission reduction technologies.

[image: images]

[image: images] is the manufacturer’s profit. This formula consists of three terms. The first term [image: images] represents the sales profit, the second term [image: images]is the carbon trading costs, and the third term [image: images]is the capital and interest costs for implementing low-carbon emission reduction technologies.

4.1.1 Centralized Carbon Emission Reduction Decision (MC)

In this model, we adopt the centralized decision mode to research low-carbon technology investment and financing decision, we use superscript MC to denote the centralized decision model for independent financing. The model consists of two stages.

The total profit of the supply chain is the sum of the profits of the manufacturer and the retailer:

[image: images]

The process of the centralized decision model can be described as follows:

[image: images]

The models are multi-stage games, and we can use backward induction to solve it. The optimal value of decision variables is obtained by solving the model as shown below.

Theorem 1. If [image: images], the supply chain optimal decisions under centralized decisions are shown as follows:
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Under equilibrium condition, the optimal profit of supply chain and the members are as follows:

[image: images]
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According to Theorem 1, we can obtain Lemma 1:

Lemma 1. The effects of the financing interest rate on the supply chain under centralized decisions are as follows:

 i)The optimal carbon emission reduction level [image: images] and the optimal quantity of low-carbon products [image: images] are negatively related to the financing interest rate r.

ii)When[image: images], [image: images]related to r. When [image: images], the optimal unit wholesale price [image: images]is negatively related to r.

4.1.2 Decentralized Carbon Emission Reduction Decision (MD)

As the manufacturer is paid to produce low-carbon technology costs, financing costs, and carbon transaction costs, centralized decisions that maximize the supply chain’s total profit are difficult to achieve in practice.

The process of the decentralized decision model is described as follow:

[image: images]

This is a Stackelberg game led by the manufacturer. We can also use backward induction to obtain the optimal value of decision variables in Theorem 2.

Theorem 2. If [image: images], the supply chain’s optimal decisions under decentralized decisions are shown as follows:
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The optimal profit of the supply chain and the members under a decentralized decision model are as follows:

[image: images]

[image: images]

[image: images]

4.1.3 Manufacturer Non-Financing Model

We assume that the manufacturers cannot obtain commercial loans. Due to financial constraints, low-carbon emission reduction technologies cannot be implemented, and low-carbon emission reduction level e = 0. We use the superscript N to indicate the manufacturer’s no financing model, which can be shown as follows:

[image: images]
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Theorem 3. The optimal profit of the supply chain and the members are as follows:[image: images],[image: images].

Lemma 2. Comparing to the optimal profits, we can obtain the following relationships:

[image: images], [image: images]

Lemma 2 compared the profits of the supply chain and its members under different decision-making modes. We can make the following conclusions:

1.The manufacturer has increased their profits after financing and implementing low-carbon emission reduction technologies. Under the no financing model (N), it is necessary for the manufacturer to purchase insufficient carbon allowances during the production process.

2.The profits of supply chain and the retailer are also increased after financing and implementing low-carbon emission reduction technologies.

4.2 Supply Chain Cooperative Financing

In this model, we assume that the retailer participates in the implementation and financing of low-carbon emission reduction technologies and shares the financing costs with the manufacturer. We create a coordination mechanism, where the parameter [image: images]([image: images]) represents the proportion of financing costs borne by the retailer. Similar to the previous section, we determined the low-carbon emission reduction level through centralized and decentralized decision-making models. Due to cooperative financing, we must ensure that the low-carbon emission reduction level e ≠ 0. In other words, whether the decision-making model is centralized or decentralized, low-carbon emission reduction technologies must be implemented. According to the determination of the optimal cost-sharing ratio, this section is divided into two cases: In the first case, the retailer determines [image: images]. We indicated it by superscript SD. In the second case, the manufacturer and retailer negotiate to determine [image: images], which is indicated by the superscript SC. Based on the above assumptions and parameters, the decision problem of supply chain coordination can be modeled as follows:

[image: images]

[image: images]

The total profit of the supply chain with cooperative financing is the sum of the profits of the manufacturer and the retailer:

