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Abstract:



Food waste stemmed from food contamination and ineffective quality control is a significant challenge to food management. Supply chain traceability has become an essential task of the food industry for guaranteeing food quality and safety and reducing food waste. Radio Frequency Identification (RFID) has emerged as a lead technology in the development of traceability systems, which enable automatically capturing of food information along the supply chain. However, the significant investment cost has been a major obstacle in the diffusion of traceability systems in the food industry. This study conducts a cost-benefit analysis of a RFID-enabled traceability system for a two-level perishable food supply chain, which consists of an upstream supplier and a downstream retailer. Consumer perceptions of food quality and safety are jointly considered when evaluating the value of a traceability system. The optimal decisions of the supply chain participants are derived in both centralized and decentralized systems, in terms of wholesale price, order quantity, price markdowns, and granularity level of the traceability system. The results show that a dynamic pricing policy supported by the traceability system could significantly reduce food waste and improve the retailer’s performance. We further propose a two-part tariff contract to coordinate the supply chain and to distribute benefits and costs of the traceability system between supply chain participants. This study demonstrates that a well-developed traceability system could significantly improve the supply chain performance and become a profitable investment for the food industry.
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1. Introduction


In the past two decades, food traceability has drawn huge attention due to consumers’ increasing concern over the quality, safety, and environmental sustainability of food products. The European Commission defines food traceability as the ability to trace and follow a food, feed, food-producing animal, or substance intended to be, or expected to be incorporated into a food or feed, through all stages of production, processing, and distribution [1]. Since 1 January 2005, supply chain traceability has become a legal obligation and an essential task for the food industry in the EU [2]. China has also explored the implementation of food traceability systems in order to promote food export and deal with food safety issues [3]. However, the management of perishable food products is still far from satisfactory due to their nature of quality deterioration over time. It is estimated that approximately 33% of the global food product is wasted or lost every year [4]. Specifically, the perishable food loss at grocery retailers is around 15% due to damage and spoilage [5], while the loss of fruits and vegetables is as high as 35% in the transportation process [6]. Ineffective food quality control during the transportation and retailing process as well as food contamination incidents are the main reasons leading to food waste. Severe food waste not only affects the profits of supply chain participants, but also becomes a major challenge to sustainable food supply chains. Consequently, a critical issue is to integrate traceability functions with perishable food supply chain management so as to reduce food waste and improve supply chain performance.



The emerging techniques provide new opportunities for enhancing the efficiency of the traceability systems. Badia-Melis et al. [7] reviewed the technological advancements in food traceability, including Radio Frequency Identification (RFID) and very recent advancements such as chemometrics [8], isotope analysis [9], and DNA analysis [10,11,12]. RFID has emerged as a lead technology in developing food traceability systems during the last decade. RFID is widely used for product identification and for gathering information of products automatically. Its technology is based on wireless communication between a tag attached to an object (RFID tag) and an interrogator (RFID reader) [13]. The RFID tags embed specific sensors (such as temperature, humidity) that enable the automatic capture of related data that are critical to the quality and the safety of food (such as history of temperature, humidity, and time period), thus providing the managing system with a real-time description of the state of the perishable food [14]. Using the RFID monitoring system, the operator can make decisions to prevent damage when something abnormal occurs during the transportation process, such as withdrawal of non-consumable food and avoidance of traffic jams [15]. The retailers can utilize the dynamically identified food quality information to support the dynamic pricing decision, such as price markdowns when food approaches expiration dates [16].



Despite the great advantages, the traceability system also imposes a considerable cost on the supplier and the retailer. The cost of RFID tags and the significant initial investment to build up the traceability infrastructures are major obstacles in the diffusion of RFID-enabled traceability systems in supply chain management [17]. Recently, Meyer et al. [18] pointed out that the gradual reduction of RFID costs made it possible to track and trace not only high value products but also cheap ones like fruits and vegetables. However, cost remains one of the major barriers for RFID implementation. Therefore, the trade-off between the investment costs and the benefits derived from real-time traceability becomes a crucial issue for the decision maker. Moreover, traceability also affects supply chain structure because a successful and efficient traceability system requires coordination among all participants of the supply chain [19]. Consequently, a key economic question is who bears the costs and who reaps the benefits of such a traceability system.



