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ARTICLE INFO ABSTRACT

Keywords: In the traditional fresh supply chain, farmers commonly conceal the true quality information of
Fr?Sh supply d_lain their products in order to achieve better sales. This article focuses on the use of blockchain
Misrepresentation of freshness technology to address the issue of false freshness reporting in a two-level fresh supply chain

Blockchain investment

. consisting of a rural cooperative and a supermarket. Taking into account the dual losses of quality
Revenue-cost sharing contract

and quantity in the process of agricultural products transportation, the impacts of the product
freshness and the blockchain investment level on random market demand are quantified in this
paper. And game models for centralized and decentralized decision-making before and after
investing in blockchain technology are proposed. By comparing the supply chain optimal de-
cisions and performances under different scenarios, a revenue-cost sharing contract is designed to
coordinate the decentralized decision-making. Simulation results show that the application of the
blockchain technology can further consolidate the superiority of the centralized decision-making.
However, there is a certain threshold for the application of the blockchain technology in
decentralized decision-making. When the unit cost of blockchain exceeds the threshold, the rural
cooperative will abandon its cooperation with the supermarket due to reduced profits. And the
combined contract also has a threshold boundary for its coordinating effect on decentralized
decision-making.

1. Introduction

Fresh agricultural products as an important part of modern agriculture, its supply chain operation optimization is one of the key
issues related to the national economy and people’s livelihood. The characteristics of fresh agricultural products are different from
those of ordinary normal temperature products, which are perishable and have a short shelf life. This natural attribute also makes
agricultural products highly susceptible to quantity and quality losses during long-distance transportation [1]. The decrease in product
freshness not only leads to a decrease in consumer demand, but also affects the order volume of retail enterprises. To avoid the
short-term impact on order quantity caused by the decrease in product freshness, farms or cooperatives often conceal the true quality
information of agricultural products and falsely claim that the products have high freshness. When supermarkets make purchasing and
pricing decisions based on this misrepresentation product information, it often results in a decline in performance. This situation,
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where one party in the supply chain obtains critical information that other participants cannot access, leading to inefficient decisions,
is referred to as information asymmetry. In fact, based on the causes of information asymmetry, it can be divided into subjective factors
leading to information asymmetry and objective factors causing information asymmetry. In fact, based on the differences in the causes
of information asymmetry, it can be further subdivided into subjective information asymmetry and objective information asymmetry.
The information asymmetry caused by objective factors such as a single information source or delayed data transmission can be solved
by expanding information channels or eliminating information silos. However, the information asymmetry caused by subjective
reasons such as malicious concealment or false reporting of information cannot be effectively resolved through the above-mentioned
methods. This article mainly researches the phenomenon of information asymmetry caused by rural cooperatives falsely reporting on
the freshness of agricultural products in the fresh supply chain, which is a subjective information asymmetry. The focus is on analyzing
the impact of product information misreporting behavior at upstream nodes on the performances of downstream and the fresh supply
chain. The malicious misreporting behavior at the upstream nodes of the fresh supply chain not only exacerbates the information
asymmetry of fresh supply chain, but also seriously damages the interests of retail enterprises, ultimately affecting the sustainable
development of the entire supply chain. Therefore, it is imperative to conduct research on the malicious misreporting behavior in the
fresh supply chain, especially the malicious misreporting on the supply side.

At present, the primary way to address the asymmetric information in the supply chain is to establish a traceable information
system. With the continuous development of information technology, blockchain technology, with its characteristics of decentral-
ization, information immutability, and traceability, is being increasingly introduced by more researchers and managers into the in-
formation traceability system of fresh supply chain. The integrated application of blockchain and internet of things technology can
effectively achieve real-time collection and storage of information at various nodes in the fresh supply chain, ensuring the accuracy of
information from the source [2]. The decentralized structure of blockchain helps break down information silos, expand the depth of
information sharing, and enhance the symmetrical distribution of information from multiple sources [3]. The consensus mechanism of
blockchain technology can permanently record all product information from multiple nodes in the supply chain, which helps to
prevent malicious information tampering and concealment [4]. Additionally, the smart contract technology of blockchain can achieve
the automatic execution of supply chain transactions by setting automatic triggering mechanisms [5]. While ensuring transaction
security, it greatly shortens the transaction time of goods. Saving time is crucial for reducing the transit time of fresh agricultural
products and extending their shelf life for sale.

However, the application of blockchain can not only solve malicious misreporting behavior and improve the performance of in-
formation traceability system, but also potentially lead to changes in the decision-making environment of the fresh supply chain. In
particular, when node enterprises make investment decisions in blockchain, it is important to comprehensively consider and depict the
impact of the introduction of blockchain technology on various elements of decision-making. This is also an important prerequisite for
the accurate implementation of blockchain investment and a crucial guarantee for the modern and intelligent development of the fresh
supply chain.

Taking the above considerations into account, this paper mainly researches the application of the blockchain technology in curbing
false reporting behavior in the fresh supply chain, and three main issues are discussed: What kind of changes will the introduction of
the blockchain technology bring to the fresh supply chain? Is it more beneficial to all members of the supply chain compared to
freshness fraud? If so, does the implementation of this technology have investment boundaries? If not, is there a contractual mech-
anism that can help promote the adoption of blockchain technology?

Based on the above questions, this article focuses on the fresh supply chain composed of a rural cooperative and a supermarket, and
analyzes the impact of asymmetric product quality information on supply chain performance and its solutions. The supermarket aims
to curb misreporting of the freshness of agricultural products in the supply chain upstream by investing in a certain level of blockchain
technology. The main contributions of this study are as follows: firstly, taking into account the randomness of agricultural product
demand, a market demand function is constructed that is jointly influenced by freshness and the level of investment in blockchain
technology. And the quality and quantity losses that occur simultaneously during the flow of fresh agricultural products are also taken
into account in the model. Secondly, we establish centralized models and decentralized models for scenarios with malicious mis-
reporting behavior and blockchain technology investment, respectively, targeting different decision-making modes. Then, by
comparing the changes in supply chain equilibrium solutions before and after investing in blockchain technology, the cost investment
threshold and applicable scenarios of blockchain technology under different circumstances are explored. Thirdly, the coordination
optimization of the fresh supply chain system is realized through the design of revenue - cost sharing contract.

