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Abstract


The rapid development of theoretical and practical innovations in corporate finance driven by supply chain finance has exacerbated the complexity of credit default risk contagion among supply chain enterprises. Financial risks in the supply chain greatly hinder its sustainable development; thus, strengthening financial risk management is necessary to ensure the sustainability of the supply chain. Based on the single-channel and dual-channel credit financing models of retailers in the supply chain, the purpose of this paper was to construct a model of the intensity of credit default risk contagion among supply chain enterprises under different credit financing models, and investigate the influencing factors of credit risk contagion among supply chain enterprises and its mechanism of action through a computational simulation system. The results were as follows: (1) there was a positive relationship between the production cost of suppliers and the contagion intensity of the supply chain credit default risk, and the contagion effect of the supply chain credit default risk increased significantly when both retailers defaulted on trade credit to suppliers; (2) the market retail price of the product was negatively related to the contagion intensity of the supply chain credit default risk, and the contagion intensity of the supply chain credit default risk increased significantly when both retailers defaulted on trade credit to the supplier; (3) the intensity of credit default risk contagion in the supply chain was positively correlated with both the commercial bank risk-free rate and the trade credit rate, and retailers’ repayment priority on trade credit debt was negatively correlated with suppliers’ wholesale prices and positively correlated with retailers’ order volumes, with retailers’ repayment priority positively affecting retailers’ bank credit rates and negatively affecting suppliers’ bank credit rates; and (4) retailers’ repayment priority on trade credit debt was negatively correlated with the intensity of supply chain credit default risk contagion, and the lower the retailer’s bank credit limit, the higher the trade credit limit, and the stronger the credit default contagion effect in the supply chain.
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1. Introduction


Supply chain finance is a product of the integration of supply chain operation and financial business due to their respective development needs, and is a financial service derived from supply chain management [1] (Lamoureux, 2007). With the rapid development of supply chain finance and its innovation, numerous complex financing models have been formed, among which bank credit and trade credit are the most frequently used and the most theoretically researched ways of financing supply chain enterprises. In reality, SMEs in the supply chain face strong financing constraints due to their low credit ratings, which make it difficult for them to obtain credit funds directly from banks [2]. To a certain extent, trade credit financing has solved the problem of financing difficulties for SMEs and has gradually replaced bank credit financing as the only financing channel for SMEs downstream of the supply chain [3,4]. Due to the special industrial transaction mode of supply chain enterprises, the enterprise association is more complex and close, and the relationship between upstream and downstream enterprises presents the characteristics of behavioral dependence, synergy and mutual benefit [5,6]. Upstream core enterprises will take the initiative to reduce production costs to ease the financing needs of downstream enterprises, in order to improve their own profitability and that of the supply chain as a whole [7,8,9]. However, the special interconnectedness between upstream and downstream enterprises in the supply chain often directly leads to credit risk contagion among supply chain enterprises. Once a credit crisis is triggered by certain enterprises, it can quickly spread to other related enterprises in the supply chain and even affect the stability of the entire supply chain and the economic system, thus triggering a crisis in the industry [10]. What are the credit financing models for upstream and downstream companies in the supply chain driven by supply chain finance? How does supply chain credit default risk develop and become contagious? What are the evolutionary characteristics of supply chain credit risk contagion? In light of the above considerations, this paper attempted to analyze the micromechanism of supply chain credit default risk based on the credit model of SMEs in the supply chain, and to portray the supply chain credit risk contagion mechanism triggered by retailers under different models of bank credit and trade credit. Commercial bank credit is the main and most common form of external financing in supply chain finance. SMEs in the supply chain can be guaranteed by core enterprises with sufficient capital and good credit and business conditions, thus reducing the credit risk assessment of commercial banks on SMEs and ultimately realizing the demand for bank credit financing [11]. The financing decisions of upstream and downstream supply chain enterprises for commercial bank credit are mainly determined by the operational characteristics of the supply chain [5,12,13]. For example, the financing of supply chain enterprises subject to financial constraints and applied to commercial banks for financial support in the form of inventory pledges and accounts receivable financing [14]. And, based on a game between commercial banks and supply chain operators, that in order to improve the overall operational efficiency of the supply chain, firms with capital problems must consider both the operational and financing decisions of supply chain firms [15]. Furthermore, suitable financing solutions can effectively stimulate retailers’ order volumes and achieve supply chain coordination [16]. In addition, retailers’ decisions are also influenced by the amount of their own capital in both bank credit and equity financing models, with retailers more likely to choose bank credit financing when the level of their own capital is high and to prefer equity financing when the level of capital is low [17,18].



The core of trade credit financing is designed to help SMEs in the supply chain to use their own commercial credit, to reach agreements with core companies. Short-term financing for SMEs is achieved through deferred payment, thereby alleviating the liquidity problems of SMEs [19]. The most typical type of supply chain trade credit finance is deferred payment between suppliers and downstream firms. Using the deferred payment covenant between supplier and retailer as a condition to construct a decision model under the trade credit model, changing the traditional financing model for the first time [20]. Comparing deferred payment financing with bank financing, we can discover that deferred payment financing is better than bank financing and that retailers are more likely to opt for multi-stage trade credit, ordering goods in small quantities and batches, in order to obtain higher trade credit facilities [21]. And, the duration of trade credit covenants between suppliers and retailers is positively related to order demand and increases the risk of retailer default, and there are optimal solutions for both suppliers’ and retailers’ financing decisions when the product is perishable [22]. Once trade credit is incorporated into an economic ordering model with a full backlog shortage (EOQ model), we can see that retailers’ order volumes increase when the allowable delay increases when they are unable to repay trade credit and have to pay additional interest when the credit term is exceeded [23]. This demonstrates how trade credit financing may help capital-constrained merchants solve their financing problems while also boosting the growth of supply chain businesses. With the rapid development and continuous innovation of trade credit financing, the advance financing strategy has become popular and is a common financing strategy adopted by capital-constrained suppliers, which eases the financial pressure of upstream companies through advance payment by downstream companies [24]. For example, prepayment financing plays a large role in alleviating suppliers’ financial constraints, and retailers’ optimal decisions vary widely with and without prepayment [25]. Advance payment mechanisms with risk compensation can alleviate suppliers’ financial difficulties in the face of productivity uncertainty, while revenue-sharing contracts can reduce double marginal effects to achieve supply chain coordination [26]. Existing research has found that APRCs are an effective way to address suppliers’ financial constraints. In addition, when deficits are large, an advance payment facility with risk compensation can be more profitable for both parties. When capital deficits are small, suppliers can also better manage bank loan financing.



Supply chain financing has largely solved the financial constraints and financing dilemmas of supply chain enterprises, but it has also deepened the degree of credit linkage among supply chain enterprises. Supply chain financing becomes a channel for credit risk contagion, which can be exacerbated when supply chain companies face unexpected circumstances or an unstable macroenvironment. Financial risks in the supply chain greatly hinder its sustainable development; thus, strengthening financial risk management is a necessary task to ensure the sustainability of the supply chain. The special interconnectedness of supply chain firms is a major factor in the creation of supply chain financial risk and an important channel for its transmission [27]. Credit risk arises from uncertainty changes in the transaction process due to external uncertainties, political policy changes and competitors. This requires supply chain companies to monitor and control the transaction process in advance to prevent the creation and contagion of supply chain finance credit risk. Besides, the trading partners of firms in the supply chain are a potential medium for credit risk contagion in supply chain finance. Trading partners with a poor credit standing tend to be more susceptible to supply chain financial credit risk contagion, which in severe cases may even cause a cluster default effect among supply chain firms [28]. In this regard, existing research has demonstrated that CVaR can be used to control default risk arising from trade credit [29]. In addition, the generation and contagion of credit risk in supply chain finance is affected by the characteristics of supply chain finance networks, and portrayed and measured the impact of supply chain finance network characteristics on the contagion effect of supply chain credit risk based on a Bayesian network model [30]. Furthermore, cascading failure models can accurately measure and validate the contagion of credit risk in supply chain finance networks [31]. And, trade credit insurance can help manufacturers expand sales and significantly reduce the risk of default for supply chain firms [32].



To sum up, the existing theoretical studies on supply chain finance mainly focus on the analysis of financing strategies and their influencing factors on various actors in the supply chain finance model, i.e., banks, suppliers, retailers and other participating actors. Few scholars have systematically studied supply chain credit risk contagion and its evolution mechanism from the perspective of the supply chain. According to the analysis above, this paper draws on the differences in supply chain credit risk contagion between single-channel and dual-channel credit financing models for retailers in the supply chain, and a model of the credit default risk contagion intensity of supply chain enterprises under different credit financing models was constructed. Moreover, with the help of MATLAB R2016b software, the evolutionary characteristics of retailer repayment priority on the decisions of various participants in supply chain credit financing, and on the intensity of supply chain credit default risk contagion, were analyzed. The contributions of this paper are as follows: (1) the association between the contagion effect of credit default risk in the supply chain and the influencing factors under the single-channel financing model of retailers was studied; (2) based on the retailer’s dual-channel financing model, a supply chain credit default risk contagion intensity model that considered the retailer’s repayment priorities was constructed; and (3) the impact of retailers’ repayment priority on supply chain credit financing decisions and the contagion effect of supply chain credit default risk was analyzed.