This paper aims to conduct an economic analysis for a perishable food supply chain in consideration of the RFID traceability system. The profits generated by the use of a RFID traceability system have been considered in comparison to supply chain profits when the traceability system is not adopted. A distribution scheme of the benefits and costs of the traceability system among participants has been proposed to synchronize their activities in the supply chain.




2. Literature Review


During the last decade, RFID-enabled food traceability systems have been given considerable attention. Many studies have developed traceability frameworks based on RFID technology and demonstrated the advantages of such traceability systems in various food supply chains. Regattieri et al. [20] provided a general framework for the traceability of food products and proposed a traceability system for cheese products based on alphanumeric codes and RFID technology. They highlighted that RFID enables an effective traceability system and RFID tag costs reduction would produce widespread diffusion of RFID applications in food traceability. Abad et al. [21] developed a traceability system using RFID tags with embedded temperature and relative humidity sensors for an intercontinental fresh fish logistic chain from South Africa to Europe. Their study validated that the traceability system not only helps to improve the competitiveness and logistics management of the fish/food companies, but also reinforces the confidence of the consumers. Farooq et al. [22] proposed an ePedigree (electronic pedigree) traceability system based on the integration of RFID technology (to track food products), sensor networks (to monitor food conditions), and ePedigree concept (to combat counterfeit products). They found the ePedigree traceability system could efficiently monitor and control agricultural food quality and prevent the distribution of counterfeit food products. Barge et al. [23] presented an item-level RFID traceability system for a high value, pressed, long-ripened cheese. They investigated the effectiveness of RFID technology by experimenting with different techniques of RFID tags to verify their reading performance and system reliability. Another RFID-based framework is suggested by Qian et al. [24], incorporating RFID technology and 2D barcodes, to validate a traceability system for a wheat flour mill in China. The above studies focused on how to develop food traceability systems for various food products. However, they did not include a cost-benefit analysis to verify the potential added value of traceability to the participants, which is of vital importance for the introduction of a traceability system in food supply chains.



There have been few quantitative research studies that identify the benefits of traceability systems to supply chain participants. Recently, Gautam et al. [25] considered a case of kiwifruit traceability from growers to cool-stores with RFID tags. They proposed a multi-objective integer non-linear programming model to allocate the optimum pack-houses and cool-stores such that the delivery took place with minimized transportation costs and minimized liability costs on the occurrence of contamination. They found the traceability system to be an efficient tool for reducing the loss in value of perishable products during the transportation process. Aiello et al. [2] also evaluated the expected value of a RFID-enabled traceability system in the transportation process, in terms of traceability allowing proper selection of the destination of food products based on their remaining quality. Their results confirmed the importance of determining the optimal granularity level of a traceability system through a cost-benefit analysis. Wang and Li [26] analyzed the value of a traceability system from a retailer’s perspective. They investigated the retailer’s benefits from having accurate product shelf life information provided by a RFID-based traceability system. A dynamic pricing policy based on dynamically identified food shelf life was proposed in their work. Most of the previous research found on traceability systems tends to focus on traceability either in the transportation process or in the retailing process, thereby largely neglecting to investigate the value of traceability from a supply chain framework. It has been pointed out that a traceability system should be discussed and implemented at the entire supply chain and that the activities of all participants should be synchronized to realize its greatest benefits [14]. Hence, we consider a two-level supply chain consisting of a supplier and a retailer, and evaluate the value of traceability in both the transportation process and the retailing process. The decision-making mechanism in a supply chain framework is especially important, as the supplier and retailer must decide which traceability level to implement (i.e., granularity level [27]), and how the costs and benefits should be distributed between them.