In the study of the quality information asymmetry problem in the fresh agricultural product supply chain, this paper has obtained
several key findings. Firstly, rural cooperatives may hide freshness information for the purpose of increasing short-term order quantity.
Such shortsighted behavior can indeed lead to an increase in orders in the early stages. However, in the long run, this strategy may
cause serious damage to the stability and trustworthiness of the entire supply chain. Secondly, to maintain the stability and efficiency
of the fresh supply chain, choosing the appropriate decision-making mode is crucial. It can be found that the centralized decision-
making has a higher advantage regardless of whether or not investing in blockchain technology, and the application of blockchain
technology can further enhance this advantage. In addition, the revenue-cost sharing contract designed in this paper can effectively
achieve the supply chain coordination, but its application has a certain threshold boundary. When rural cooperatives and supermarkets
reach a suitable cost-sharing ratio, blockchain technology can play its greatest synergistic effect.

In summary, this paper starts from a new perspective and systematically explores how concealing the quality information affects
the fresh supply chain, as well as the role and value of blockchain technology in it. This not only helps supply chain managers un-
derstand and utilize the blockchain technology more deeply, but also clearly points out that for the long-term healthy development of
the fresh supply chain, all parties should pay close attention to their revenue-cost sharing ratio, ensure a balance between fairness and
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efficiency, and thus achieve continuous improvement and optimization of the supply chain.

This article is organized as follows. Section 2 reviews the relevant literature for this study, including information asymmetry in the
fresh supply chain, the application of blockchain to the fresh supply chain, and the coordination of fresh supply chain under infor-
mation asymmetry. Section 3 describes and assumes the basic model. In Section 4, the decision-making model of fresh supply chain
under misrepresentation behavior and under the situation of applying blockchain is constructed respectively. Section 5 makes a
comparative analysis of the models in the previous chapter. Section 6 establishes a contract coordination model under the background
of blockchain technology, and Section 7 provides numerical analysis. Section 8 concludes this research.

2. Literature review
2.1. Exploring information asymmetry in the fresh supply chain

From the perspective of asymmetric information types, researches on information asymmetry in the fresh supply chain mainly
involve the asymmetry of cost information and demand information. However, based on the causes of information asymmetry, it can
be roughly divided into objective information asymmetry and subjective information asymmetry. Generally, information asymmetry
caused by technical problems, differences in upstream and downstream capabilities, fragile information communication channels, and
geographical factors in the fresh supply chain is called objective information asymmetry. Liu et al. [6] constructed a two-stage
dual-channel fresh agricultural product supply chain model under the condition of demand information asymmetry based on the
poor information communication between upstream and downstream of the supply chain. They analyzed the optimal decision-making
and the value of information sharing. In the context of information asymmetry caused by factors such as geography, Li et al. [7]
proposed a three-level FAP supply chain, analyzing the impact of logistics spatiotemporal costs and FAP freshness on the profits of all
stakeholders in the supply chain. Liu and Li [8] designed a two-level supply chain differentiation game model with low-carbon
preference and proposed a cost-benefit sharing contract to address the information asymmetry caused by technical limitations.
Zhao et al. [9] studied the order decision problem of fresh agricultural product wholesalers under the condition of limited demand
information.

Regarding the subjective information asymmetry in the fresh supply chain caused by participants driven by interests, Bin [10]
designed three game models for the wholesaler to completely misreporting, partially misreporting, and truthfully announce the
purchasing price information, and compared the supply chain performance under the three scenarios. Kang [11] systematically
analyzed the impacts of asymmetric information on the freshness of fresh agricultural products on the supply chain when considering
risk preferences, and designed a corresponding coordination mechanism. Yan et al. [12] studied the impact of lying about production
cost information on the decision-making of other member enterprises and supply chain profits.

Upon comprehensive review, it is evident that the quantitative researches on supply chain information asymmetry mainly focus on
the objective factors causing the information asymmetry. There is relatively little research on the deliberate misreporting of freshness
of products at the upstream end of the fresh supply chain. In addition, most of the methods used to address the information asymmetry
problem focus on establishing an external information traceability system (as detailed in Section 2.2), but ignore the impact of in-
formation technology investment on the decision-making environment of the fresh supply chain. There is scarce research on inte-
grating information technology into the quantitative decision-making of the supply chain and addressing subjective deliberate
misreporting behavior from the perspective of internal optimization and coordination.

2.2. Application of blockchain in fresh supply chain

As a novel digital technology, blockchain features decentralization, data immutability, and traceability. It can effectively address
the lack of trust and high trust costs between nodes in the fresh supply chain, as well as shorten transaction times, improve the overall
operational efficiency and responsiveness of the supply chain. As of now, researches on the application of blockchain technology in the
fresh supply chain mainly focus on building and improving traceability systems, which is also the primary method and means of
addressing information asymmetry in the supply chain. Feng et al. [13] noted that blockchain could serve as a solution to the
traceability issues in supply chain management. Gopi et al. [14] conducted feasibility studies on the application of blockchain tech-
nology in the supply chains of agricultural products and food, as well as its integration. Wang et al. [15] demonstrated how blockchain
technology could overcome obstacles encountered in the tracing process and strengthen trust between supply chain partners. Arena
et al. [16] proposed a blockchain-based Internet of Things application, with the platform framework allowing for the tracking of the
entire olive oil chain to ensure the traceability of agricultural products.

In addition to studying the improvement of blockchain technology on supply chain traceability systems from a technical
perspective, some scholars consider the level of investment in blockchain as an endogenous variable and explore the optimization of
blockchain investment in the fresh supply chain environment. Longo et al. [17] used the milk supply chain as an example to analyze the
impact of blockchain investment on the food industry through empirical research, and the results indicated that the investment in
blockchain by participants in the supply chain is limited. Liu [18] considered the impact of the unreliability of freshness information on
market demand and investigated the boundary conditions of the investment in a blockchain-based anti-counterfeiting traceability
system in a two-level fresh supply chain. Liu [19] comprehensively considered the impact of blockchain-enabled traceability goodwill
and freshness on the demand of fresh product and explored the sales model of e-commerce platforms through quantifying the game
process between e-commerce platforms and retailers in four different competitive modes. Established a cost model for supply chains
with blockchain technology investments, exploring the limiting factors and investment costs associated with blockchain investment. Qi
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[20] researched the deceptive practices in the fresh supply chain involving one manufacturer, one retailer, and a third-party logistics
providers. And four scenarios were constructed: 3 PL only misreports preservation service information, 3 PL only misreports logistics
cost information, 3 PL misreports both types of information and no misrepresentation by using blockchain technology.