The second part of this paper portrays the contagion mechanism of the credit risk of supply chain enterprises under the single-channel credit model, proposes a theoretical model for the contagion of credit risk of supply chain enterprises under the single-channel credit model, and finally, simulates the contagion mechanism of supply chain credit risk and its evolution characteristics through computational simulation. In the third part, the contagion mechanism of credit risk of supply chain enterprises under the dual-channel credit model is reviewed, a theoretical model of the credit risk contagion of supply chain enterprises under the dual-channel credit model is proposed, and finally, the contagion mechanism of supply chain credit risk and its evolution characteristics are analyzed through computational simulation. The last part outlines the conclusions of this paper.




2. A Model of Supply Chain Credit Risk Contagion under a Single-Channel Credit Model


2.1. Model Assumptions and Notation


Assume a simple supply chain consisting of a supplier and multiple retailers, where the supplier is a core firm, the retailers are all SMEs, and multiple retailers order goods from the core firm at the same time. Assume that both the supplier and the retailer are financially constrained in their trading process, and are unable to produce and sell independently [33]. For suppliers located in the core enterprises with high profitability and corporate reputation, commercial banks can provide loans directly to them, while retailers who are SMEs cannot obtain financing directly from banks due to their own limitations, so they can consider applying for trade credit financing from the core enterprises in the supply chain to obtain financial support. At the beginning of the sales period, subject to funding constraints, retailer  i  applies for trade credit financing from a supplier at an interest rate of    r S   . After the supplier has determined the wholesale price  w , retailer  i  determines the order quantity    Q i    and the financing amount    T i  = w  Q i   . Similarly, a financially constrained supplier receives an order from a retailer and signs a loan agreement to obtain financing through a commercial bank in the amount of   M =   ∑  i = 1  n   c  Q i      where C represents the supplier’s marginal cost of production and r represents the bank loan rate. It is assumed that the supplier is sufficiently rational such that   M ( 1 +  r B  ) ≤   ∑  i = 1  n    T i    ( 1 +  r S  )  . The supplier receives the funding, organizes production and dispatches the product, which the retailer sells in the retail market at market price M. At the end of the sales period, all of the funds owned by the retailers flow back and repay the trade credit facility debt to the suppliers, who repay the bank credit facility debt. If market conditions are good and all retailers have sufficient funds to repay the principal and interest on the trade credit facility provided by the supplier, then the supplier will also be able to repay the bank credit facility as promised and neither the retailer nor the supplier will be in default at that point. If market conditions are poor and a proportion of retailers is unable to repay their supplier debts on time, this will, to some extent, result in the supplier being unable to repay the commercial bank facility, at which point the credit risk of that proportion of retailers is transmitted to the supplier. If market conditions are adverse and the closing capital flows of all retailers are not sufficient to repay supplier debts, i.e., all retailers default on trade credit, the supplier suffers severe losses and its recoveries are highly unlikely to be sufficient to cover the bank credit, at which point the supplier defaults and there is credit default risk contagion in the supply chain. Therefore, the supply chain decision-making process under the single-channel credit model is shown in Figure 1.



Based on the analysis above, the following basic assumptions were made for the purpose of the subsequent discussion:



Assumption 1.

The product is perishable and the residual value of unsold units of product at the end of the sales period is 0.





Assumption 2.

The supplier and the retailer have limited liability, and both the retailer and the supplier will only repay their full revenue in the event of a default.





Assumption 3.

The marginal cost per unit of the product produced by the supplier’s organization is  c . The wholesale price per unit of the product at the time the retailer makes an order for the product is  w , the retail price of the product  p  remains constant throughout the sale of the product, and   0 < c < w < p  . To avoid price discrimination by the supplier against different retailers, all retailers in this paper face the same wholesale and retail prices.





Assumption 4.

The market demand faced by the retailer  i  is    x i  , i = 1 , 2 , … , n   and the market demand of individual retailers    x i    are independent of each other, and the sum of the market demand of all retailers is  X (   X =  ∑   x i     ).





Assumption 5.

The market demand for the product is random and the retail price of the product remains constant during the sales process. According to the newsboy model,    f i  (  x i  )   and    F i  (  x i  )   are the probability density function and distribution function of market demand    x i    , respectively, and    F i  (  x i  )   has the characteristics of continuity, differentiability and incrementality, satisfying the incremental lapse rate (IFR) property      F −   i  (  x i  ) = 1 −  F i  (  x i  )   . In addition, the sum of market demand  X  of all retailers obeys a distribution   G ( X )   and has a probability density function   g ( X )   .





The above variable symbols are defined in Table 1.




2.2. Mechanisms of Supply Chain Credit Risk Contagion in a Single-Channel Credit Model


The return of capital to all retailers at the end of the sales period, when there is an oversupply in the market, results in a loss of sales profit for the retailer and thus makes them vulnerable to trade credit default risk. At the same time, suppliers with whom trade credit facilities are contracted can also be exposed to risk contagion and default on credit, resulting in capital losses for commercial banks. The following definitions outline this:



Definition 1.

When a retailer is unable to repay its trade credit facility debt, as evidenced by the fact that the sales revenue of retailer  i  is less than its trade credit facility debt, retailer  i  is said to have defaulted on its trade credit facility.





Definition 2.

When the supplier is unable to repay the bank’s credit facility debt, which is expressed as the supplier’s capital receipts being less than the bank’s credit facility debt, the supplier is said to be in credit default with the bank.





Definition 3.

As a result of a trade credit default by retailer  i  , which leads to a credit default by the supplier to the bank, the conditional probability in this scenario is defined as the intensity of credit default risk contagion in the supply chain, denoted as  β  .





Individual retailer defaults and supplier defaults are closely connected, and there are three possible cases for each retailer’s default status along the supply chain.



Case 1.

No retailer in the supply chain defaults on a trade credit.





When all retailers in the supply chain do not default on their trade credit, the supplier will be able to successfully recover all the retailers’ payment funds to repay the bank credit facility debt, and there is no credit risk contagion in the supply chain, so at this point,    β 1  = 0  .



Case 2.

There are trade credit defaults by all retailers in the supply chain.





It is highly likely that suppliers will default on their trade credit facility debts to the banks when all of the retailer sales revenues are unable to repay them. At the end of the sales period, if retailer  i  defaults on its trade credit, sales revenue for retailer  i  is   M (  x i  ) = p min (  x i  , Q )  , which is less than its trade credit principal and interest   ( 1 +  r S  )  T i   . Therefore,    x i  <   ( 1 +  r S  )  T i   p  =  k  r i    . If all retailers in the supply chain default on their trade credit, the necessary condition becomes    ∑   x i    <      ∑  ( 1 +  r S  ) T    i   p  =  k r 1   , which means   X <  k r 1   . In this case, the full revenue recovered by the supplier is   N ( x ) =  ∑  p min (  x i  , Q )    . If a supplier defaults on a credit facility to a bank,   N ( x ) < ( 1 +  r B  ) M  , the necessary condition becomes    ∑   x i    <   ( 1 +  r B  ) M  p  =  k s 1   , which means   X <  k s 1   . At this point, credit risk contagion occurs in the supply chain, the intensity of which can be defined as    β 2  = p ( X <  k s 1    X <  k r 1    )  .



Case 3.

Some retailers in the supply chain default on trade credit while some other retailers do not.





For the sake of discussion, assume that there are two retailers in the supply chain, with Retailer 1 in default and Retailer 2 not in default. At the end of the sales period, Retailer 1’s inflow of funds   M (  x 1  ) = p min (  x 1  ,  Q 1  )   is less than the principal and interest on the debt   ( 1 +  r S  )  T 1   . At the end of the sales period, when the inflow of funds to Retailer 1 is less than the principal and interest on the debt, given that    x 1  <   ( 1 +  r S  )  T 1   p  =  k  r 1    , then Retailer 1 has defaulted on its trade credit. For Retailer 2, its inflows   M (  x 2  ) = p min (  x 2  ,  Q 2  )   are more than the principal and interest on the debt   ( 1 +  r S  )  T 2   . Given that    x 2  ≥   ( 1 +  r S  )  T 2   p  =  k  r 2    , Retailer 2 will not default. In this case, the funds that the supplier is able to recover at the end of the sales period are   N ( x ) = M (  x 1  ) + ( 1 +  r S  )  T 2   . Given that   N ( x ) < ( 1 +  r B  ) M  , which means    x 1  <   ( 1 +  r B  ) M − ( 1 +  r S  )  T 2   p  =  k s 1  −  k  r 2    , the supplier defaults on bank credit. At this point, there is a contagion of credit default risk in the supply chain, the intensity of which can be defined as    β 3  = p (  x 1  <  k s 1  −  k  r 2      x 1  <  k  r 1     ,  x 2  ≥  k  r 2   )  .



According to the aforementioned investigation, we discovered that there are market demand levels for suppliers and retailers when they default on credit, which are    k r 1   ,    k  r 1    ,    k  r 2     and    k s 1   . When market demand surpasses specific thresholds, supply chain credit risk develops. Hence, these market demand thresholds are also known as default thresholds. Among them, are    k r 1  =      ∑  ( 1 +  r S  ) T    i   p   ,    k  r 1   =   ( 1 +  r S  )  T 1   p   ,    k  r 2   =   ( 1 +  r S  )  T 2   p    and    k s 1  =   ( 1 +  r B  ) M  p   . In the case of trade credit defaults by all retailers, given that   X <  k r 1    and   X <  k s 1   , these defaults can lead to credit defaults by suppliers to banks. For situations where some retailers are in default on trade credit, i.e., where only Retailer 1 is in default and Retailer 2 is not, given that    x 1  <  k  r 1    ,    x 2  ≥  k  r 2     and    x 1  <  k s 1  −  k  r 2    , trade credit defaults by retailers can still lead to credit defaults by suppliers to banks. Therefore, this paper focused on the generation of trade credit default risk and bank credit default risk when market demand was uncertain, and on their contagion effects.