[image: images]

4.2.1 Decentralized Carbon Emission Reduction Decision (SD)

In the previous section, we concluded that the optimal choice for manufacturer financing independently is decentralized decisions (MD). On this basis, we calculate the retailer’s optimal cost-sharing ratio. The process of the supply chain cooperative financing model is described as follows:

[image: images]

We use backward induction to obtain the optimal decision variable values and optimal profit under equilibrium conditions as follows:

Theorem 4. When [image: images], the supply chain’s optimal decisions under coordination decision are shown as follows:
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The optimal profit of supply chain and the members under supply chain coordination model are as follows:
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[image: images]

Lemma 3. Combined with the optimal decision of the manufacturer in the previous chapter, when manufacturers and retailers make independent decisions, the relationships of the profits of the supply chain under supply chain cooperative financing model (SD) and the manufacturer independent financing (MD) are as follows:

[image: images], [image: images]

Lemma 3 shows that, in the context of cooperative financing, the profits of the supply chain and its members have all increased. This also shows that the financing cost sharing mechanism has a Pareto improvement effect on the supply chain implementing low-carbon emission reduction technologies. However, under the consideration of rational participants, the optimal financing cost-sharing ratio and low-carbon emission reduction level are determined by retailers and manufacturers, respectively, which also results in the supply chain’s overall environmental performance and economic performance not being optimal. Therefore, we need to consider a cooperative mechanism that maximizes the profit of the supply chain and improves the profit level of the supply chain members under the background of cooperative financing.

4.2.2 Centralized Carbon Emission Reduction Decision (SC)

In this section, we assume that both manufacturers and suppliers have more specific consultations on financing cooperation mechanisms. The process of the SC model is described as follows:

[image: images]

In the first phase, manufacturers and retailers cooperate in financing. The retailer and the manufacturer jointly determined the financing cost-sharing ratio. In the second phase, manufacturers and retailers make wholesale and retail price decisions, respectively. This is a Stackelberg game similar to the previous section. We use backward induction to obtain the optimal decision variable values and optimal profit under equilibrium conditions as follows:

Theorem 5. If [image: images], the supply chain optimal decisions under centralized decision are shown as follows:
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The optimal profit of supply chain and the members under the supply chain coordination model are as follows:
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Lemma 4. For the supply chain’s total profits,[image: images]always exists. For the supply chain member’s profits,[image: images] and [image: images] when [image: images].

Lemma 4 shows that, under the cooperative financing model, adopting a centralized decision mode increased the total profits of the supply chain. That is to say, the SC mode has significant advantages over the SD mode from the perspective of the supply chain. The financing cost-sharing ratio [image: images] represents the contribution level of retailers to the low-carbon emission reduction of the supply chain. The level of this contribution also determines whether the profits of the supply chain members can increase. If the value of [image: images] is greater than a certain threshold (the derivation of the value range is in Appendix A), it will damage the retailer’s profit; otherwise, it will reduce the manufacturer’s profit. Therefore, we need to limit the value of [image: images] to a reasonable range to ensure that the profits of the manufacturer and the retailer have increased compared with the SD model, such that the members of the supply chain are willing to accept the SC mode.

Lemma 5. Comparing the optimal carbon emission reduction level in the four modes, we can obtain the relationships as follows:

[image: images]

Lemma 5 shows that the optimal low-carbon emission reduction level under the MC and SC models are the highest, and that a centralized decision model is conducive to improving the environmental level of the supply chain. The low-carbon emission reduction level in the MD mode is the lowest. This indicates that, when the manufacturer is independently financing, as the leader of the game in a decentralized decision model, in order to maximize their own profits, rational manufacturers will actively reduce the level of low-carbon technology and the product quantities in the supply chain. In this case, the level of low-carbon emission reduction in the supply chain is not brought to the maximum level, and the damage caused by carbon emissions to the environment has not been reduced to the minimum. The supply chain cooperative financing mechanism and centralized decisions have significantly increased the level of low-carbon emission reduction, which indicates that this coordination mechanism of financing cost sharing has a positive effect. Due to the complexity of the formula, we will compare the profits of the supply chain and the members in numerical analysis.