According to the above literature review, researches on the integration of the blockchain and the fresh supply chains are mainly
focus on the efficiency improvement of the supply chain traceability system. Only a few scholars have included the level of blockchain
investment as an endogenous variable in the joint optimization decision-making of the fresh supply chain. However, most quantitative
studies on blockchain investment ignore the dual decay of quality and quantity of fresh products during the flow process, and fails to
discuss the improvement of transaction time and quantitative analysis of the application of blockchain in the fresh supply chain.

2.3. Mechanisms for coordination improvement in asymmetric information of fresh supply chain

The contract mechanism facilitates cooperation among various parties in the supply chain by providing appropriate incentives and
risk allocation, thereby enhancing overall efficiency and responsiveness. Despite extensive research on contracts in the context of
ambient temperature product supply chains, such findings cannot be directly applied to the coordination of fresh supply chains.
Therefore, in recent years, many scholars have conducted corresponding analyses of coordination contracts for fresh supply chains in
different situations, such as revenue sharing [21], cost allocation [22], quantity discounts [23], and so on. Some scholars even address
supply chain information asymmetry issues through customizing contracts.

Wu [24] studied supply chain coordination under information asymmetry with a two-part tariff contract and found that such tariffs
can coordinate the supply chain and generate positive profits for retailers. Zhou [25] examined supply chain procurement and
risk-sharing contract design under stochastic returns and asymmetric productivity information, noting that information asymmetry
always disadvantages retailers but benefits manufacturers, though risk-sharing contracts can mitigate the impact of productivity in-
formation asymmetry on retailers. Mobini [26] explored the design of multi-period supply chain contracts in a two-level supply chain
with information asymmetry, pointing out that when a retailer’s choice depends on their private information, the supplier needs to
redesign the optimal contract. Ranjbar [27] studied the channel coordination problem in the green supply chain which consists of
manufacturers selling green products through retailers under the condition of incorrect information. Pavlov [28] studied how to
improve the problem of poor supply chain performance due to incentive inconsistency by designing wholesale price coordination
contracts when the source of information asymmetry is private information about fair preferences.

In general, although there is a relatively abundant amount of research on fresh supply chain coordination contract, there is
relatively little research on contracts for fresh supply chain in the context of information asymmetry. Moreover, the majority of
literature mainly focuses on two single types of contracts: revenue-sharing contract and cost-sharing contract. There is little research
discussing the applicable conditions of combination contracts for the promotion and application of blockchain technology in the fresh
supply chain, let alone the design of coordination mechanisms in complex environments that comprehensively consider random de-
mand, dual losses, and the shortening of transaction time by blockchain.

3. Problem description and hypothesis
3.1. Problem description

The fresh supply chain consists of a large supermarket and a rural cooperative that grows a certain type of fresh produce. The rural
cooperative supplies q quantity of fresh agricultural products to the supermarket at the wholesale price of w, and the unit planting cost
is c. The supermarket will sell the purchased fresh agricultural products to consumers at the price p, Considering the actual sales
situation of fresh produce, the model assumes that the residual value of the product is 0, and the unit processing cost of spoiled
agricultural products is s. For the sake of simplicity, the system does not account for loss of reputation due to out-of-stock.

For their own benefit, rural cooperatives often conceal the true information of agricultural products, such as the freshness or the
picking time. This behavior of concealing the true quality information of products will have a great impact on the supply chain and
seriously consume the benefits of downstream retailers. In order to address the above problem, the supermarket invests in blockchain
technology to enhance the transparency and the credibility of the supply chain. On the one hand, with the real-time information
tracking and monitoring enabled by blockchain technology, the information asymmetry between upstream and downstream members
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Fig. 1. The fresh supply chain structure under misrepresentation behavior.
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in the fresh supply chain can be eliminated. On the other hand, the use of its "smart contract technology" can also accelerate the
transaction speed of fresh food.

The structure of the fresh supply chain before and after the application of blockchain technology is shown in Figs. 1 and 2,
respectively.

In fact, the investment in blockchain technology is greater and the technology is more refined, the transparency of the fresh supply
chain is higher. The downstream of the supply chain can also have a relatively accurate grasp of the freshness of agricultural products,
which could increase consumer trust and ultimately enhance market demand. Therefore, the market demand is not only directly
affected by the freshness of fresh produce, but also influenced by the investment level of blockchain technology.

3.2. Model assumptions and symbolic implications

The basic assumptions of model construction are as follows:

Assumption 1. There are both quality loss and quantity loss in fresh agricultural products. Among them, quality loss is characterized
by the freshness of agricultural products, which is a process of deceleration and decline with time. Similar to Wang and Dan [29], the
time function of freshness of agricultural products is 8(t) = 6", @ € (0, 1) represents the initial freshness of fresh agricultural products.

Assumption 2. Fresh agricultural products will lose a certain amount in the sales process, and the loss speed is related to the
freshness of the product. According to Wang et al. [30], the quantity loss rate is ¢(0) = — In0, 0 < ¢(0) < 1.

Assumption 3. In the case of asymmetric freshness information, the rural cooperative may engage in false or inaccurate reporting of
agricultural products time. According to Chen et al. [31], the actual production time ¢ is misstated as At. Considering the incentive of
lying, the analysis mainly focuses on the case where 1 € [0,1]. When A = 0, the true information of agricultural products is completely
concealed. When A = 1, the supply chain information is completely transparent.

Assumption 4. Blockchain technology can not only improve the transparency of product information, but also the smart contract
technology can speed up the transaction of fresh produce. The transaction time is shortened from the original time t to ¢ when using
blockchain technology. And to ensure the logical validity, let At < t. According to Yu et al. [32], the investment level of blockchain
technology is c, = ne?/2.

Assumption 5. Market demand fluctuates randomly and is affected by both the freshness of agricultural products and the level of
blockchain investment, Similar to Yi et al. [33], the market demand function is D = 6(t)x and the demand under the blockchain
technology is D = 6(f)x + e, where x is the random demand when the freshness is 1. It follows a uniform distribution on [0,b] [34].

For ease of expression, subscript s and r are used to represent the parameters related to the cooperative and the supermarket
respectively, and superscripts c¢,d,o0 are used to represent centralized decision-making, decentralized decision-making, and the
revenue-cost-sharing contract respectively. Other symbols and their meanings are shown in Table 1.