2.3. A Model of Supply Chain Credit Risk Contagion under a Single-Channel Credit Model


Based on the Stackelberg game theory, the supply chain financing problem is solved by the inverse solution method according to the decision order of the suppliers and each retailer. Firstly, we solved for the optimal purchase quantity of each retailer given the wholesale price of the supplier, then we solved for the optimal wholesale price of the supplier of the core enterprise, and finally we determined the intensity of supply chain credit risk contagion.



2.3.1. Optimal Decision-Making for Retailers


According to the analysis of the supply chain credit risk contagion mechanism under the single-channel credit financing model, when the inflow of funds from retailer  i  is insufficient to repay the trade credit, then    x i  <   ( 1 +  r S  )  T i   p  =  k  r i    . Retailer  i  defaults on its trade credit when the market demand    x i    faced by retailer  i  is less than the critical demand    k  r i    . Assuming that the retailers are rational, then   w ( 1 +  r S  ) < p   and    k  r i   <  Q i   . Thus, the return to the retailer  i  can be expressed as follows:


   π   R i    =     p  x i  −  T i  ( 1 +  r S  )              k  r i   ≤  x i  ≤  Q i      p  Q i  −  T i  ( 1 +  r S  )          Q i  <  x i       



(1)







Therefore, the expected profit for Retailer  i  can be expressed as:


  E (  π   R i    ) =    ∫   k   r i       Q i     ( p  x i  −  T i  ( 1 +  r S  ) )  f i  (  x i  ) d  x i     +    ∫   Q i   ∞   ( p  Q i  −  T i  ( 1 +  r S  ) )  f i  (  x i  ) d  x i      



(2)







The optimization problem of retailer  i , which maximizes the desired profit through the decision to order quantity    Q i   , can be expressed as:


    max E (  π   R i    )   =    ∫   k  r i      Q i     ( p  x i  −  T i  ( 1 +  r S  ) )  f i  (  x i  ) d  x i     +    ∫   Q i   ∞   ( p  Q i  −  T i  ( 1 +  r S  ) )  f i  (  x i  ) d  x i           s . t .          k  r i   <  Q i      



(3)







Solving the above optimization problem yields the equilibrium result when the retailer  i  is financed through trade credit. Solving the first-order partial derivative of Equation (3) with respect to    Q i    yields:     ∂ E (  π   R i    )   ∂  Q i    = p    F i   −  (  Q i *  ) − ( 1 +  r S  ) w    F i   −  (  k  r i   )  . Since      ∂ 2  E (  π   R i    )   ∂  Q i    2    < 0  , the optimal purchase quantity      Q i   *    for retailer  i  exists, is unique and satisfies the following equation:


       F i   −  (  Q i *  )      F i   −  (  k  r i   )   =   ( 1 +  r S  ) w  p   



(4)







Among them,    k  r i   =   ( 1 +  r S  )  T i   p   .




2.3.2. Optimal Decision-Making for Suppliers


Based on the market sales and actual earnings of retailer  i , the supplier’s earnings are:


   π   S i    =     p  x i                                           x i  <  k  r i       ( 1 +  r S  )  T i                   k  r i   ≤  x i       



(5)







At the end of the sales period, the bank’s return needs to be determined based on whether the supplier is insolvent, and the supplier’s repayment status is directly related to whether the individual retailers are in default. Based on the analysis above, we know that there are two main scenarios for the default status of all retailers in the supply chain: the first, in which all retailers are in default on their trade credit, and the second scenario, in which some of the retailers in the supply chain default on their trade credit and the remaining retailers repay as promised.



① All retailers are in trade credit default.



In this case, the revenue generated by retailer  i  can be expressed as:


   π   S i    = p  x i   



(6)







According to the analysis of the supply chain credit risk contagion mechanism under the single-channel credit financing model, it can be seen that the supplier will experience credit default to the bank when the total market demand of all retailers  i  meets   X <  k s 1  <  k r 1  ,  x i  <  k  r i    , and when all retailers  i  default on trade credit. Therefore, the supplier’s revenue at the end of the sales period can be expressed as:


   π S 1  =      ∑   π   S i      −   1 +  r B    M    +  =     0                                                                      x i  <  k  r i   , X <  k s 1  <  k r 1      p X −   1 +  r B    M                    x i  <  k  r i   ,  k s 1  ≤ X <  k r 1       



(7)







Among them,      a   +  = max ( a , 0 )  . Therefore, the expected profit of the supplier at the end of the sales period can be expressed as:


  E    π S 1    =    ∫   k s 1     k r 1       p X −   1 +  r B    M      d G ( X )  



(8)







At this point, the bank’s income at the end of the sales period can be expressed as:


   π B 1  =     p X        x i  <  k  r i   , X <  k s 1  <  k r 1        1 +  r B    M    x i  <  k  r i   ,  k s 1  ≤ X <  k r 1       



(9)







The expected profit of the bank at the end of the sales period can be expressed as:


  E (  π B 1  ) =    ∫ 0   k s 1     p X   d G  X     +    ∫   k s 1     k r 1       1 +  r B    M   d G  X      



(10)







The loan interest rate    r B    meets the concept of risk compensation   ( 1 +  r f  ) M = E (  π B 1  )  , where    r f    is the risk-free interest rate, because the bank operates in a competitive equilibrium market.



Combined with Formulas (8) and (10), the optimization problem of the supplier decision can be expressed as:


    max E (  π S 1  )   =    ∫ 0   k r 1     p X   d G  X     − ( 1 +  r f  ) M = p  k r 1  G    k r 1    − p    ∫ 0   k r 1     G  X    d X    − ( 1 +  r f  ) M       s . t .         0 <  k s 1  <  k r 1  ,  x i  <  k  r i       



(11)







② In numerous supply chains, there exist retailers with trade credit defaults and non-defaults.



For the convenience of discussion, assume that there is only one supplier and two retailers in the supply chain, namely Retailer 1 and Retailer 2, in which Retailer 1 defaults and Retailer 2 does not default.



In this case, the revenues of Retailer 1 and Retailer 2 are expressed as follows:


       π   S 1    = p  x 1         x 1  <  k  r 1        π   S 2    = ( 1 +  r S  ) w  Q 2     x 2  ≥  k  r 2        



(12)







Analysis of the supply chain credit risk contagion mechanism under the single-channel credit financing model shows that when the market demand for Retailer 1 and Retailer 2 satisfies    x 1  <  k s 1  −  k  r 2   <  k  r 1     and    k  r 2   ≤  x 2   , the supplier will default on the commercial bank if only Retailer 1 defaults on trade credit and Retailer 2 does not default on trade credit. Therefore, the supplier’s revenue at the end of the sales period can be expressed as:


   π S 2  =      π   S 1    +  π   S 2    −   1 +  r B    M    +  =     0    x 1  <  k s 1  −  k  r 2   <  k  r 1   ,  x 2  ≥  k  r 2       p  x 1  +  T 2    1 +  r S    − M   1 +  r B           k s 1  −  k  r 2   ≤  x 1  <  k  r 1   ,  x 2  ≥  k  r 2        



(13)







Therefore, the expected profit of the supplier at the end of the sales period can be expressed as:


  E    π S 2    =    ∫   k  r 2    ∞      ∫   k s 1  −  k  r 2      k  r 1        p  x 1  +  T 2    1 +  r S    − M   1 +  r B      d F    x 1    d F    x 2           



(14)







At this point, the bank’s earnings at the end of the sales period can be expressed as:


   π B 2  =     p  x 1  +  T 2    1 +  r S       x 1  <  k s 1  −  k  r 2   <  k  r 1   ,  x 2  ≥  k  r 2       M   1 +  r B           k s 1  −  k  r 2   ≤  x 1  <  k  r 1   ,  x 2  ≥  k  r 2        



(15)







Hence, the bank’s expected profit at the end of the sales period can be expressed as:


  E (  π B 2  ) =    ∫   k  r 2    ∞      ∫ 0   k s 1  −  k  r 2      p  x 1  +  T 2    1 +  r S          d F (  x 1  ) d F (  x 2  ) +    ∫   k  r 2    ∞      ∫   k s 1  −  k  r 2      k  r 1      M   1 +  r B          d F (  x 1  ) d F (  x 2  )  



(16)







Similarly, the loan rate    r B    satisfies the risk compensation principle B   ( 1 +  r f  ) M = E (  π B 2  )  . Combining Equations (14) and (16), when only some retailers in the supply chain default on trade credit, the optimization problem for the supplier decision can be expressed as:


    max E (  π S 2  )   =    ∫   k  r 2    ∞      ∫ 0   k  r 1        p  x 1  +  T 2    1 +  r S        d F    x 1    d F    x 2          − M ( 1 +  r f  )      =  F −  (  k  r 2   )   (  T 1  +  T 2  ) ( 1 +  r S  ) F    k  r 1     − p    ∫ 0   k  r 1      F (  x 1  ) d  x 1       − M ( 1 +  r f  )       s . t .         0 <  k s 1  −  k  r 2   <  k  r 1   ,  k  r 2   ≤  x 2      



(17)







The analysis above shows that the wholesale price  w  takes on a range of values     c ( 1 +  r B  ) ,  p  1 +  r S       . Combining Equations (11) and (17), it is found that the supplier’s expected profit function in both cases is a continuous function, and there must be a maximum value of the continuous function on the closed interval. Therefore, the optimal wholesale price for the retailer in both cases exists and    w *  ∈   c   1 +  r B    ,  p  1 +  r S       .




