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Abstract: Given the significant product spoilages of perishable goods transported over long distances,
they are usually sold from suppliers to consumers through an offline direct channel. Sustainable
suppliers can utilize the blockchain-based tracking system (BTS) to reduce product spoilages, enabling
the spoilage reduction effect, and offer authentic information, triggering the premium effect. With the
advent of e-commerce, they can now opt for an online direct channel, setting the online direct price as
either non-different or different from the offline direct price, and have to face challenges in selecting
the optimal sales mode. This paper addresses these complexities by developing a mathematical
model to construct a sustainable suppliers-to-consumers pricing model, incorporating the BTS, in the
perishable goods market. Our research reveals that the decision to adopt the BTS hinges on factors
like the spoilage reduction effect, premium effect, production cost, and tag cost, with the premium
effect outweighing the spoilage-reduction effect. The necessity of using the BTS grows with extended
circulation times, where the BTS significantly reduces spoilages during transportation, fostering
sustainable development. While sustainable suppliers may not always bear the tag cost independently,
they can adjust their pricing strategies automatically and pass the tag cost to consumers for more
profit. The BTS adoption decision does not influence the optimal sales mode selection strategy. The
offline direct channel offers the highest profit for suppliers, followed by the Online to Offline (O20)
direct channel with differential pricing, and the O20 direct channel with non-differential pricing
yields the lowest profit.

Keywords: sustainable suppliers-to-consumers’ sales mode selection; blockchain-based tracking
system; perishable goods; the spoilage reduction effect; the premium effect

1. Introduction

The perishability, short shelf life, and susceptibility to damage of perishable goods
during long-distance transportation often result in serious product spoilages, encompassing
both quality and quantity spoilages [1]. These spoilages lead to substantial economic losses
for enterprises [2,3], and raise environmental concerns. The label fraud incident involving
Freshippo in China has drawn consumers’ attention to the authentic information of perish-
able goods [4]. The implementation of a blockchain-based tracking system (BTS) presents a
solution to these challenges [5]. By utilizing the open, transparent, and immutable charac-
teristics of blockchain technology, the BTS helps to reduce product spoilages of perishable
goods to achieve sustainable development, enabling about a spoilage reduction effect, and
provide authentic information, triggering the premium effect [4]. Many enterprises, like
Decanter in the Netherlands, Aglive in Australia, and FinComEco in Africa, recognize the
importance of adopting the BTS to reduce product spoilages and ensure authenticity [6].
Despite these benefits, the significant costs associated with the implementation of the BTS
affect the decision-making process for its implementation. Some companies, like Sunkist
and Dairy Farmers of America, may hesitate to embrace the BTS due to these costs [4]. As
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living standards rise, consumers increasingly prioritize the freshness of perishable goods
and authentic information. Therefore, we introduce the BTS to enable a spoilage reduction
effect and a premium effect for sustainable suppliers.

Due to the perishability of perishable goods, it is crucial for sustainable suppliers to
select an appropriate sales mode. The rapid advancement of Internet technology and the
remarkable success of e-commerce have significantly altered consumer shopping behaviors,
prompting many sustainable suppliers to constantly revamp their sales models to boost
their profits [7]. In China, there are currently a large number of suppliers for whom the
sale of perishable goods is a vital income source [8]. Consequently, it is imperative to
address the following issues arising from this trend. Firstly, some sustainable suppliers, like
Decanter in the Netherlands and Aglive in Australia, directly distribute perishable goods
to consumers through an offline direct channel, such as their physical stores. Secondly,
sustainable suppliers such as Tuotuo Gongshe sell perishable goods to consumers through
online direct channels, like their official websites, WeChat mini-programs, and WeChat
public accounts. However, the online direct channel cannot provide consumers with a
perfect consumption experience, and many suppliers, such as MISSFRESH, have gone
bankrupt [9]. The sales volume of the online direct channel is relatively low, and we
therefore do not study this channel; Thirdly, sustainable suppliers, such as Baiguoyuan, sell
perishable goods to terminal consumers through offline direct physical stores and online
direct channels, wherein the online direct price is not different from the offline direct price.
Finally, sustainable suppliers, like Yipin Shengxian and Huajia, not only sell perishable
goods to terminal consumers through offline direct physical stores but also through online
direct channels, wherein the online direct price is different from the offline direct price.
Based on these business practices, we investigate three typical sales modes, the offline
direct channel, the O20 direct channel with non-differential pricing, and the O20 direct
channel with differential pricing, to explore the optimal sales mode from the perspectives
of sustainable suppliers with the BTS.