The importance of quality and safety of perishable food has been widely remarked upon by the literature. Quality has been considered to be a key factor influencing consumers’ purchasing decisions. Empirical studies have found that consumers are sensitive to the freshness of perishable food and usually give a lower valuation to expiring food [28]. Therefore, previous studies dealing with the deterioration of product quality over time have usually assumed quality dependent demand [29,30]. Food safety is a factor that is different from food quality and is difficult to observe. However, few studies have modelled consumer perceptions of food safety. A food product that appears to be of high quality may be unsafe because it might be contaminated with toxic chemicals, undetected pathogenic organisms, or physical hazards [31]. In recent years, consumer awareness of food safety has been heightened due to a sequence of food contamination incidents [22]. The implementation of a traceability system efficiently improves food safety by tracing and tracking food along the supply chain. Even though traceability by itself cannot produce safer or higher-quality products, it acts as a monitoring system providing real-time information and offering early detection and faster response to abnormal accidents. Lu et al. [32] investigated consumer perceptions of food safety and found that consumers from different countries are willing to pay a premium for food that is traceable. Jin et al. [33] showed that Chinese consumers are willing to pay for food traceability systems that provide safety certificates and detailed information about chemical pesticides used in food production. Since safety is another key element of consumer perceptions of food and linked to purchasing decisions [34], we specifically consider the demand promotion by food safety improvement. The benefit of traceability systems is evaluated both from quality and safety perspectives.



The contribution of this paper is threefold: (i) an economic analysis of the traceability system is first conducted in a two-level supply chain framework, including both the transportation and retailing process; (ii) a profit sharing scheme is proposed for the distribution of benefits and costs of a traceability system among supply chain participants; (iii) consumer perceptions of food quality and safety are jointly considered when evaluating the value of traceability system. The rest of this paper is organized as follows. The degradation model of perishable foods, the demand of consumers, and the price markdown policy of retailers are described in Section 3. In Section 4, the optimal decisions of supply chain participants in the decentralized system are presented in terms of order quantity, wholesale price, price markdown rate, and granularity level. In Section 5, the optimal decisions in the centralized system are presented and a two-part tariff contract is proposed to coordinate the supplier-retailer decentralized system. A numerical example is illustrated in Section 6 to show the benefit of the traceability system and to provide some managerial insights. Finally, this paper is summarized in Section 7.




3. Problem Description


We investigate the following problem: A retailer purchases from a supplier a type of fresh food that is prone to deterioration during transportation and retailing. A RFID-based traceability system is implemented in the supply chain, where all transport packages are RFID tagged before they leave the supplier’s inventory. The supplier is responsible for transporting the perishable food, but the delivery time is unstable due to the influences of random factors (such as transportation congestion and bad weather). Moreover, many environmental stresses influence the transportation process, such as extreme temperatures or moisture [35], leading to the variation in quality of foods as they arrive at the retail store.



3.1. Model of Food Degradation


The mathematical models used to describe the quality degradation of perishable products have been presented by many authors [36,37]. These models describe how the quality of perishable products varies with environmental conditions and over different time periods. One of the widely-used models for prediction of food degradation was addressed by Labuza [38] as follows:


[image: there is no content]



(1)




where [image: there is no content] represents the quality of the perishable food, [image: there is no content] represents the degradation rate, and [image: there is no content] represents the chemical order of the reaction. Note that n = 0 represents the case when the quality decays linearly at a constant rate. A survey by Tsiros and Heilman [28] revealed that consumers’ willingness to pay decreases linearly through the shelf life for food with relative lower Product Quality Risk (PQR) (such as fresh fruits and vegetables) and exponentially for food with relatively higher PQR (such as pork and chicken). Pawsey [39] proposed a linear model to estimate the quality degradation of fresh vegetables. This study focuses on the case of fresh fruits and vegetables, and therefore utilizes the following linear quality deterioration equations:


[image: there is no content]



(2)






[image: there is no content]



(3)




where [image: there is no content] is the deterioration rate of the food, [image: there is no content] is the initial quality when the food product reaches the supplier, and [image: there is no content] is the quality when the food product arrives at the retailer.




3.2. Demand Function


The price, quality, and safety of perishable foods all impact on consumer perceptions of food and link to purchasing decisions. Therefore, we assume consumers’ demand depends on price, quality, and safety. One of the most important issues in the implementation of traceability systems is the traceability level to implement and the cost of the traceability system. We define [image: there is no content] as granularity level of the traceability system, which can also be considered as the investment effort for food safety, since consumer perceptions of food safety level mainly come from the traceability level. The demand function can be expressed in the following additive form:


[image: there is no content]



(4)







A is the market scale parameter, [image: there is no content], [image: there is no content], and [image: there is no content] are all nonnegative constant parameters, representing price elasticity, demand sensitivity to quality, and demand expansion effectiveness to safety, respectively. The cost of the investment is given by [image: there is no content], where [image: there is no content] is an investment parameter. This quadratic assumption is widely used in the literature to describe the decreasing returns of investment [40,41].