2.3.3. Contagion Intensity of Supply Chain Credit Default Risk


Based on the analysis above of the mechanism of supply chain credit default risk contagion under the single-channel credit model and the definition of supply chain credit default risk contagion intensity, the supply chain credit default risk contagion intensity model is constructed as:


  β =     0    Case   1      p ( X <  k s 1    X <  k r 1    )    Case   2      p (  x 1  <  k s 1  −  k  r 2      x 1  <  k  r 1     ,  x 2  ≥  k  r 2   )    Case   3       



(18)







Based on the calculated    Q *    and    w *   , the default thresholds for retailers and suppliers can be obtained as    k r 1  =      ∑  ( 1 +  r S  ) T    i   p  =    ∑  ( 1 +  r S  ) w  Q i     p   ,    k  r 1   =   ( 1 +  r S  )  T 1   p  =   ( 1 +  r S  ) w  Q 1   p   ,    k  r 2   =   ( 1 +  r S  )  T 2   p  =   ( 1 +  r S  ) w  Q 2   p    and    k s 1  =   ( 1 +  r B  ) M  p  =    ∑  ( 1 +  r B  ) c  Q i     p   . Substituting    k r 1   ,    k  r 1    ,    k  r 2     and    k s 1    into Equation (18), the contagion intensity of credit default risk in the supply chain can be modeled as:


  β =      0     Case   1          p ( X <  k s 1  )   p ( X <  k r 1  )   =   G (  k s 1  )   G (  k r 1  )        Case   2          p (  x 1  <  k s 1  −  k  r 2   ,  x 2  ≥  k  r 2   )   p (  x 1  <  k  r 1   ,  x 2  ≥  k  r 2   )   =   F (  k s 1  −  k  r 2   )   F (  k  r 1   )        Case   3         



(19)







Denoting the intensity of infection under scenarios I, II and III as    β 1   ,    β 2    and    β 3   , respectively, we obtain    β 1  = 0  ,    β 2  =   G (  k s 1  )   G (  k r 1  )     and    β 3  =   F (  k s 1  −  k  r 2   )   F (  k  r 1   )    .



Hence, there is a strong correlation between the intensity of supply chain credit default risk contagion in the single-channel financing model  β  and parameters, such as supplier production costs  c , market retail prices  p , trade credit rates    r S    and risk-free rates    r f   .





2.4. Simulation Analysis


In the previous paper, the influencing factors of supply chain credit risk contagion and its mechanism were analyzed through theoretical derivation. In order to visually portray the supply chain credit risk contagion mechanism and its evolutionary characteristics, based on the assumptions in the previous paper, a computational simulation analysis was conducted by considering that the supply chain system is composed of a core enterprise supplier and two SME retailers. To facilitate the analysis of the influence mechanism of supplier production cost on the supply chain credit default risk contagion, it was assumed that the market demand of both Retailer 1 and Retailer 2 obeyed an exponential distribution with the parameter of 1/700.



2.4.1. Characteristics of the Impact of Suppliers’ Marginal Cost of Production Per Unit of Product on the Contagion Intensity of Supply Chain Credit Default Risk


Assuming that the retail price of the product   p = 8  , the retailer trade credit rate    r S  = 0.07   and the risk-free rate    r f  = 0.04  , the mechanism of the impact of the marginal cost of production of the supplier’s product on the contagion intensity of supply chain credit default risk is shown in Figure 2.



According to Figure 2, there is a positive relationship between the intensity of supply chain credit default risk contagion and supplier production cost. The supply chain credit default risk contagion effect is more significant when both retailers default on trade credit to their suppliers. Moreover, the increase in supplier production cost increases the supply chain credit default risk contagion intensity. This is because as the supplier production cost increases, the supplier will correspondingly increase the wholesale price of the product. In the case that the product market retail price remains unchanged, the profit of the retailer at the end of the sales period decreases, and the risk of trade credit default of the retailer increases. This leads to a greater possibility of credit default by the suppliers to banks, and once a credit default event occurs, it will inevitably cause an increase in the contagion intensity of supply chain credit default risk, which is not conducive to the sustainable development of the supply chain.




2.4.2. Characteristics of the Impact of the Retail Product Price on the Contagion Intensity of Credit Default Risk in the Supply Chain


Assume that the supplier’s marginal cost of production per unit of product   c = 3  , the retailer’s trade credit rate    r S  = 0.07   and the risk-free rate    r f  = 0.04  . Therefore, the mechanism of the effect of the retail price of the product on the contagion intensity of the supply chain credit default risk is shown in Figure 3.



From Figure 3, it can be seen that there is a negative relationship between the intensity of supply chain credit default risk contagion and the retail price of products, and the supply chain credit default contagion effect is more significant when both retailers default on trade credit to their suppliers. This is because when the retailer faces a certain market demand for the product, the profit margin of the retailer at the end of the sales period will become larger with the positive fluctuation of the retail price of the product. At this point, retailers are less likely to default on trade credit, suppliers become less exposed to bank credit defaults, and the contagion effect of supply chain credit defaults diminishes and sustainability is enhanced.




2.4.3. Characteristics of the Impact of the Bank’s Risk-Free Rates on the Intensity of Credit Default Risk Contagion in the Supply Chain


Assume that the marginal cost of production per unit of the supplier’s product   c = 3  , the retail price of the product   p = 8   and the retailer’s trade credit rate    r S  = 0.07  . Therefore, the mechanism of the bank’s risk-free rate on the contagion intensity of the supply chain credit default risk is shown in Figure 4.



According to Figure 4, it can be seen that there is a positive relationship between supply chain credit default risk contagion intensity and the commercial bank’s risk-free rate, and the supply chain credit default contagion effect is more significant when both retailers default on trade credit to suppliers. This is because as the risk-free rate of commercial banks increases, the cost of the bank credit for suppliers also increases. As a result, suppliers will increase the wholesale price of their products to ensure their own revenue, which will lead to an increase in the cost of trade credit for retailers and a greater likelihood of trade credit default for them. As a result, suppliers are more likely to default on their credit to banks, which increases the contagion effect of supply chain credit default risk and ultimately affects the sustainability of the supply chain.




2.4.4. Characteristics of the Impact of Retailer Trade Credit Rates on the Intensity of Credit Default Risk Contagion along the Supply Chain


Assume that the supplier’s production cost   c = 3  , the retail price of the product   p = 8   and the bank’s risk-free rate    r f  = 0.04  . Therefore, the mechanism of the retailer’s trade credit interest rate on the contagion intensity of the supply chain credit default risk is shown in Figure 5.



From Figure 5, it can be seen that the intensity of supply chain credit default risk contagion is positively related to the retailer’s trade credit interest rate, and the supply chain credit default contagion effect is more significant when both retailers default on trade credit to their suppliers. The reason for this is that when the retail price of a product is certain, the cost of trade credit for retailers will increase with the increase in trade credit interest rates, resulting in a reduction in retailers’ profit margins. At this time, the possibility of trade credit default by retailers increases, and the probability of credit default risk contagion in the supply chain likewise increases, which is not conducive to the sustainability of the supply chain.






3. A Model of Supply Chain Credit Default Risk Contagion under a Dual-Channel Credit Model


3.1. Model Assumptions and Notation


Assume a simple supply chain consisting of a core firm supplier and an SME retailer, where both the supplier and the retailer have a shortage of funds and are unable to carry out their production and sales activities independently. The supplier, as a core enterprise, can provide loans directly from commercial banks due to its high profitability and corporate reputation. Meanwhile, the retailer, as an SME, cannot obtain financing directly from banks due to its limitations, but can obtain partial loans through the repurchase guarantee of the core enterprise. The retailer can also apply for trade credit directly from the core enterprise upstream of the supply chain to obtain financial support. Therefore, retailers are considered to be financed under the dual-channel credit model, adopting a combination of trade credit and bank credit based on the repurchase mechanism of core enterprises. Thus, the decision process of supply chain financing is as follows:



① At the beginning of the sales period, the supplier makes a guarantee to the commercial bank through a repurchase deed, and at the end of the sales season, will acquire the retailer’s surplus products at a repurchase price of  m .



② The retailer determines the order quantity as  Q , obtains financing from a commercial bank as   M = α w Q   at an interest rate of    r B   , for the retailer’s bank credit ratio  α , then pays the supplier an advance payment as  M , and the remaining purchase price as   N = ( 1 − α ) w Q   is financed by the supplier’s trade credit at an interest rate of    r S   ,   1 − α   for the trade credit ratio.



③ The supplier receives an advance that does not cover the production activity and is financed through bank credit with   R = c Q − α w Q   where  c  is the unit cost of the product produced by the supplier at an interest rate    r b   . There is an infinitive   R < N  .



④ After the supplier organizes production for shipment, the retailer sells the product at a fixed market retail price  p . If there is a surplus of product at the retailer, the supplier buys it back at a buyback price  m . The residual value of the surplus product is 0.