— Logistics
— + =% Cash flow

====» Information flow
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E Technology

o(t) s

p+min{q[1+ mo(i)], b}

‘_ ........... —
>
min{q|1+1n6(0)|, D}
The rural cooperative The supermarket
W, e ep,s
l -ino(0)
Qantity loss

Fig. 2. The fresh supply chain structure after applying blockchain technology.
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Table 1
Model symbols and their meanings.

symbol  meaning

#s, -, m  Respectively represents the cooperative profit, the supermarket profit, and the total profit of the fresh supply chain
i, Ty, 7 Respectively represents the revenue of the cooperative, the revenue of the supermarket and the total revenue of the supply chain with blockchain

investment
q.q Respectively represents the order quantity of the supermarket before and after investing in blockchain
w,w Respectively represents the wholesale price before and after investing in blockchain
A Demand sensitivity coefficient for blockchain investment level, & > 0
A The misrepresentation coefficient, 0 <A <1
s Unit deterioration cost
n Blockchain cost factor, n > 0
e The investment level of blockchain
a, pe Revenue sharing -cost sharing coefficient, o°,p°¢(0,1)

4. Model building and solving
4.1. Fresh supply chain decision model with misrepresentation behavior

4.1.1. Centralized decision making

Centralized decision-making is based on the integration of upstream and downstream information in the fresh supply chain.
Therefore, there is no information misrepresentation or asymmetry in this mode, and all members take the maximization of the fresh
supply chain profit as the decision-making objective. In this case, equation (1) represents the profit function of the fresh supply chain:

7° =pmin{[l — (0)]¢°, D} — cq° — s¢(0)q° 1
Because, 0;;‘; C(;’ZC ) = — "“;,j’gi)e”z <0, 7° is a concave function of g‘, let % = 0, equation (2) represents the optimal order quantity:
L bO)[(1 —@O))p —c—sp©O
g =20l = 0@)p ‘ »(0)] )
Pl = ¢(0)]
By substituting equation (2) into equation (1), the total system revenue can be written as equation (3):
e bO)[(1 = p(6))p — c — sg(0))°
= 3 3)
2p[1 — (0)]

4.1.2. Decentralized decision making

In the case of decentralized decision-making, the upstream and downstream enterprises of the fresh supply chain make decisions
from the perspective of their own benefit optimization. This paper takes the Stackelberg game dominated by the rural cooperative as an
example for detailed analysis.

The specific game process is as follows: firstly, the rural cooperative determines the wholesale price of agricultural products;
subsequently, the supermarket determines the optimal order quantity according to the market demand reaction function of agricul-
tural products, taking into account the freshness information of the products. In this process, the rural cooperative falsely reported the
freshness of agricultural products. At this time, equation (4) represents the profit function of the rural cooperative:

lr_‘j = (wd — c) q° 4
When the supermarket obtains false freshness information, its decision function is as equation (5):
= pmin([1 - p(8)l¢*,8(20)x) — w'q" — s (6)g* ©)

According to backward induction, the response function of the supermarket order quantity when there is a misstatement can be
obtained by derivation of equation (5):

7 _b0(D[(1 = ¢(0))p — w — s¢(0)]

(6)
pll —o(O)
Equation (6) is substituted into Equation (4) to obtain the optimal wholesale price of the rural cooperative:
« (1= - —
Wit = L= 0®)p+c—s5p(6) e
2
« bO(At)[(1-(0))p-c-s(0

And the optimal order quantity of supermarket is : g/ = (A)[(1-¢(0) p-c-s¢(O) (8)

2p[1-9(0)]?

It is worth noting that consumers can intuitively perceive the real freshness of agricultural products based on their appearance
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changes when making actual purchases. Thus, the actual profit of the supermarket is as equation (9):

[(1—(0))p — sp(0) — ] (2 B M)
8p[1 — p(0))°

" =pmin([1 — p(0)l¢*,6(t)x) — w'q" — s (8)g" = bO(21) ©

o(t)

When Equation (7) and Equation (8) are substituted into Equation (4), the income of the rural cooperative can be obtained as equation
10):

2 PO — ¢(0)p — 59(6) — o’

’ 10
’ 4ap[1 — p(0)) a0

4.2. Fresh supply chain decision model applying blockchain

In order to effectively prevent the rural cooperative from malicious misreporting agricultural products information and better
protect end consumers, the supermarket invests in blockchain technology to improve the transparency of the fresh supply chain in-
formation. And some investment costs should be borne by the supermarket.

4.2.1. Centralized decision making
Equation (11) represents the total profit of the fresh supply chain:

1 2

# =pmin([1 = 9(0).D) — e = sp(0)" — 3n(¢") an

The first-order partial derivatives of equation (11) with respect to ¢° and e° are calculated, respectively, and their Hessian matrix is
shown in equation (12).

pll— O  psll —¢(6)]
C #+C ﬁC +C hg(i) bg(;)
62 ~c)\2 02 ()VILT() o 626 c0g° 62 ﬂc 7| = (12)
o) 00 00| | i — (o) _(i+>
b0(7) bo()) !

N¢

When the matrix is negative definite, the profit function has a maximum value. Let 0% = 0,0% = 0, the optimal order quantity and

the blockchain investment level can be obtained respectively as equation (13) and equation (14):

= [(1 — 9(6))p — c — 59(0)] [p5” + b0 ({)]

= (13)
[1—©)py

. _B[(1—9(®))p — c — 59(0)]

e = a4
(1= o)
They are substituted into Equation (11), and the revenue of the fresh supply chain is obtained as equation (15):
1—(8))p — ¢ — sp(8)]” (p&” + nbd(t

o 10 = @(0)p —c = sp(O)] (p&5” +nb0(7)) (15)

2pn[l — (O

4.2.2. Decentralized decision-making

The revenue composition of the rural cooperative did not change after the application of blockchain technology. However, as the
capital investment party, the supermarket, in addition to the procurement cost, deterioration treatment cost, but also need to bear the
corresponding blockchain investment cost. The profit functions of the fresh supply chain members after investing in blockchain are as
equation (16):

=" - c)g! (16)

s

7 :pmin<[1 —0(0)]g°, D) —wig — sp@)g! — %q(ed)z 17

Through Equation (17), the Hessian matrix is obtained, and it can be seen that when the matrix is negative definite, #¢ has a
maximum. Therefore, set ()% =0 and ();"7; = 0 respectively, the optimal order quantity and blockchain investment level under
decentralized decision-making can be obtained as equation (18) and equation (19)

! —s9(0)] (8 + b (1) )

pill — o0 1

@ =11 = p(o)p
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W~ sp(0)]
T e (19)

They are substituted into Equation (16), the optimal wholesale price of the rural cooperative is shown in equation (20).