3.3. Food Transportation


Transportation is considered to be the most crucial step in the food supply chain from farm to fork due to the potential stresses affecting the products during the shipment process [42]. The variable [image: there is no content] is denoted as the delivery time, which is assumed to be a continuous random variable with the expectation of [image: there is no content]. Changes in packaging time and the long transport distance usually lead to unstable timing of deliveries. In this situation, the supplier makes his wholesale price policy as follows: before the transportation process, he determines a basic wholesale price [image: there is no content] corresponding to the committed delivery time [image: there is no content]; when the food product arrives at the retailer, he then sets the actual wholesale price w based on the realized delivery time [image: there is no content]. [image: there is no content] is a decreasing function of [image: there is no content], which can be expressed as


[image: there is no content]



(5)




where [image: there is no content] is the flexible rate of price changing per unit time. In the case of delivery delay, [image: there is no content] is a compensation rate to the retailer for the extent of food deterioration; when the delivery time is shorter than the committed time, [image: there is no content] is a compensation rate to the supplier for providing fresher food.




3.4. Dynamic Pricing


Dynamic pricing is one of the most crucial issues in the field of perishable food management. In practice, it is common to sell deteriorated items at a discount price to influence the consumer’s buying behavior and to minimize the spoilage waste. However, frequent changing of prices over time is impractical in reality. A common approach employed in retail stores is to mark down the price of perishable food products several times when they approach their expiration dates. For example, Home Plus (one of the leading supermarkets in Korea) marks down the fresh fruit two or three times in their daily operations and offers the same markdown rate for each price changing (the markdown rate may differ for different goods). A RFID-enabled traceability system monitors parameters that are critical to the quality of food and provides information for evaluating product shelf life. Based on this real-time product shelf life information, the retailer thus determines the markdown rate to optimize her profit.



The sequence of events is shown in Figure 1. In the first stage before transportation, the supplier jointly determines the basic wholesale price [image: there is no content] and the granularity level [image: there is no content], whereas the retailer determines the order quantity [image: there is no content]. Then the supplier proceeds to deliver the food product. In the second stage, the food product arrives at the retailer after time [image: there is no content], then the actual wholesale price [image: there is no content] is observed. Finally, the retailer sets the markdown rate [image: there is no content] based on the quality of food.


Figure 1. The sequence of events with a RFID-enabled traceability system.



[image: Sustainability 09 00682 g001]






We consider two types of supply chain structures: a decentralized supply chain, where the supplier acts as the leader and the two parties individually maximize their own profits; and a centralized supply chain, where decisions are made by the channel agent to maximize the supply chain’s total profit.



For ease of reference, we summarize the notations as follows.



	
Symbol

	
Description




	
[image: there is no content]

	
Demand function




	
[image: there is no content]

	
Nonnegative demand parameter representing the market potential




	
[image: there is no content]

	
Nonnegative coefficient representing the demand sensitivity to price




	
[image: there is no content]

	
Nonnegative coefficient representing the demand sensitivity to food quality




	
[image: there is no content]

	
Nonnegative coefficient representing the demand expansion effectiveness to food safety




	
T

	
The length of selling period




	
t

	
Selling time in the retail store with [image: there is no content]




	
tS

	
Actual delivery time of food from the supplier to the retailer




	
t0

	
Committed delivery time




	
k

	
Flexible rate per unit time if the actual delivery time differs from the committed delivery time




	
[image: there is no content]

	
Value deterioration parameter




	
[image: there is no content]

	
Initial quality when the food product reaches the supplier




	
p0

	
Exogenous initial retail price




	
c

	
Purchasing cost per item per period




	
[image: there is no content]

	
Investment parameter for the traceability system




	
[image: there is no content]

	
Expected profit




	
Decision variables




	
[image: there is no content]

	
Price markdown rate of the retailer




	
Q

	
Order quantity of the retailer




	
w0

	
Basic wholesale price of the supplier before the food product is delivered




	
[image: there is no content]

	
Granularity level of the traceability system









Throughout the remainder of this study, superscripts are used to indicate the concerned supply chain level (S, supplier; R, retailer; SC, supply chain), and subscripts are used to distinguish different supply chain structures (D, decentralized system; C, centralized system; Co, supply chain coordination).