⑤ At the end of the sales period, the retailer realizes all the funds back and repays the bank credit and trade credit to the commercial bank and the supplier, respectively, and the supplier repays the commercial bank debt after funds are returned. The whole supply chain credit financing decision process outlined above is shown in Figure 6.



In the production and sales activities of supply chain enterprises, if the market sales are good, the capital flow of the retailer is sufficient to repay all the principal and interest of the bank credit and trade credit. The supplier repays the bank credit debt as promised and neither the retailer nor the supplier will default. If the market sales are bad, the retailer cannot repay all debts and there is a risk of default, which will lead to the supplier defaulting to a certain extent as well. In this case, there is a contagion of credit default risk in the supply chain. Since the retailer applies for credit from both commercial banks and suppliers, when the retailer’s sales revenue cannot meet the repayment of both debts, the retailer needs to decide whether to prioritize the repayment of bank credit debts or trade credit debts. Based on this, the probability of a retailer’s priority in repaying trade credit debt is defined as the retailer’s repayment priority, denoted as  θ ,  θ ∈   0 , 1    , where  θ  is a continuous variable. Based on the analysis above, the following basic assumptions were made in this section:



Assumption 6.

Suppliers and retailers are perfectly rational and only repay their full revenues in the event of a credit default that prevents them from settling their debts.





Assumption 7.

Both the supplier and the retailer are financially constrained and do not have sufficient initial capital, the supplier’s marginal cost of production per unit of product is  c  , the wholesale price per unit of product is  w  , the retail price of product is  p  and the buyback price per unit of product at the end of the sales period is  m  . The relationship between the magnitude of these price parameters satisfies   m < c < w < p   .





Assumption 8.

The market demand for the product during the sales process is random and the retail price of the product remains constant during the sales process. According to the characteristics of the newsboy model,   f ( x )   and   F ( x )   are the probability density function and distribution function of market demand  x  , respectively, and   F ( x )   has the characteristics of continuity, differentiability and incrementality, satisfying the incremental failure rate (IFR), where    F −  ( x ) = 1 − F ( x )   .





Based on the assumptions above, the symbols and definitions of the variables involved in this section are shown in Table 2.




3.2. Mechanisms of Supply Chain Credit Default Risk Contagion under a Dual-Channel Credit Model


At the end of the sales period, the retailer realizes a return of funds and then settles the debt. When actual sales market conditions are poor and market demand is significantly lower than the retailer’s order quantity, the retailer is at risk of credit default. At this point, the credit risk is to some extent transmitted to the supplier through the trade credit financing contract between the supplier and the retailer, resulting in the supplier also defaulting on its obligations. In a dual-channel credit model for retailers, the priority of the retailer’s repayment of bank credit debt and trade credit debt will directly affect the supplier’s repayment to the commercial bank. Therefore, the repayment priority of the retailer under a dual-channel credit model will be a key factor in the contagion of supply chain credit default risk. To provide a clearer picture of supply chain credit default risk contagion, the following definitions were made:



Definition 4.

At the end of the sales period, if a retailer’s sales revenue is less than its bank credit obligations or trade credit obligations, the retailer is in credit default. If a supplier’s capital receipts are less than its bank credit obligations, the supplier is also in credit default.





Definition 5.

Due to the unpredictability of the market, default risk for retailers is mostly caused by bank credit failures and trade credit defaults to suppliers. In contrast, the risk arising from the contagion of risk to suppliers is the risk of default on suppliers’ credit to banks.





Definition 6.

As a result of a trade credit default by a retailer, a bank credit default by a supplier also occurs. The conditional probability in this case is defined as the intensity of contagion of credit default risk in the supply chain and is denoted as  β  .





In light of the analysis above, in the event of a credit default by a retailer, the repayment of its credit debt can be divided into two scenarios: priority repayment of trade credit debt and priority repayment of bank credit debt.



Case 4.

Retailers prioritize repayment of supplier trade credit debt.





① If the retailer does not default on the trade credit, then there is no default to the supplier. If the supplier is able to recover all of the remaining balance  N  from the retailer, the remaining balance  N  is greater than the supplier’s financing  R  and the supplier is able to repay its bank loan, then the supplier is not in default. Therefore, there is no contagion of credit default risk in the supply chain and the intensity of contagion is    β   I 1    = 0  .



② If a retailer defaults on a trade credit facility to a supplier, then the retailer is unable to repay the trade credit facility at the end of the sales period, and its inflow of funds   p x + m   Q − x     is less than the principal and interest sum   N   1 +  r S      of the trade credit facility. When   x <   N   1 +  r S    − m Q   p − m   =  k  r 1     and the total funds   p x + m   Q − x     recovered by the supplier are less than the principal and interest sum of its bank credit   R   1 +  r b     , that is, in the case of   x <   R   1 +  r b    − m Q   p − m   =  k  s 1    , the supplier defaults. Therefore, the contagion intensity of credit default risk in the supply chain is    β   I 2    = P   x <  k  s 1     x <  k  r 1        .



Based on the analysis above and the previous assumptions, the probability that a retailer will repay its suppliers first is  θ , in which case the contagion intensity of credit default risk in the supply chain is    β I  = θ P   x <  k  s 1     x <  k  r 1        .



Case 5.

Retailers prioritize repayment of bank credit debt.





① If the retailer defaults on its credit to the bank at the end of the sales period, in a situation where repayment of bank credit is a priority, the retailer will also be unable to repay the supplier’s trade credit facility, resulting in the supplier defaulting on the bank. Therefore, the contagion intensity of credit default risk in the supply chain is    β   II 1    = 1  .



② If the retailer does not default on its credit facility to the bank at the end of the sales period, the retailer repays the bank credit facility as promised and its funds flow   p x + m   Q − x     is greater than the sum of the principal and interest of the bank credit facility   M   1 +  r B     ; that is,   x >   M   1 +  r B    − m Q   p − m   =  k  r 2    . If the retailer’s remaining funds   p x + m   Q − x   − M   1 +  r B      are less than the sum of the principal and interest on the trade credit facility   N   1 +  r S     , that is,   x <   N   1 +  r S    + M   1 +  r B    − m Q   p − m   =  k  r 3    , then the retailer is in default with the supplier. At this point, if the supplier’s recovery of funds   p x + m   Q − x   − M   1 +  r B      is less than the sum of the principal and interest of its bank credit   R   1 +  r b     , that is,   x <   R   1 +  r b    + M   1 +  r B    − m Q   p − m   =  k  s 2    , the supplier defaults on the bank. Therefore, the contagion intensity of the credit default risk in the supply chain is    β   II 2    = P   x <  k  s 2      k  r 2   < x <  k  r 3        .



Based on the analysis above and the previous assumptions, the probability that the retailer will repay the bank first is   1 − θ  . In this case, the contagion intensity of credit default risk in the supply chain is    β II  =   1 − θ   P   x <  k  s 2      k  r 2   < x <  k  r 3       + 1 − θ  . The analysis shows that there are market demand thresholds for both retailers and suppliers when they default on credit, which are    k  r 1    ,    k  r 2    ,    k  r 3    ,    k  s 1     and    k  s 2    . Among them, are    k  r 1   =   N   1 +  r S    − m Q   p − m    ,    k  r 2   =   M   1 +  r B    − m Q   p − m    ,    k  r 3   =   N   1 +  r S    + M   1 +  r B    − m Q   p − m    ,   k  s 1   =   R   1 +  r b    − m Q   p − m     and    k  s 2   =   R   1 +  r b    + M   1 +  r B    − m Q   p − m    . Supply chain credit risk arises when market demand exceeds the default threshold, and the supply chain may be subject to credit default risk contagion. When a retailer gives priority to repaying its suppliers, if   x <  k  r 1     and   x <  k  s 1    , then a retailer’s trade credit default will lead to a supplier’s default on bank credit. When the retailer has priority in repaying the bank’s debt, if    k  r 2   < x <  k  r 3     and   x <  k  s 2    , then the retailer’s default risk is contagious to the supplier.




3.3. A Model of Supply Chain Credit Default Risk Contagion under a Dual-Channel Credit Model


Throughout the supply chain operation and financing process, the commercial bank plays a Stackelberg game with the suppliers and retailers in the supply chain, respectively, as shown in Figure 7. In the whole credit financing process, firstly, the commercial bank decides the bank credit rate    r B    for the retailer and the bank credit rate    r b    for the supplier. Secondly, the supplier determines the wholesale price of the product  w . Finally, the retailer decides the order quantity of the product  Q . According to the decision-making sequence of each subject in the game process, the optimal solution of each subject is obtained by the reverse solution method, and the contagion intensity of the credit default risk in the supply chain under a dual-channel credit model is determined.