¢ =8[(1 - ¢(0))p

o (1= 20— 30(0) 0

and equation (21) represents the optimal order quantity of supermarket:

4= (1 —©)p—c— w(eil [p&” + nbO(f)] (21)
2[1 —¢(©))pn

Equation (22) represents The optimal investment level of blockchain technology:

o O[(1=9(0)p —c—s¢p(0)]
) 22)

Then the profit of the rural cooperative is shown in equation (23):

o (1= 0(0)p — c — sp(O) (p5" + nb0(0)) (23)

' 4pn(l — (O)

The profit of the supermarket is shown in equation (24):

o _L1=0@)p = c = sy O (p5" + 150 (7)) 24)
8pn[l — (0)]

5. The impact of decision-making mode and blockchain on fresh supply chain performance

5.1. Discussion on differences in decision-making modes

Corollary 1. In terms of profitability in the supply chain, centralized decision-making has significant advantages over decentralized decision-
making, regardless of whether or not blockchain technology is invested in.

Proof. We take the difference in supply chain profit under different decision-making modes before and after investing in blockchain
technology.

o bl0—0(0)p— c— sp(O)F [200) 00
Lo Bi-o@F 400

e 0 0®)p e sp®)F (b5 + 1b0(0)
o 8py[1 — ¢(0)]’

According to the economic significance that enterprise profit is always greater than zero, it can be inferred that (1 — ¢(8))p— c —
s@(0) > 0. And from hypothesis 2, it can be concluded that 1 — ¢(6) > 0. Then the differences in supply chain profits between

centralized and decentralized decision-making before and after investing in blockchain technology are n¢* — n¥" — n¥" > 0,7 — &

i > 0.

T

Obviously, both before and after investing in blockchain technology, the fresh supply chain profit generated by the centralized
decision-making is always higher than those generated by decentralized decision-making. And Corollary 1 is proved.

5.2. Centralized decision-making before and after investing in blockchain technology

Corollary 2. Under the centralized decision, there is always ¢°* > q°*, #°* > z°*, and the investment condition of blockchain technology is:

o U1~ 9O)p —c—sp(O)

f 2o

Proof. The optimal order quantity and supply chain profit before and after investing in blockchain technology under centralized
decision-making can be determined by taking the difference. Then we can obtain:
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g = [(1 — ¢(8))p — c — s¢(0)][pd° + nb(8(F) — (1)) ]
pll — (O)

oo e 1= 0(0)p —c = sp(O) [p5* + b (0(F) — 0(1))]
2pn[1 — @(0))°

According to assumption 4, it can be concluded that 6(t) > 6(t). Then, ¢ > ¢*, z°* > z°". It can be seen that investment in
blockchain technology can improve the performance of fresh supply chain systems. According to ¢, = 17e?, the optimal investment

_ 8[(1-p(®))p—c—s(
(=IO

level of blockchain technology under centralized decision making is e* 10 9, Under centralized decision making, the

investment conditions of blockchain technology is.
ce=8[(1—(0))p —c —sp(O)]* / [2n[1 — p(0)] >0
5.3. Decentralized decision-making before and after investment in blockchain technology

Corollary 3. The relationship between q!* and q** and between #¢" and n¢" is determined by the relation n,.When the relation 1, =
p52/b(0(4t) — 6(F)) and 0 < A < 0.5 are satisfied, g =q", &' = . Whenn < 17, @ > ¢*", %" > n¥. Whenn > n;, @ < ¢*", =¥’ <

.
(ot b
2pn[1—¢(0)] = ol o
e It can be concluded that o = oy .

2p[1-¢(0)

Let ag = af,s = 1, it can be concluded that = pd2/b(6(it) — 8(1)). And let 5, = p&%/b(6(At) — 6(t)). From the constraint conditions
n > 0 and 6(4t) > 6(1), it can be inferred that when 0 < 4 < 0.5, ; > 0. The other results are shown in Table 2.

d _a" d _ & d _
Proof. make Oy = 4 Or, = zi> then, oy =

d
T

¢. > b(0() = 0(0)) (1 - p(0))p — c — sp(®) / [8p(1 — p(0))’]

Corollary 4. Under the decentralized decision, there is always #¢ > n’, and the investment condition of blockchain technology is

[(1-9(0))p—c—sp(0)]2 (p62 +b6 (7)) ) 3
_ 8py[1-(0) — _0(O(pa=+bO(1))
T bo[(1—(0))p—sp(0)—c] (27@) — nbO(At)(26(1)—0(4t))?
8p[1-¢(0)%

N, = 0(1)p82/[b(20(1)0(4t) — B(H)O(E) — (B(41))?)], because (20(1)0(4t) — O(1)O(T) — (0(41))%) < 0, then, n, < 0, that is, n > 1,7 > x¢".

i
ks

-
Proof. suppose 6i = X, then 63 let, ¢ = 1, It can be obtained

4" > 7d" Therefore, when 5 < 1,, there are benefits to investing in blockchain
technology supply chain members. The optimal investment level of blockchain technology under decentralized decision-making is

el” = W, the blockchain cost impact coefficient is 7 < p8%/b(6(4t) — 6(f)). Therefore, the condition for investing in

blockchain under decentralized decision making is ¢, > b(0(At) — 0(1))[(1 — ¢(8))p — ¢ — sp(0)]*/[8p(1 — ¢ (6))?].

When 7 < 1y, g% > q¢" and 7% > z¢ .When 5 > 1,, 74

6. Contract coordination in the context of blockchain technology

In order to improve the performance of the fresh supply chain under the scenario of blockchain investment, this paper designs a
combined contract of "revenue - cost sharing" for Pareto improvement. The rural cooperative shares the blockchain technology in-
vestment cost with the proportion of 1 — a°. At the same time, the supermarket shares 1 — ° of its own income with the rural
cooperative. Therefore, under the revenge-sharing -cost-sharing contract, the profit functions of the fresh supply chain member are as
follows.