4. Optimal Decisions in the Decentralized System


In this section, we investigate the optimal decisions for the supplier and the retailer in a decentralized system and solve this problem in a backward order. Firstly, we characterize the markdown rate [image: there is no content] of the retailer, given any realization of delivery time [image: there is no content], the order quantity [image: there is no content], the basic wholesale price [image: there is no content], and the granularity level [image: there is no content]. Secondly, the optimal order quantity [image: there is no content] is investigated, given an arbitrary basic wholesale price [image: there is no content] and granularity level [image: there is no content]. Finally, we will derive the supplier’s joint optimal decisions on the basic wholesale price [image: there is no content] and the granularity level [image: there is no content], using the response function of the retailer.



4.1. Optimal Decisions of the Retailer


The retailer faces a two-stage decision problem. In the second stage, the purchased food is delivered to the retailer, thus the delivery time [image: there is no content] and the corresponding wholesale price [image: there is no content] are observed, [image: there is no content] and [image: there is no content] are known as well.



Theorem 1.

For given [image: there is no content], [image: there is no content], [image: there is no content], and realization of [image: there is no content]and [image: there is no content], the retailer determines the markdown rate as


[image: there is no content]



(6)




where [image: there is no content][image: there is no content]are denoted for ease of exposition.





Proof. 

Assume that the retailer applies the same markdown rate [image: there is no content] for [image: there is no content] number of price markdowns, which is


[image: there is no content]



(7)







Given an exogenous initial retail price [image: there is no content], the ith markdown price can be expressed as


[image: there is no content]



(8)







Then the demand Function (4) becomes


[image: there is no content]



(9)




for [image: there is no content], where [image: there is no content] and [image: there is no content].



The demand in the ith price markdown period can be derived as:


[image: there is no content]



(10)







Hence the demand over period [image: there is no content] can be expressed as


[image: there is no content]



(11)







From Equation (11), we derive the optimal markdown rate [image: there is no content]. ☐





Then we consider the optimal order quantity of the retailer. For any given basic wholesale price [image: there is no content] and granularity level [image: there is no content], the retailer’s expected profit can be expressed as


[image: there is no content]



(12)




where [image: there is no content] is the expectation of the actual wholesale price [image: there is no content].



Theorem 2.

For any given basic wholesale price [image: there is no content]and granularity level [image: there is no content], the optimal order quantity of the retailer is given by


[image: there is no content]



(13)




where [image: there is no content]and [image: there is no content]are denoted for ease of exposition.





Proof. 

Taking the first- and second-derivatives of [image: there is no content] with respect to [image: there is no content], we have


[image: there is no content]



(14)






[image: there is no content]



(15)







Therefore, [image: there is no content] is strictly concave in [image: there is no content], and [image: there is no content] that maximizes [image: there is no content] is determined by the first-order condition. ☐






4.2. Optimal Decisions of the Supplier


The supplier, as the game leader, jointly determines the basic wholesale price [image: there is no content] and granularity level [image: there is no content]. After the delivery is realized, the actual wholesale price [image: there is no content] is determined based on the delivery time [image: there is no content].



Theorem 3.

For [image: there is no content], the basic wholesale price [image: there is no content]and granularity level [image: there is no content]are given by


[image: there is no content]



(16)






[image: there is no content]



(17)









Proof. 

The supplier’s expected profit is


[image: there is no content]



(18)







Substituting Equation (13) into the above equation, we derive the first-order derivative of [image: there is no content] with respect to [image: there is no content] and [image: there is no content], respectively.