3.3.1. Optimal Decision-Making for Retailers


The retailer obtains its financial support through a dual-channel credit model, where the retailer must repay its bank credit debt and trade credit debt at the end of the sales period. The retailer is at risk of default when the inflow of funds to the retailer,   p x + m   Q − x    , is less than the principal and interest on all debt,   M   1 +  r B    + N   1 +  r S     , when market demand  x  is less than the critical demand    k  r 3   =   N   1 +  r S    + M   1 +  r B    − m Q   p − m    . Since the retailer is rational, for the supply chain to operate properly and for the retailer to make a normal profit, there is a condition   N   1 +  r S    + M   1 +  r B    < p x  , which means that    k  r 3   < Q   holds. Therefore, at the end of the sales period, the retailer’s earnings can be expressed as:


   Π R  =     0   x <  k  r 3       p x + m   Q − x   − M   1 +  r B    − N   1 +  r S       k  r 3   < x < Q     p Q − M   1 +  r B    − N   1 +  r S      Q < x      



(20)







Therefore, the retailer’s expected profit is:


  E    Π R    =    ∫   k  r 3    Q     p x + m   Q − x   − M   1 +  r B    − N   1 +  r S      f  x  d x    +    ∫ Q ∞     p Q − M   1 +  r B    − N   1 +  r S      f  x  d x     



(21)







The retailer maximizes its expected profit by deciding on the optimal order quantity  Q :


      max  Q  E    Π R      =    ∫   k  r 3    Q     p x + m   Q − x   − M   1 +  r B    − N   1 +  r S      f  x  d x      +    ∫ Q ∞     p Q − M   1 +  r B    − N   1 +  r S      f  x  d x          s . t .          k  r 3   < Q     



(22)







The simplification of Equation (22) yields:


      max  Q  E    Π R      =   p − m     Q −  k  r 3     −   p − m      ∫   k  r 3    Q   F  x  d x          s . t .          k  r 3   < Q     



(23)







The first-order derivative of Equation (23) with respect to the order quantity  Q  is:


    ∂ E    Π R      ∂ Q   =   p − m    F −  ( Q ) −   p − m    k  r 3     ′   F −  (  k  r 3   )  



(24)







Since      ∂ 2  E    Π R      ∂  Q 2    < 0  , the optimal solution for the retailer’s order quantity is calculated to satisfy:


     F −  (  Q *  )    F −  (  k  r 3   )   =   α w ( 1 +  r B  ) + ( 1 − α ) w ( 1 +  r S  ) − m   p − m    



(25)







Among them, is    k  r 3   =   N   1 +  r S    + M   1 +  r B    − m Q   p − m    .




3.3.2. Optimal Decision-Making for Suppliers


The retailer takes dual-channel credit financing, so the retailer’s repayment priority directly affects the supplier’s revenue profile. When the retailer is not at risk of credit default,   x >  k  r 3    , the supplier recovers all of its funds   N   1 +  r S     . When the retailer is at risk of credit default,   x <  k  r 3    , if the retailer chooses to consider the trade credit debt first, the supplier’s revenue is   θ min   p x , N   1 +  r S    − m   Q − x      . If the retailer chooses to consider the bank credit debt first, the supplier’s revenue is     1 − θ       p x − M   1 +  r B       +   . Therefore, based on the retailer’s market sales and earnings, the revenue generated by the supplier’s transaction with the retailer can be expressed as:


   Π S  =     θ min   p x , N   1 +  r S    − m   Q − x     +   1 − θ      p x − M   1 +  r B      +    0 < x <  k  r 3       N   1 +  r S    − m   Q − x      k  r 3   < x < Q         N   1 +  r S      Q < x      



(26)







Therefore, the supplier’s expected profit can be expressed as:


    E    Π S    =      ∫ 0   k  r 3        θ min   p x , N   1 +  r S    − m   Q − x       +   1 − θ       p x − M   1 +  r B       +    f ( x ) d x         +    ∫   k  r 3    Q     N   1 +  r S    − m   Q − x     f ( x ) d x    +    ∫ Q ∞   N   1 +  r S    f ( x ) d x    − R ( 1 +  r b  )    



(27)







The supplier maximizes its own expected revenue by choosing the optimal wholesale price, and solving for the first-order partial derivative of Equation (27) with respect to  w  yields:


      ∂ E    Π S      ∂ w   =     ( p − m ) ( 1 − θ F (  k  r 1   ) ) + ( 1 − θ ) p F (  k  r 1   )    k  r 1     ′  − ( 1 − θ ) ( p − m ) F (  k  r 3   )  k  r 3     ′       + ( 1 − θ ) m   (  Q ′  −  k  r 2     ′  ) F (  k  r 2   ) + ( Q −  k  r 2   ) f (  k  r 2   )  k  r 2     ′         + m  Q ′   F −  ( Q ) + α θ ( 1 +  r b  ) − ( c − α w ) ( 1 +  r b  )  Q ′     



(28)







The combined calculation gives      ∂ 2  E    Π S      ∂  w 2    < 0  , such that the supplier’s optimal wholesale price    w *    exists and satisfies:


      ( p − m ) ( 1 − θ F (  k  r 1   ) ) + ( 1 − θ ) p F (  k  r 1   )    k  r 1     ′  − ( 1 − θ ) ( p − m ) F (  k  r 3   )  k  r 3     ′      + ( 1 − θ ) m   (  Q ′  −  k  r 2     ′  ) F (  k  r 2   ) + ( Q −  k  r 2   ) f (  k  r 2   )  k  r 2     ′    + m  Q ′   F −  ( Q ) + α θ ( 1 +  r b  ) − ( c − α w ) ( 1 +  r b  )  Q ′  = 0    



(29)







Therefore, the supplier’s maximized expected profit is:


      max  w  E    Π S    =      ∫ 0   k  r 3        θ min   p x , N   1 +  r S    − m   Q − x       +   1 − θ       p x − M   1 +  r B       +    f ( x ) d x         +    ∫   k  r 3    Q     N   1 +  r S    − m   Q − x     f ( x ) d x    +    ∫ Q ∞   N   1 +  r S    f ( x ) d x          − R ( 1 +  r b  )    



(30)








3.3.3. Optimal Decision-Making for Commercial Banks


① Credit financing decisions between banks and retailers



The retailer applies to a commercial bank for a bank credit facility with funding  M  and a loan rate of    r B   . Because of the retailer’s dual-channel credit model, the retailer’s repayment priority directly affects the bank’s return at the end of the sales period. When the retailer is not at risk of default,   x >  k  r 3    , the bank recovers the sum of the retailer’s bank credit principal and interest   M   1 +  r B     . When there is a risk of default by the retailer,   x <  k  r 3    , the bank’s return at this point is   θ     p x + m   Q − x   − N   1 +  r S       +    if the retailer has priority in repaying the trade credit debt. If the retailer has priority in repaying the bank credit debt, the bank’s return at this point is   ( 1 − θ ) min   p x + m   Q − x   , M   1 +  r B       . Based on the retailer’s market sales and actual profitability, the return arising from the bank’s transaction with the retailer can be expressed as:


   Π  B 1   =     θ    p x + m   Q − x   − N   1 +  r S      +  + ( 1 − θ ) min   p x + m   Q − x   , M   1 +  r B        0 < x <  k  r 3       M   1 +  r B       k  r 3   < x      



(31)







As banks are in a competitive equilibrium market, the retailer bank credit rate    r B    satisfies the risk compensation principle   ( 1 +  r f  ) M = E (  Π  B 1   )  , where    r f    is the risk-free rate.


  ( 1 +  r f  ) M =    ∫ 0   k  r 3        θ     p x + m   Q − x   − N   1 +  r S       +    + ( 1 − θ ) min   p x + m   Q − x   , M   1 +  r B        f ( x ) d x    +    ∫   k  r 3    ∞   M   1 +  r B    f ( x ) d x     



(32)







Equation (32) indicates that the principle of competitive equilibrium in the credit market makes the bank’s demand for credit principal and interest income equal to the bank’s expected return in the retailer’s bank credit facility. Simplifying Equation (32) yields:


  M (  r B  −  r f  ) = ( p − m )   θ    ∫   k  r 1      k  r 3      F ( x ) d x    + ( 1 − θ )    ∫ 0   k  r 2      F ( x ) d x      + ( 1 − θ ) m Q F (  k  r 2   )  



(33)







② Credit financing decisions between banks and suppliers



The supplier applies to the commercial bank for a bank credit facility with funding  R  at an interest rate of    r b   . In a bank credit transaction between a commercial bank and a supplier, the commercial bank’s return is directly related to the supplier’s default, while the supplier’s return is influenced by the retailer’s profitability at the end of the sales period and the retailer’s repayment priority. When there is no risk of default by the retailer,   x >  k  r 3    , at which point there is no default by the retailer to either the supplier or the bank, the supplier recovers the principal and interest on the trade credit and repays the bank credit debt as promised. Therefore, the bank recovers the principal and interest on the supplier’s bank credit   R   1 +  r b     . When there is a risk of default by the retailer,   x <  k  r 3    , if the retailer repays the trade credit debt first, the bank’s proceeds are then   θ min   p x + m   Q − x   , R ( 1 +  r b  )    . If the retailer has priority in repaying the bank credit debt, the bank’s return at this point is   ( 1 − θ ) min   p x + m   Q − x   − M   1 +  r B    , R ( 1 +  r b  )    . At the end of the sales period, over the course of a bank credit transaction between a commercial bank and a supplier, the specific gain to the commercial bank can be expressed as:


   Π  B 2   =     θ min   p x + m   Q − x   , R ( 1 +  r b  )        + ( 1 − θ ) min   p x + m   Q − x   − M   1 +  r B    , R ( 1 +  r b  )     0 < x <  k  r 3       R   1 +  r b       k  r 3   < x          



(34)







As mentioned above, the supplier bank credit rate    r b    satisfies the risk compensation principle:   ( 1 +  r f  ) R = E (  Π  B 2   )  .