Equation (25) represents the profit of the rural cooperative:

- 1
7= (0 = )’ + (1= f)pmin([1 = 9(0)a".D) =5 (1 = &’ )n(e’)’ (25)

The supermarket profit function is shown in equation (26):

Table 2

Comparison of retailer order quantity and supplier income under decentralized decision.
Conditions Conclusion
0 <1 < p&?/b(6(a1) - B(1)) @ >q" al >l
n =1 =p& /b(6(2t) - 8(0)) " =q" =
1> p&? /b(6(at) — 8(1) @ <q” al <l
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. 1
# = ppmin([1 = p(0))4", D) — ¢ — sp(0)3" — za'n(e") 26)

The first-order partial derivatives of Equation (26) with respect to ¢° and e° are obtained, and the Hessian matrix is shown in
equation (27).

Bl — 9O  Fpll —9(0))5

0 70 70 7r he(i) be(i)
P 02055 205 f(;va - @27)
AG°)  0g°0e°” 0e°0q°  9(e°) #pll — 9(6))5 <ﬁ0p62+ao>
b0 (7) o) "

Because the matrix is negative definite, the profit function has a maximum value.

Corollary 5. Whena® = f°, and w°* = a°c + (a® — 1)s¢(6), the combined contract can reach the level of centralized decision making.
When the contract parameter is (x° /p°)e(0.25,0.5), the combined contract can achieve the Pareto optimization of the fresh supply
chain.

Proof. Under the coordination state of "revenue - cost sharing contracts. Let 0% =0, da’% = 0, we can obtain equation (28) and
equation (29).

W —s(0)]['pd + a’nbé(i)]

(1 —(0)p (28)
a’pnp[l — ¢(0)*
. o W —s5p(0)]
7 =56[(1 —p0)f’p ————= 29
¢ =l g0~ g (29)
Let ¢°° = q°",e>" = e, we get equation (30).
a’ =W =a'c+ (o’ = 1)sp(0) (30)
Equation (31) and equation (32) can be obtained by substituting Equation (30) into Equation (25) and Equation (26).
_ e 2 2 M
R [(1 = 9(0))p — c — sp(0)] (Zpﬁ +nb0o(7)) 1)
2pn[l — ¢(0)]
p— — — 2 2 7
w0 — (L= 9O~ — 5p(0) (p& +nbo(7)) (32)

2
2pn[1 — ¢(0)]
At this time, it can be verified that 72" + 72" = (1 — a°)2°" + a°2°" = #°". So, when a° = f°, and w*" = a’c+ (a® — 1)s¢(0), the
combined contract based on revenue sharing and cost sharing can achieve the effect of centralized decision-making.
In addition, in order for all members of the fresh supply chain to accept the combined contract, it is necessary to meet the
participation constraint, which means that the profits of all members after applying the combined contract should not be lower than

before applying it. It means that { 7% > 74 7% > 74 . It leads to Equation (33):

(1= a)[(1 = 9(O)p — c = sp(O) (5 + nb0(7)) _ [(1 = 9(6))p — ¢ = sg(O)]" (p& +nb0(7))
2pn[1 — 9(0))° B 4pn[1 — o(0))°
@[(1=p(0)p —c = spO) (b8 +1b0(7)) _ [(1 = 9(0))p — ¢ = sp(O)) (v + nb0O(7))
2pn[1 — ()]’ N 8pn[l — ¢(6))”

(
The collation shows that when (a° /$°)e(0.25,0.5), the above inequalities hold simultaneously. Corollary 5 is proved.

(33)

7. Example analysis

In order to effectively verify the feasibility of the above model, the parameters are set as follows: ¢ = 2 ($/unit), p = 8 ($/unit), t =4
(day), t = 2 (day), 5 = 10 ($/unit), 6 =0.98,s = 0.4, >, = 0.25, 1 = 300 ($). x follows the uniform distribution of [0, 200]. The initial
parameters used in the numerical analysis are shown above. The value of the cost parameter (e.g. c, p, t) is taken from the study of fresh
supply chain management [35], and the value setting of the misrepresentation coefficient A is taken from the study of Feng and Liu
[36]. The numerical setting of the blockchain investment coefficient & is taken from Jiang and Liu’s research on the dual-channel
supply chain of blockchain investment [37]. The blockchain cost factor #, transaction time after using blockchain t, unit deteriora-
tion cost s and initial freshness of fresh agricultural products 6 are based on the pattern observed in the case study, and the simulation
software Matlab is used for numerical simulation to further verify the relevant conclusions. By setting a specific parameter to a

10
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particular value, it can be applied to a broader range of common products.

7.1. Impact of the fluctuation of misrepresentation coefficient A

The misrepresentation coefficient A can be used to measure the extent to which the rural cooperative conceal the freshness of
agricultural products. The fluctuation of A is of great significance for exploring the influence for cooperative to falsely report the
freshness information and strengthening the mutual information trust among the nodes of the supply chain. Here, the floating value of
0.05 is used to analyze the changes of the order quantity and the wholesale price when A changes within [0, 1].

Fig. 3 indicates that the behavior of rural cooperatives concealing freshness information can slightly increase product orders in the
short term. Fig. 4 shows the impact of the misrepresentation coefficient on the wholesale price before and after investing in blockchain
technology. And the wholesale price will gradually increase with the decrease of A before investing in blockchain technology. A
comprehensive comparative analysis reveals the following conclusions:

@ When the freshness of agricultural products is highly distorted, the short-term profitability of rural cooperatives will increase.
And the more distorted the freshness information is, the higher the wholesale price supermarkets need to pay.

®@ There is a threshold value exists. When the misrepresentation coefficient falls below 0.5, the rural cooperative can obtain a
short-term price advantage from the supply chain transaction without blockchain technology intervention. At this time,
blockchain investment could help the supermarket correct agricultural product information, shorten transaction time, and
ultimately obtain a reasonable wholesale price. From the perspective of reducing the procurement cost, when the rural
cooperative maliciously exaggerate, the supermarket is more inclined to choose to invest in the blockchain technology.

When the false statement coefficient is higher than 0.5, the wholesale price after applying blockchain technology is higher than
before. Although the supermarket cannot obtain the true freshness information of agricultural products, they can still obtain a lower
procurement cost. And the rural cooperative can actually obtain a higher wholesale price through the application of the blockchain
technology. Therefore, in terms of the subject of malicious misreporting, if a rural cooperative decides to falsify, its falsification co-
efficient needs to be less than 0.5 in order to increase short-term profit. At this time, the application of the blockchain technology will
be beneficial for the supermarket to save procurement costs and transaction fees. This conclusion is exactly consistent with Corollary 3.