[image: there is no content]



(19)






[image: there is no content]



(20)







The second-order derivative of [image: there is no content] with respect to [image: there is no content] and [image: there is no content] is given by


[image: there is no content]



(21)






[image: there is no content]



(22)






[image: there is no content]



(23)







So the determinant is


[image: there is no content]



(24)







For [image: there is no content], the Hessian Matrix [image: there is no content] is negative definite, indicating that the supplier’s profit function is jointly concave in [image: there is no content] and [image: there is no content]. From the first-order condition, we get


[image: there is no content]



(25)






[image: there is no content]



(26)







Substituting the value of [image: there is no content] into the value of [image: there is no content], we get


[image: there is no content]



(27)







Substituting [image: there is no content] into the value of [image: there is no content], we get


[image: there is no content]



(28)







Substituting [image: there is no content] into Equation (5), we obtain the optimal basic wholesale price [image: there is no content]. ☐







5. Optimal Decisions in the Centralized System


In the literature of supply chain coordination, numerous coordination mechanisms have been developed to motivate the participants to act cooperatively, such that the profit of the channel can achieve the level of the centralized system. In order to coordinate the decentralized system, we first evaluate the case of the centralized system.



5.1. Optimal Decisions of the Supply Chain


In the centralized system, the supplier and retailer act as a single entity with a common objective of maximizing the system’s profit. Therefore, the wholesale price w becomes an internal parameter. The channel agent faces a two-stage problem of deciding the markdown rate [image: there is no content] in the second stage, and deciding the order quantity [image: there is no content] and [image: there is no content] in the first stage.



The expected profit of the channel is


[image: there is no content]



(29)







Similar to Section 3, the optimal decisions can also be derived in a backward order. We obtain the following results.



Theorem 4.

For a given [image: there is no content], the channel agent determines the markdown rate as


[image: there is no content]



(30)




where the optimal order quantity [image: there is no content]is given by


[image: there is no content]



(31)









The proof of Theorem 4 is similar to that of Theorems 1 and 2 and thereby omitted.



Theorem 5.

In the centralized system, the granularity level on the traceability system is given by


[image: there is no content]



(32)









Proof. 

Substituting Equation (31) into Equation (29), the expected profit function of the channel is expressed as


ΠCSC(QC∗(τC),τC)=p0T(H1−λβt¯S+γτC)−θC∗p0(H2−N1λβt¯S+N1γτC)−aθC∗2p02N2−cQC∗(τC)−ϕSCτC2



(33)







We then derive the second-order derivative of [image: there is no content] with respect to [image: there is no content], which is


[image: there is no content]



(34)







Equation (34) shows that [image: there is no content] is concave in [image: there is no content]. From the first-order condition, we obtain [image: there is no content]. ☐






5.2. Supply Chain Coordination


In the decentralized system, the supplier bears the risk that the food deteriorates in the delivery process as well as the risk of random delivery times. As a consequence, to coordinate the supply chain, the retailer should share some risks by providing appropriate compensation schemes. Moreover, there usually exists a one-sided free-rider problem when adopting RFID technology in supply chain management. The reason is that, once RFID tags are attached on the products by the upstream supplier, the downstream retailer can benefit from RFID without any variable cost. Hence, from the supplier’s perspective, he may have no incentive to adopt RFID due to its high costs. In this situation, it is necessary for the retailer to provide extra compensation payment to the supplier in order to enable the implementation of RFID along the supply chain. The extra compensation payment distributes the benefits from the traceability system among supply chain participants.



We propose a two-part tariff [image: there is no content] contract [39,43,44] to coordinate the perishable food supply chain. Under the two-part tariff [image: there is no content] contract, in addition to the wholesale price [image: there is no content], an extra payment [image: there is no content] is provided by the retailer to motivate the supplier to cooperate. Therefore, the expected profit functions for the retailer and the supplier become


[image: there is no content]



(35)






[image: there is no content]



(36)







Theorem 6.

Under the decentralized system, if the supplier sets the wholesale price equal to [image: there is no content], while the retailer agrees to give the supplier a compensation [image: there is no content]such that [image: there is no content]and [image: there is no content], then the supply chain coordination is achieved.





Proof. 

Similar to Theorem 2, taking the first-order derivative of [image: there is no content] with respect to [image: there is no content], we then obtain the optimal order quantity [image: there is no content]



By coordination, the optimal decisions in the centralized system should be adopted, so that the channel profit loss due to incoordination can be eliminated and both parties are better off.