  ( 1 +  r f  ) R =    ∫ 0   k  r 3        θ min   p x + m   Q − x   , R ( 1 +  r b  )     + ( 1 − θ ) min   p x + m   Q − x   − M   1 +  r B    , R ( 1 +  r b  )     f ( x ) d x    +    ∫   k  r 3    ∞   R   1 +  r b    f ( x ) d x     



(35)







Equation (35) indicates that the principle of competitive equilibrium in the credit market makes the bank’s demand for credit principal and interest income equal to the bank’s expected return in the supplier’s bank credit facility.



Simplifying Equation (35) yields:


  R (  r b  −  r f  ) = ( p − m )   θ    ∫ 0   k  s 1      F ( x ) d x    + ( 1 − θ )    ∫   k  r 2      k  s 2      F ( x ) d x       



(36)







Therefore, the credit rates    r B    and    r b    offered by commercial banks to retailers and suppliers should satisfy Equations (33) and (36), respectively.




3.3.4. The Intensity of Contagion of Credit Default Risk in the Supply Chain


Based on the analysis of the contagion mechanism of credit default risk in the supply chain under the dual-channel credit model in Section 3.2, and the definition of contagion intensity, the contagion model of credit default risk in the supply chain under the dual-channel credit model is:


  β =     θ P   x <  k  s 1     x <  k  r 1          Case    I       1 − θ   P   x <  k  s 2      k  r 2   < x <  k  r 3       + 1 − θ    Case    II      



(37)







From the above derived    Q *    and    w *   , the lending rates    r B    and    r b    for commercial banks and the default thresholds    k  r 1    ,    k  r 2    ,    k  r 3    ,    k  s 1     and    k  s 2     for retailers, the suppliers can be derived by bringing their values into Equation (37) to obtain the intensity of contagion as:


  β = θ   F (  k  s 1   )   F (  k  r 1   )   + ( 1 − θ )   F (  k  s 2   ) − F (  k  r 2   )   F (  k  r 3   ) − F (  k  r 2   )   + ( 1 − θ )  



(38)







Therefore, the first-order partial derivative of contagion intensity  β  with respect to retailer repayment priority  θ  is:


    ∂ β   ∂ θ   = −   F (  k  s 2   ) − F (  k  r 2   )   F (  k  r 3   ) − F (  k  r 2   )   +   F (  k  s 1   )   F (  k  r 1   )   − 1 < 0  



(39)







Therefore, contagion intensity  β  and retailer repayment priority  θ  are negatively correlated. When the repayment priority is higher, the intensity of credit risk contagion in the supply chain is lower.





3.4. Simulation Analysis


Based on the setup by existing research for the newsboy model, where market demand obeys a distribution, this section assumes that the market demand  x  faced by the retailer obeys a uniform distribution [21,29]. The retailer’s repayment priority  θ  is set as a variable and all other parameters are fixed. The remaining parameters are set as follows: product market retail price   p = 8  , production cost   c = 3  , repurchase price   m = 1  , retailer trade credit ratio    r S  = 0.07  , commercial bank risk-free rate    r f  = 0.04  , market demand distribution   x ∼ U   0 , 3000    , and retailer bank credit ratio   α = 0.3  ,   α = 0.5   and   α = 0.7  . Among them,   α = 0.3   denotes a low level of bank credit for retailers,   α = 0.5   denotes a medium level and   α = 0.7   denotes a high level. Based on the parameters above, numerical simulations were conducted to explore the impact of retailer repayment priority on the decision of each participant in supply chain credit financing and the contagion intensity of supply chain credit default risk.



3.4.1. The Impact of Retailer Repayment Priorities on Supplier Decisions


The relationship between retailer repayment priority and supplier wholesale prices is shown in Figure 8.



Figure 8 shows that there is a negative relationship between the retailer’s repayment priority  θ  to the supplier and the supplier’s wholesale price  w ; i.e., as the retailer’s repayment priority  θ  to the supplier increases, the supplier’s wholesale price  w  decreases. In addition, when the retailer’s repayment priority  θ  to the supplier is certain, the supplier’s wholesale price  w  decreases as the retailer’s bank credit ratio  α  increases. This suggests that when  α  is larger, that is, the retailer applies for a greater proportion of bank credit, the retailer applies for relatively less trade credit from the supplier and the supplier’s expected loss is correspondingly reduced, when the supplier will be more willing to offer wholesale price concessions to the retailer. In addition, the supplier’s expected loss continues to decrease to some extent when the retailer has a higher probability of repaying the supplier’s trade credit debt on a priority basis. In this case, suppliers will choose greater wholesale price incentives to promote the volume of transactions with retailers, ultimately achieving their own profits and supply chain sustainability.




3.4.2. The Impact of Retailer Repayment Priorities on Retailer Decisions


As shown in Figure 9, the retailer’s repayment priority  θ  to suppliers positively affects the retailer’s order quantity  Q . As the retailer’s repayment priority  θ  to suppliers gradually becomes larger, the retailer’s order quantity  Q  also becomes larger. In addition, when a retailer has a certain probability of repaying its supplier’s debt first, the greater the retailer’s bank credit ratio  α , the greater the retailer’s order quantity  Q . When the retailer’s bank credit ratio is smaller, the retailer’s order quantity  Q  is also relatively smaller. This suggests that when retailers apply for more bank credit, they will apply for less trade credit from their suppliers, when the risk of loss to the supplier will be correspondingly reduced, facilitating the implementation of wholesale price preferences between suppliers and retailers even more. In addition, as retailers become more likely to repay their suppliers’ trade credit facilities on a priority basis, suppliers and retailers gradually form a good partnership, with retailers increasing their order volumes on the basis of price concessions offered by suppliers, thereby increasing the sales profitability of both retailers and suppliers, and ensuring the sustainability of the supply chain.




3.4.3. The Impact of Retailer Repayment Priorities on Bank Lending Rates


The relationships between the retailer’s repayment priority and the retailer’s bank credit rate, and the retailer’s repayment priority and the supplier’s bank credit rate, are shown in Figure 10 and Figure 11, respectively.



Figure 10 shows that there is a positive relationship between a retailer’s repayment priority  θ  on its trade credit debt to suppliers and the retailer’s bank credit rate    r B   . As the retailer’s repayment priority  θ  gradually increases, the retailer’s bank credit rate increases. This indicates that when retailers have a lower probability of repaying their suppliers’ trade credit debts and a higher probability of repaying their bank credit, retailers are less likely to default on their credit to commercial banks and commercial banks will then consider offering lower bank credit rates to retailers. Conversely, when a retailer is more likely to repay its supplier debt and less likely to repay its commercial bank debt, the commercial bank is more likely to suffer a default loss at the end of the selling season, leading it to increase its bank credit rate to the retailer. The change in the interest rate of retailer bank credit was analyzed for the retailer bank credit ratios of   α = 0.3  ,   α = 0.5   and   α = 0.7  . We found that as the retailer’s repayment priority  θ  increases, the bank credit rate rises more slowly when the retailer’s bank credit ratio  α  is higher, when the retailer’s bank credit limit is larger, and when the retailer’s bank credit limit is relatively small. When the retailer’s repayment priority  θ  is low, the retailer is less likely to repay its supplier debt and more likely to repay its commercial bank debt. The higher the retailer’s bank credit ratio, the higher the retailer’s bank credit limit, and the higher its bank loan interest rate. In contrast, when the retailer’s repayment priority  θ  is higher, the retailer has a lower probability of repaying its commercial bank debt on a priority basis, and the higher the retailer’s bank credit, the lower its bank credit rate. This suggests that although retailers consider repaying commercial bank debt on a priority basis, due to the lower credit rating and smaller asset size of SMEs such as retailers, banks are exposed to a greater risk of default by retailers when they are granted larger bank credit lines. It was difficult to determine the supply chain’s sustainability for this study. As a result, commercial banks will increase their interest rates on bank credit to retailers to control the risk of default by retailers during the transaction. In addition, as the retailer’s bank credit line becomes larger, the bank credit rate becomes larger, and the retailer’s risk of default becomes greater. Therefore, commercial banks will strictly control the increase in their bank credit rate in order to balance the retailer’s risk of default, mainly by controlling the slow increase in the bank credit rate when the retailer applies for a higher bank credit line.