5  Numerical Analysis

In this section, a numerical analysis is conducted to illustrate the theoretical results and provide a theoretical basis for management practice. On the premise of meeting the constraints of the previous models, we estimate the parameters to verify the relationship between the parameters in the model, and show the impact of parameter changes on profits, carbon emission reduction levels, and wholesale price.

5.1 The Impact of Financing Interest Rates on Optimal Profits of the Supply Chain and Its Members

Subject to the relevant constraints in the previous chapter, the parameter settings used in this numerical analysis are as follows: [image: images]0.6. The interest rate r in this study is an exogenous variable, which is affected by the level of economic development and the policies of the authorities and financial institutions. We assume that the range of interest rates is [0,1]. Fig. 1 shows that the optimal profit of the supply chain is a decreasing function of interest rates. Under four decision modes, profits of the supply chain all decline as interest rates increase. Whether the manufacturer adopts independent financing or the supply chain implements cooperative financing, the total profit of the supply chain under the decentralized decision models, MD and SD, is always lower than that under the centralized decision models SC and MC, and the SC and MC curves completely coincide. Under a decentralized decision mode, the cooperative mode of financing cost sharing SD increases the overall profit of the supply chain and improves the performance level of the supply chain to a greater extent than MD, but it did not reach the profit level of the centralized decision models SC and MC. According to Fig. 1, we can conclude [image: images]. As the MC model is a benchmark, it is difficult to achieve in actual management practice; therefore, from the perspective of the overall supply chain, the optimal choice is the SC model.

[image: images]

Figure 1: The impact of financing interest rate on the profits of the supply chain

Fig. 2 shows the trend of the manufacturer’s profits when the financing interest rate fluctuates. In the case of independent financing by the manufacturer, the profits under decentralized decisions (MD) are always higher than those under centralized decisions (MC), which validates the conclusion of Lemma 2, the optimal decision of the manufacturer when independent financing is MD. Supply chain cooperative financing makes retailers contribute to low-carbon emission reduction. The retailer determines their own optimal financing cost-sharing ratio in the SD mode. This cooperation model makes the manufacturer’s profit increase, so manufacturers are willing to accept this coordination mechanism, which is consistent with the conclusion of Lemma 3. In addition, when r > 0.44, the manufacturer’s profit in the SC mode surpasses the other three modes and becomes the manufacturer’s optimal choice. This also shows that, when the financing interest rate increases, the SC model has a certain ability to resist risks. Fig. 3 shows the trend of the retailer’s profits when the financing interest rates are different. Under the MC decision mode, the retailer’s profit is the highest, but according to the analysis in the previous section, if the manufacturer adopts the MC decision mode, it will damage its own profits, so the MC decision mode will not be selected when the manufacturer independently finances. In cooperative financing, when the retailer adopts the SD model that determines the proportion of financing cost sharing based on its own maximum profit, its profit level exceeds the optimal decision-making model MD of independent financing. This is also the main motivation for retailers to participate in cooperative financing. When r < 0.73, the profit of retailers under the SC mode exceeds the profit under the SD mode, which shows that, in cooperative financing, the proportion of financing cost sharing is determined through coordination. When the interest rate is not particularly high, there is room for an increase in retailer profits.

[image: images]

Figure 2: The impact of financing interest rate on the profits of the manufacturers

[image: images]