Substituting the value of [image: there is no content] and [image: there is no content] into the above equation, we get [image: there is no content]. Note that if the order quantity is the same as that of the centralized system, the markdown rate will also be identical for any realization of [image: there is no content]. Substituting [image: there is no content], [image: there is no content], [image: there is no content], and [image: there is no content] in Equations (35) and (36), we get [image: there is no content] and [image: there is no content]. [image: there is no content] depends on the bargaining powers of the two parties, [image: there is no content] provides the upper bound of [image: there is no content] while [image: there is no content] provides the lower bound of [image: there is no content]. Both of the two parties are better off after coordination. ☐







6. Numerical Analysis


In this section, we illustrate a numerical example to show the critical importance of the traceability system to supply chain participants, and a conduct sensitivity analysis with respect to the system parameters to provide managerial insights for the perishable food supply chain.



6.1. Benefits of The Traceability System to the Retailer


We make an example of a perishable food product that has a 72 h selling period in a retail store. The input parameters are set as [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content] and [image: there is no content] in appropriate unit [26,45].



For retailers, food traceability represents an added value that is mainly related to the use of a dynamic pricing policy based on real-time shelf life information. In order to demonstrate the expected benefits of the traceability system to the retailer, we conduct a numerical analysis with three scenarios. The “no discount” scenario represents the current practice without food traceability and price markdowns, which serves as a benchmark for analysis. While the other two scenarios illustrate different pricing policies adopting a food traceability plan. As shown in Table 1, the performance of the traceability system is evaluated by comparison of the retailer’s profits in three scenarios. The “markdown twice” scenario outperforms the others by conducting two markdowns, which are provided at [image: there is no content] and [image: there is no content], respectively. In comparison with the current practice, the retailer’s profit increases by 10.05% and 12.33% for the “markdown once” and “markdown twice” scenarios, respectively, which shows critical importance of traceability system to the retailer.



Table 1. Performance of the traceability system.







	
Scenarios

	
Input Parameters

	
Optimal Markdown Rate

	
Demand Difference

	
Profit Difference




	
p0

	
c

	
T

	
T1

	
T2
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D%
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No discount

	
9

	
3

	
72

	
-

	
-

	
-

	
-

	
-




	
Markdown Once

	
9

	
3

	
72

	
52

	
-

	
22.34%

	
24.8%

	
10.05%




	
Markdown Twice

	
9

	
3

	
72

	
52

	
64

	
21.04%

	
34.7%

	
12.33%










The increased profit is mainly contributed by the raised demand under the price markdown policy. Figure 2 shows how the price markdown in discrete time affects food demand with quality deterioration. The demand promotion with one markdown is 24.8% and achieves 34.7% with two markdowns. Due to the deterioration nature of perishable food, its demand decreases over time. As such, excessive inventories have to be thrown away after the expiration date, which is a waste of food and a loss for the retailer. Therefore, a dynamic pricing policy supported by the traceability system can significantly improve the retailer’s performance in the perishable food supply chain.


Figure 2. Demand with different pricing policies.
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The optimal pricing policy is affected by the deterioration rate of the product. Figure 3 shows a positive relationship between the deterioration rate of food and the corresponding markdown rate. This result is consistent with general intuition: when a product is prone to a high deterioration rate, the retailer often provides a high discount rate as it approaches the expiration date in order to minimize food waste. For example, retailers often offer a sale on bananas with a certain degree of ripeness so as to sell them before they ripen even further. Figure 2 also shows that θ = 0 when λ = 0, i.e., the non-perishable product is sold at a constant price without any discount, which is the common situation unless there is a sales promotion. Note that the centralized supply chain conducts a lower discount rate in comparison with the decentralized supply chain.


Figure 3. Markdown rate [image: there is no content] with respect to deterioration rate [image: there is no content].
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6.2. Benefits of the Traceability System to the Supplier


For successful implementation of the traceability system, it is crucial to evaluate the benefit of traceability accessed by the supplier. From the supplier’s perspective, the food traceability system is considered a tool to guarantee food policy requirements and to preserve food quality and safety. With the traceability system, accurate time-temperature profiles can be dynamically monitored when food products are delivered from the supplier to the retailer, thus the supplier is able to control the temperature and minimize the deterioration rate of the food product.