Figure 11 shows that there is a negative correlation between the retailer’s repayment priority  θ  on the supplier’s trade credit debt and the supplier’s bank credit rate    r b   . As the retailer’s repayment priority  θ  on trade credit debt gradually increases, the supplier’s bank credit rate decreases. This suggests that the greater the probability that a retailer will prioritize repayment of the supplier’s trade credit debt, the lower the probability that the supplier will be exposed to the retailer’s trade credit default risk at the end of the sales period. Commercial banks are less likely to face a loss of funds and in turn consider reducing the cost of supplier bank credit by lowering the supplier’s credit rate. Conversely, where the probability of the retailer repaying the supplier’s trade credit debt on a priority basis is low, the retailer considers repaying the commercial bank’s debt on a priority basis, when the supplier faces a higher risk of the retailer defaulting on its trade credit. In this case, the commercial bank will consider increasing the supplier’s bank credit rate to reduce its own potential risk of loss. A comparative analysis was conducted of the change in the supplier’s bank credit rate when the retailer’s bank credit ratio was   α = 0.3  ,   α = 0.5   and   α = 0.7  , respectively. According to Figure 11, as the retailer’s repayment priority  θ  gradually increases, the retailer’s bank credit ratio decreases. When the retailer’s bank credit limit is low, the supplier’s bank credit rate decreases more slowly. When the retailer’s bank credit is larger, the supplier’s bank credit rate decreases more quickly. At a lower repayment priority  θ  of the retailer, the higher the retailer’s bank credit ratio  α , the higher the bank credit rate    r b    faced by the supplier, and the lower the retailer’s bank credit ratio  α , the lower the bank credit rate    r b    faced by the supplier. When the retailer’s repayment priority  θ  is higher, the higher the retailer’s bank credit ratio  α  and the lower the supplier’s bank credit rate    r b   . This phenomenon is mainly due to the fact that commercial banks derive their revenue from the retailer’s bank credit and the supplier’s bank credit, respectively. When the retailer’s repayment priority  θ  is lower, the retailer has a higher probability of repaying the bank credit debt first, the commercial bank faces less risk of default on the retailer’s credit, and the commercial bank gains relatively less benefit from the retailer’s bank credit being smaller. Thus, the commercial bank offers a lower bank credit rate to the supplier to enhance its own benefit. When a retailer has a higher probability of repaying the supplier’s debt first, the commercial bank is exposed to the risk of default by the retailer, and when the retailer’s bank credit line is larger, the commercial bank is exposed to a higher risk of default. Therefore, in order to ensure the sustainability of the supply chain, the commercial bank mitigates its risk by offering a lower interest rate on the supplier’s loan.




3.4.4. Characteristics of the Impact of Retailer Repayment Priority on the Intensity of Credit Default Risk Contagion in the Supply Chain


The relationship between retailer repayment priority and the intensity of credit default risk contagion in the supply chain is shown in Figure 12.



Figure 12 shows that there is a negative relationship between the retailer’s repayment priority  θ  to suppliers and the contagion intensity of credit default risk  β  in the supply chain. As the retailer’s repayment priority  θ  to suppliers increases, the intensity of credit default risk contagion in the supply chain decreases. This indicates that the more likely a retailer is to prioritize trade credit debt for repayment, the lower the retailer’s risk of defaulting on trade credit to its suppliers and the supplier’s ability to minimize its own losses, which in turn reduces the likelihood of default to the commercial bank. As a result, the contagion effect of credit default risk along the supply chain is reduced. In addition, the relatively higher intensity of credit default risk contagion in the supply chain is not conducive to the sustainability of the supply chain, when the retailer’s bank credit ratio  α  is lower and the retailer’s repayment priority  θ  is certain. This is due to the fact that a lower retailer bank credit ratio means that the retailer applies for a higher amount of trade credit from its suppliers. If the retailer defaults on its trade credit to the supplier, the supplier will suffer greater losses, which in turn leads to a greater likelihood of the supplier defaulting on its credit to the bank, thus increasing the contagion effect of credit default risk in the supply chain.






4. Conclusions


This paper focused on the contagion of supply chain credit default risk under the single-channel credit model of retailers and the dual-channel credit model from the perspective of credit financing for supply chain enterprises, in order to provide a reference to strengthen the risk management of supply chain finance and ensure the sustainable operation of the supply chain. Firstly, under the single-channel financing model of retailers, retailers only obtained trade credit financing from suppliers and suppliers only obtained bank credit financing from banks. After constructing a model of the contagion intensity of credit default risk between trade credit and bank credit in the supply chain, the analysis revealed the correlation characteristics between the contagion effect of credit default risk and the influencing factors in the supply chain. Then, based on the dual-channel financing model of retailers, i.e., retailers obtaining trade credit financing and bank credit financing from suppliers and banks, respectively, and suppliers obtaining bank credit financing from banks, a model of the contagion intensity of credit default risk in the supply chain was constructed by considering the repayment priority of retailers. The impact of the retailer’s repayment priority on the supply chain credit financing decision and the contagion effect of supply chain credit default risk were analyzed and obtained. The following research findings were obtained through theoretical deduction and numerical simulation:




	(1)

	
The intensity of credit default risk contagion in the supply chain under the retailer’s single-channel credit model is positively related to the supplier’s production cost, the commercial bank’s risk-free interest rate and the trade credit interest rate. When both retailers default on trade credit to their suppliers, the contagion effect of credit default risk in the supply chain becomes more pronounced, which is detrimental to the sustainability of the supply chain. As the risk-free interest rate of commercial banks increases, the cost of bank credit to suppliers becomes larger, which will lead to an increase in the cost of trade credit to retailers. The likelihood of trade credit default by retailers then becomes larger, and the contagion effect of credit default risk in the supply chain increases. When the market retail price of a product is fixed, the higher the interest rate on trade credit, the higher the cost of trade credit to the retailer. Therefore, the retailer’s profit will be reduced, which will lead to a greater likelihood of trade credit default by the retailer to the supplier, increasing the likelihood of credit default risk contagion along the supply chain. In addition, the intensity of supply chain credit default risk contagion is negatively correlated with the market retail price of the product, and it is clear that the intensity of credit default risk contagion along the supply chain is greater when both retailers default on trade credit to their suppliers.




	(2)

	
Under the retailer’s dual-channel credit model, there is a conflict between the retailer’s priority for paying back the supplier and the supplier’s wholesale price. The greater the probability that the retailer will prioritize the repayment of the supplier’s trade credit debt, the lower the supplier’s wholesale price will be. There is a positive relationship between the retailer’s repayment priority to suppliers and the retailer’s order quantity; i.e., the higher the probability that the retailer will repay the supplier’s trade credit debt on a priority basis, the higher the retailer’s order quantity will be. The retailer’s repayment priority positively affects the retailer’s bank credit rate, but inversely affects the supplier’s bank credit rate. A retailer’s repayment priority is negatively related to the intensity of credit default risk contagion in the supply chain. The lower the probability that a retailer has priority in repaying its suppliers’ trade credit debts, the stronger the contagion effect of credit default risk in the supply chain. In addition, the lower the retailer’s bank credit limit and the higher the trade credit limit, the stronger the contagion effect of credit default in the supply chain.









The findings of this paper can provide a theoretical reference for reducing the risk of credit default in supply chains under different credit models and utilizing the benign credit financing function of commercial banks. Moreover, the analysis of the correlation characteristics among the influencing factors in the process of credit default risk contagion in the supply chain can provide policymakers with ideas for policy formulation. Finally, as globalization continues to accelerate, the risk of supply chain credit default under different credit models may spread to many countries, and the findings of this paper have important implications for commercial banks and the state to strengthen supply chain financial risk management and maintain national financial security.
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Figure 1. A decision model for supply chain credit financing under a single-channel credit model. 
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Figure 2. The effect of the marginal cost of production per unit of product for suppliers  c  on the contagion intensity of credit default risk  β  in the supply chain. 
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Figure 3. The effect of the product retail price  p  on the contagion intensity  β  of the supply chain credit default risk. 
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Figure 4. The relationship between the bank’s risk-free rate    r f    and the intensity  β  of credit default risk contagion in the supply chain. 
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Figure 5. The relationship between the retailer trade credit rate    r S    and the intensity of credit default risk contagion in the supply chain  β . 
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Figure 6. A decision model for supply chain credit financing under a dual-channel credit model. 
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Figure 7. A double-game scheme between supply chain enterprises and banks. 
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Figure 8. The relationship between retailer repayment priority and supplier wholesale prices. 
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Figure 9. The relationship between retailer repayment priority and retailer order quantity. 
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Figure 10. The relationship between retailer repayment priority and retailer bank credit rates. 
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Figure 11. The relationship between retailer repayment priority and supplier bank credit rates. 
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Figure 12. The relationship between retailer repayment priority and the intensity of credit default risk contagion in the supply chain. 
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Table 1. A description of symbols.






Table 1. A description of symbols.





	Symbol
	Description





	  c  
	Marginal cost of production per unit of product



	  w  
	Wholesale price per unit of product



	  p  
	Product retail price



	    Q i    
	Order quantity for retailer  i 



	    x i    
	Market demand for retailer  i 



	    T i    
	Trade credit facility amount for retailer  i 



	    r S    
	Trade credit rate for retailer  i 



	  M  
	Amount of bank credit facilities for suppliers



	    r B    
	Bank credit rates for suppliers



	    r f    
	Bank risk-free rate



	    k s    
	Supplier default thresholds



	    k r    
	Retailer default thresholds



	  β  
	The intensity of contagion of credit default risk










 





Table 2. A description of symbols.






Table 2. A description of symbols.





	Symbol
	Implication





	  m  
	Repurchase price per unit of product



	  c  
	Marginal cost of production per unit of product



	  w  
	Wholesale price per unit of product



	  p  
	Product retail price



	  Q  
	Retailer order quantity



	  x  
	Demand in the market



	  M  
	Retail merchant bank credit facilities



	    r B    
	Retail merchant bank credit rates



	  N  
	Retailers’ trade credit facility quantity



	    r S    
	Retailers’ trade credit rates



	  R  
	Amount of bank credit facilities for suppliers



	    r b    
	Supplier bank credit rates



	    r f    
	Bank risk-free rates



	  α  
	Retail merchant bank credit ratio



	  θ  
	Retailer repayment priorities



	    k s    
	Supplier default thresholds



	    k r    
	Retailer default thresholds



	  β  
	The intensity of contagion of credit default risk in the supply chain
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