Figure 3: The impact of financing interest rate on the profits of the retailer

5.2 The Impact of Different Decision Modes on Carbon Emission Reduction Level and Unit Wholesale Price

From an environmental perspective, interest expenditures caused by funding shortages have reduced low-carbon emission reduction levels. Fig. 4 shows that the low-carbon emission reduction level under a centralized decision model ([image: images]) is always greater than that under a decentralized decision model. The ultimate goal of the cap-and-trade regulation is to improve environmental benefits, and encourage companies to reduce carbon emissions as much as possible. The centralized mode makes the overall profit of the supply chain and the level of low-carbon emission reduction reach the optimum. Both environmental and economic benefits can be achieved. Considering that the centralized mode MC in independent financing can only be used as a benchmark, from the perspective of low-carbon emission reduction, the SC mode is the optimal choice for the supply chain. It can be seen in Fig. 5 that the carbon trading price [image: images] in the calculation example exceeds the threshold [image: images], so the optimal wholesale price is positively correlated with the interest rate, which is consistent with the conclusion of Lemma 1. Compared with the MD decision model, the wholesale price in the SD model has decreased, but it has not reached the minimum. After manufacturers and retailers decided to adopt the SC model, the wholesale price was reduced to be consistent with the benchmark price. The decline in wholesale prices means cost savings for retailers and increased competitiveness for manufacturers. From a price perspective, the SC model is the optimal decision for members of the supply chain. Fig. 6 shows that the quantity of optimal products decreases with rising interest rates, which is also in line with the conclusion of Lemma 1. When the manufacturer is financing independently, the optimal number of products using the MD mode is the lowest. In the context of cooperative financing, a decentralized decision model (SD) will increase the output of the supply chain, but it does not reach the optimal level. The SC mode further increases the optimal quantity of products, reaching the quantity of products under the MC mode as a benchmark. Therefore, from the perspective of increasing production capacity, SC is the optimal choice of the supply chain.

[image: images]

Figure 4: The impact of financing interest rate on the carbon emission reduction level

[image: images]

Figure 5: The impact of financing interest rate on the wholesale price

[image: images]

Figure 6: The impact of financing interest rate on the quantity of products

5.3 The Impact of the Financing Cost-Sharing Ratio

Subject to the relevant constraints, the parameter settings used in this numerical analysis are as follows: [image: images]0.5. In the centralized decision mode SC under the background of cooperative financing, [image: images] is jointly decided by manufacturers and retailers, and has no effect on the total profit of the supply chain and the level of low-carbon emission reduction. This section mainly analyzes the impact of [image: images] on the profits of manufacturers and retailers. As Fig. 7 shows, with the increase of the financing cost sharing coefficient [image: images], the profits of the manufacturer under model SC have increased significantly. The increase of [image: images] means that the retailer has taken on more responsibilities and reduces the burden on the manufacturer, so the profit will increase accordingly. Fig. 8 shows that the retailer’s profit is negatively correlated with the financing cost-sharing ratio [image: images], which reflects that the retailer’s profit shows a downward trend with the increase of [image: images]. By calculation, we can show that, if the value of the proportion of the cost-sharing financing meeting the conditions [image: images], regardless of the MC decision model which as a benchmark, the profits of retailers and suppliers in the SC model have reached Pareto improvement.

[image: images]

Figure 7: The impact of financing cost-sharing ratio on the profits of the manufacturer

[image: images]

Figure 8: The impact of financing cost-sharing ratio on the profits of the retailer

6  Conclusions

This paper studies the financing strategies of low-carbon emission reduction technologies for capital-constrained manufacturers under cap-and-trade regulation. When the manufacturer independently finances, it is divided into two decision modes: Centralized and decentralized. Under a centralized decision-making model, manufacturers and retailers determine the optimal decision based on maximizing the profit of the supply chain. Under a decentralized decision model, the optimal decision is determined based on the manufacturer’s own profit maximization. When the manufacturers and the retailer engage in cooperation financing, retailers bear part of the financing costs. We analyzed two cases: the share ratio is determined by the retailer, and the supply chain negotiation determines the share ratio. Finally, we used numerical analysis to compare the optimal profit, the low-carbon emission reduction level, and other decision variables.

There are some limitations in our research, some of which may provide guidance for our future research. First, in this study, only manufacturers are capital-constrained, and financing is used for low-carbon emission reduction technologies. In reality, there are still many other companies that are capital-constrained, and there may be capital requirements in production, wholesale, inventory, and logistics. It is interesting to study the impact of multiple participants’ financing behavior on operational decisions. Second, due to the uncertainty of the market environment, the risks of financing are widespread.
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