Based on the above combination, it can be found that the cooperative can increase the volume of orders from the supermarket in the
short term by falsely reporting freshness. However, from the perspective of sustainable development as a whole, in markets with
persistent information asymmetry, especially in the fresh supply chain market where freshness information is highly demanded,
misreporting behavior poses a challenge to the stability of the entire supply chain. Asymmetric product information leads to the
supermarket making incorrect market decision, which also reduces the overall efficiency of the supply chain. As a result, some
measures should be taken to enhance the transparency of product information. For example, on one hand, punishment mechanisms can
be designed to increase the risks and costs of information hiding. On the other hand, advanced information technologies such as
blockchain can be utilized to enhance the transparency and accuracy of information in the fresh supply chain.

7.2. Impact of the fluctuation of the blockchain cost coefficient n

As the industry technology continues to mature, the application cost of blockchain will show a downward trend. Subsequently, this
change may trigger the adjustment of the fresh supply chain to the investment decision of blockchain technology. Therefore, in order to
analyze the impact of the technology cost changes on supply chain performance and its strategies, we choose 40 as the unit floating
value, compare the differences of the fresh supply chain optimization under different decision-making methods in n< (0,1000].

Fig. 5 and Fig. 6 show the changes of the optimal order quantity and the total profit of the fresh supply chain under different
decision-making modes when the blockchain cost coefficient 7 fluctuates, respectively. Fig. 7 shows the changes of the all members’
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Fig. 3. The influence of A on the optimal order quantity.
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Fig. 6. The effect of 5 on the total revenue of the centralized decision system.
payoffs under the decentralized decision when the blockchain cost coefficient 7 fluctuates. Fig. 8 depicts the impact of blockchain cost

coefficient fluctuation on the investment cost and the deterioration cost of supermarket under decentralized decision-making.
A comprehensive comparative analysis reveals the following conclusions:

@® Compared to decentralized decision-making, the centralized decision-making can better utilize information.
From Fig. 5, it can be found that whether blockchain technology is applied or not, the optimal order quantity of supermarket under
the centralized decision-making model significantly exceeds that of the decentralized model. This implies that the centralized decision-

making can make better use of information by considering the overall situation, allowing supermarket to respond more swiftly and
accurately to market changes.
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Fig. 7. The effect of n on the payoffs of the members of the decentralized decision fresh supply chain.
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Fig. 8. The effect of 5 on the investment cost and the deterioration cost in decentralized decision technology.

® The introduction of blockchain technology can effectively enhance the advantages of centralized decision-making in the supply
chain.

When blockchain technology is introduced under the centralized decision-making model, the supermarket’s order quantity in-
creases compared to when blockchain technology is not used in Fig. 5. Moreover, from Figs. 5 and 6, it can be found that as the decrease
in the cost coefficient of blockchain, especially n € (0,200), the supermarket’s order quantity and the total profit of the supply chain
are all significantly increasing.

® The reduction of the blockchain cost coefficient can slightly improve the performance of supply chain members under
decentralized decision-making.

By combining Figs. 5 and 7, it can be observed that the increase in the order quantity and individual member profits only occurs
when ) falls below a certain threshold. And the profit of the rural cooperative is much higher than that of the supermarket, highlighting
the cooperative’s dominant role in the supply chain. However, regardless of how the blockchain cost factor changes, the profit of the
rural cooperative still accounts for a significant proportion of the supply chain profit.

@ For the rural cooperative under the decentralized decision-making, the application of blockchain technology has a threshold
boundary (1 = 200). However, supermarkets can always obtain profits higher than before investing in blockchain technology.

The curve changes in Fig. 7 indicate that for the rural cooperative, blockchain technology does not always lead to an increase in its
profit. When 5 > 200, the application of blockchain technology will cause profit losses for the rural cooperative. Thus, when the
technology cost of blockchain is high, rural cooperatives may not accept the promotion and application of blockchain technology by
supermarkets. And the threshold does not exist in the profit fluctuation of the supermarket under decentralized decision-making.

® The increase in the cost coefficient of blockchain will trigger a decelerated reduction in the deterioration cost of fresh supply
chain.

13
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From Fig. 8, it can be found that the investment cost and # are positively correlated. But as 5 increases, the deterioration cost of
supply chain is continuously decreasing, and its downward trend is slowing down. In other words, the reduction of blockchain cost
coefficient will lead to an increase in the deterioration cost, but in terms of numerical difference, the absolute value of the change in
deterioration cost is not significant. It should be noted that the total deterioration cost of supply chain is calculated by s¢(8)g? in
equation (17).

At the root cause, on the one hand, the increase in 7 will lead to a decrease in order quantity (as observed in Fig. 5), resulting in a
corresponding decrease in the amount of agricultural product spoilage, and thus a reduction in the total supply chain deterioration
cost. On the other hand, the perishable nature of the product itself means that regardless of changes in 7, there will always be a certain
level of spoilage in the supply chain. The increase of # will cause a decrease in the total deterioration cost, but it will not eliminate the
deterioration cost.

In conclusion, the application of blockchain technology is not beneficial to all subjects of the fresh supply chain. Only when the cost
factor of blockchain is below a certain threshold, all members will agree to implement this technology. Therefore, when applying
blockchain technology, it is necessary to pay more attention to the changes in the cost factor of blockchain. By promptly adjusting the
corresponding investment and procurement strategies, the fresh supply chain can achieve higher returns. Meanwhile, some contracts
should also be designed to compensate for the profit loss of rural cooperatives due to high technology cost.

7.3. Impact of combination contract coordination coefficient a°, 5°

In order to further explore the influence of the coordination ratio of the combined contract on the investment level of blockchain
technology, the order quantity and the profits of supply chain members, let = 300, then, 0.1 and 0.05 are selected as unit floating
values respectively. The results of the combined contract coordination in (a°,4°) € (0,1) are compared, as shown in Figs. 8 and 9.

By analyzing Figs. 9 and 10 comprehensively, the following conclusions can be drawn.:

@ When the ratio of revenue-cost sharing between rural cooperative and supermarket is equal, i.e. ®° = p°, the level of investment
in blockchain technology and the order quantity of the supermarket achieve the effect of the centralized decision-making under
blockchain technology. Then the combined contract can better realize the synergistic effect of the fresh supply chain as a whole.