Our numerical analysis shows that the deterioration rate has a negative relationship with the supplier’s wholesale price (Figure 4) and the order quantity from the retailer (Figure 5). Since the supplier’s profit mainly depends on the wholesale price as well as the order quantity, these results demonstrate the significant effect of deterioration rate minimization on the supplier’s profit. We define [image: there is no content] to represent the quality status of the food product when it reaches the retailer. A high value of [image: there is no content] means a high level of product quality. As shown in Figure 4, the supplier can take advantage of the well traced and monitored quality with a high wholesale price. Figure 5 shows that the supplier’s enhanced ability to mimimize deterioration rates also stimulates the retailer to order more.


Figure 4. Wholesale price [image: there is no content] with respect to deterioration rate [image: there is no content].
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Figure 5. Order quantity [image: there is no content] with respect to deterioration rate [image: there is no content].
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6.3. Benefits of the Traceability System to the Supplier


From the consumers’ perspective, the traceability system represents an added value that is mainly related to safety guarantees of the food product. Hence, the implementation and benefits of the traceability system also depend on the consumers’ awareness of food safety.



Table 2 reveals that when consumers have greater awareness of food safety issues, the supplier expends more efforts on the traceability system, and the retailers are motivated to order more. [image: there is no content] is the channel profit difference between the centralized system and the decentralized system. Table 2 shows that the loss of channel profit due to incoordination also increases with consumers’ awareness of food safety, indicating that the participants in the decentralized system are more likely to cooperate when consumers are more willing to pay for food that is more likely to be safe from safety issues.



Table 2. Optimal decisions vary with consumers’ awareness of food safety.
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1

	
3.19

	
624.54

	
2.63

	
289.70

	
5.50

	
19.15




	
1.1

	
3.22

	
629.61

	
2.69

	
293.13

	
5.58

	
19.68




	
1.2

	
3.25

	
634.73

	
2.75

	
296.67

	
5.66

	
20.22




	
1.3

	
3.28

	
639.89

	
2.81

	
300.33

	
5.74

	
20.78




	
1.4

	
3.31

	
645.10

	
2.87

	
304.12

	
5.83

	
21.35




	
1.5

	
3.34

	
650.35

	
2.94

	
308.04

	
5.92

	
21.93




	
1.6

	
3.37

	
655.65

	
3.00

	
312.11

	
6.01

	
22.53




	
1.7

	
3.40

	
661.00

	
3.07

	
316.32

	
6.10

	
23.14




	
1.8

	
3.43

	
666.38

	
3.15

	
320.70

	
6.20

	
23.76




	
1.9

	
3.46

	
671.82

	
3.22

	
325.23

	
6.30

	
24.39












7. Conclusions


There is an increasing requirement for a traceability system that provides transparent information regarding the quality and safety of food supply chains. The information provided by traceability systems is of vital importance in reducing food waste throughout supply chains. RFID has emerged as a lead technology in the development of traceability systems and has been widely used to detect real-time food quality deterioration and food contamination incidents. This paper conducted a cost-benefit analysis of a RFID-enabled traceability system for perishable food supply chains, and proposed a decision-making mechanism and profit sharing scheme between supply chain participants. The profits of supply chain participants with a traceability system were obtained in both centralized and decentralized systems.



Our analytical and numerical results showed that a well implemented traceability system not only satisfies legal requirements, but it can also become a profitable investment for the food supply chain. Some managerial insights for supply chain participants were provided. First, a dynamic pricing policy supported by the traceability system could promote demand and reduce food waste and hence significantly improve the retailer’s performance. Second, the deterioration rate minimization ability of the traceability system was the most important factor affecting the supplier’s profit. Third, incremental profits were greater when deploying the traceability system under a centralized supply chain in comparison to those under a decentralized supply chain. We also found that the greatest benefit of food traceability could be realized when it was implemented at the entire supply chain level and engaged all the participants involved. We thereby provided a profit sharing mechanism to facilitate coordination among supply chain participants. The results showed that participants are more likely to cooperate with each other when consumers have greater awareness of food safety.
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