® The coordination role of the revenue-cost sharing contract in the fresh supply chain becomes ineffective beyond a certain range.
When o°/p° is greater than 0.5 or a°/p° is less than 0.25, the coordinating effect of the combined contract is ineffective. In other
words, the effective coordination range of the revenue-cost sharing is a°/$°¢(0.25,0.5).

In summary, the combined contract suggested in this paper can effectively coordinate a decentralized decision-making system for
implementing blockchain investments, but there is a applicable boundary. When the boundary is exceeded, the combination contract
becomes invalid. Participants in the supply chain can decide how to allocate the profit-cost sharing ratio within an effective range
based on their position and bargaining power in the supply chain.

8. Conclusions, discussions and future research

8.1. Conclusions

With the continuous improvement of consumption level, the fresh supply chain has become an increasingly important focus for
management and innovation. However, the advancement of technology and the acceleration of the globalization process have not only
optimized resource allocation but also intensified the pressure of multi-source information transmission in the supply chain. Issues
such as false reporting and distorted information transmission seriously hinder the further development of the fresh supply chain. In
view of this, this article conducts in-depth research on the application of the blockchain technology to solve the problem of information
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Fig. 9. The effect of (a°,°) on the order quantity and technology investment level.
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Fig. 10. The effect of (a° /#°) on the profits of the supply chain members.

asymmetry in freshness of agricultural products in the supply chain.

The supply chain game models are established separately under different decision-making modes before and after blockchain
investment. The models fully consider the dual losses of quality and quantity of fresh agricultural products during the flow process. In
addition, when using blockchain technology to solve the problem of freshness information asymmetry, not only the joint impact of
freshness and blockchain technology investment on market demand is considered in this paper, but also the impact of blockchain
application on transaction time is quantified and incorporated into the analysis of the game models. By comparing the differences in
decision-making patterns in different scenarios and the balance solutions and profits of the fresh supply chain before and after
blockchain technology investment, we have obtained the investment threshold of blockchain technology in different scenarios.
Subsequently, a revenue-cost sharing contract is designed to improve the supply chain performance in decentralized decision-making.
Finally, the results of numerical simulation not only validate the feasibility of the models and the combined contract, but also analyze
the factors affecting the fresh supply chain performance under different scenarios.

8.2. Discussions

Some important discussions can be drawn and provide references for practical management. First, whether or not investing in
blockchain technology, the centralized decision-making mode has significant advantages over the decentralized decision-making
mode in terms of the order quantity and the supply chain profit. And the advantages of the centralized decision-making mode can
be further enhanced when blockchain technology is introduced. However, regardless of the decision-making mode, there is a in-
vestment boundary for the application of blockchain technology. Especially under the centralized decision-making, if and only if the
investment cost meets certain conditions, the investment of supermarkets in blockchain can only contribute to the overall performance
improvement of the fresh supply chain if the investment cost meets certain conditions.

In fact, blockchain technology not only provides an immutable and fully transparent data sharing platform for all participants in the
fresh supply chain, accelerating transaction processes and ensuring transaction security, but also provides a visual product quality
supervision channel for end consumers, effectively stimulating consumption. At the same time, it can also compensate for the
shortcomings of centralized decision-making in organizational structure and assist in establishing trust throughout the entire chain.
Therefore, in terms of overall supply chain performance improvement, enterprises of the fresh supply chain should actively promote
the application of blockchain technology in daily transactions.

Second, under the decentralized decision-making mode, when the investment cost meets certain conditions, investing in blockchain
is not only beneficial for supermarkets and consumers to grasp authentic information about agricultural products, but also advan-
tageous for the revenue enhancement of supermarkets. However, the introduction of this technology is not always beneficial for all
supply chain participants. When there is not serious information distortion in the upstream cooperatives and the cost coefficient of
blockchain exceeds a certain threshold, the application of the blockchain technology will lead to a reduction in the order quantity of
supermarkets, resulting in a reduction in rural cooperatives income.

It can be found that compared to the centralized decision-making, the application and promotion of blockchain technology under
the decentralized decision-making are subject to more constraints and limitations. When product information on the supply chain is
severely distorted, rural cooperatives are more likely to gain opportunity benefits from misreporting behavior. And the willingness of
supermarkets to invest in blockchain technology is also stronger. However, regardless of whether supermarkets invest in blockchain or
not, decentralized decision-making alone cannot achieve optimal performance for the supply chain and its members. At this point, it is
necessary and important to establish a reasonable contract.

Third, when the application cost of blockchain at the unit level tends to a lower level, the fluctuations of its value will have a
significant impact on the performance of supply chain members and deterioration cost. In fact, as blockchain technology continues to
mature and its applicable scenarios continue to expand, the unit application cost is showing a trend of continuous decline. This will not
only help save investment costs for supermarkets, but also indirectly stimulate increased consumer demand through blockchain
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investment level, thereby driving the performance of various members of the fresh supply chain. Of course, it should be noted that in
the case of constant quantity loss of agricultural products, an increase in order quantity will lead to a small-scale increase in supply
chain deterioration cost.

Therefore, the application of blockchain technology in the fresh food supply chain and its improvement effect on supply chain
performance also depend on the effective control of the technology application cost. In management practice, the reduction of
technology application costs not only comes from the maturity of the technology itself, but also can be achieved through joint
application, technology service leasing and other means to effectively control application costs.

Fourth, while the application of the combined contract can improve supply chain performance under decentralized decision-
making, it also has a threshold boundary, and the contract will become invalid when it exceeds the threshold range. When the
sharing ratio of revenue sharing and cost contract is equal, the fresh supply chain can realize Pareto improvement and achieve a win-
win effect.

8.3. Future research

Although this article focuses on the introduction of the blockchain technology in the supply chain of fresh agricultural products to
address the issue of false freshness information, it only applies to the single model of "the rural cooperative and the supermarket" and
does not involve the optimization of fresh supply chain decision-making with multiple nodes involved. When blockchain technology is
applied in more complex supply chains, its impact on the transaction process and information sharing process will become more
complex, which will be an important direction for future research in this field. In addition, this study only designed a profit-cost
sharing contract to coordinate the fresh supply chain. In the future, more types of combined contracts can be introduced to explore
their impact on the promotion and application of blockchain technology, and compare their respective applicable scenarios and co-
ordination effects.
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