This paper aims to address the following issues: (i) How does BTS adoption affect
the equilibrium profit of the suppliers across three different suppliers-to-consumers’ sales
modes, such as the offline direct channel, the O20 direct channel with non-differential
pricing, and the O20 direct channel with differential pricing? (ii) What is the optimal
sales mode for the suppliers in both the absence and presence of the BTS? (iii) How does
BTS adoption affect the sales mode selection? To address the suppliers’ selection of their
sales mode, we first consider the BTS’s enabling of the spoilage reduction effect and the
premium effect in the direct perishable goods market. Firstly, we use a mathematical model
to construct the offline direct pricing model for the offline direct channel, before and after
adopting the BTS. Secondly, we employ the mathematical model to build the offline and
online direct pricing models for the O20 direct channel with non-differential pricing, before
and after adopting the BTS. Thirdly, we use the mathematical model to construct the offline
and online direct pricing models for the O20 direct channel with differential pricing, before
and after adopting the BTS. Finally, by comparing and analyzing the optimal strategies
under three different suppliers-to-consumers’ sales modes, we obtain the optimal sales
mode selection strategy for suppliers theoretically and numerically.

The key findings of our study can be summarized as follows. Firstly, sustainable
suppliers are motivated to shorten the circulation time and lower the production cost of
their goods. Secondly, sustainable suppliers are more inclined to adopt the BTS than the
intelligent logistics system (ILS), which may not always bear the tag cost alone. They
adjust their pricing strategies automatically and pass on the tag cost to consumers for
more profit. Thirdly, the application of the BTS may not always be advantageous for
suppliers. Factors such as the spoilage reduction effect, premium effect, production cost,
and tag cost influence the decision to use the BTS under different channels, like offline
direct and O20 direct with non-differential pricing. Moreover, under the O20 direct
channel with differential pricing, the market size of the offline direct channel, cross-price
elasticity, and other factors play a role in the decision-making process. The premium
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effect is deemed more crucial than the spoilage reduction effect in determining the BTS
adoption. Additionally, the necessity of using the BTS increases with longer circulation
times, where the BTS significantly reduces spoilages during transportation, contributing to
sustainable development. Finally, regardless of the BTS adoption, the offline direct channel
remains the optimal sales mode for suppliers. The BTS adoption decision does not affect
the optimal sales mode selection. In the process of adopting the BTS, maintaining the
original sales model may be the non-optimal practical sales mode selection strategy for
sustainable suppliers.

The rest of the paper is organized as follows: Section 2 reviews the relevant literature;
Section 3 presents the models; Section 4 lays out the analytic results, compares the models’
analytic results, and presents some managerial implications; and Section 5 summarizes the
results and gives future research directions. All proofs are included in Appendix A.

2. Literature Review

We categorize the literature related to our study into two streams: the application
of the blockchain-based tracking system in the perishable goods supply chain and the
selection of sales modes discussed in the following section.

The first related research area focuses on the application of the blockchain-based
tracking system in the perishable goods market from various perspectives, such as the
spoilage reduction effect [1,3,5,10-13], premium effect [4,14-17], tag cost [18-20], supply
chain coordination [5,10,21], and adoption strategy [22-24]. The characteristics of perishable
goods, such as their perishability and susceptibility to deterioration, make the supplier
and retailer highly susceptible to product spoilages during production, transportation, and
retailing [1,3,5], which poses environmental concerns. Cai et al. [10] examined the optimal
way to maintain freshness throughout transportation. As one of the critical technologies of
the intelligent logistics system (ILS) [11], Radio Frequency Identification (RFID) technology
can partially or entirely eliminate the risk of logistics-related spoilages [12]. These efforts
have led to a notable decrease in carbon emissions by cutting fuel consumption and resource
utilization, promoting sustainable development. While the ILS collects data throughout the
entire process, alleviating consumer concerns to some extent, the ability of supply chain
members to freely alter information has heightened consumer apprehension and failed
to generate a premium effect for consumers [5,13]. In addition to the spoilage reduction
effect enabled by the ILS, the BTS can also provide authentic information and trigger the
premium effect [4]. The systems with traceability capabilities, such as the blockchain-based
tracking system (BTS), provide various benefits, including reducing product spoilages,
offering authentic information, traceability, and immutability, which are the most critical
factors in implementing the BTS [17]. Urban consumers in China are most willing to
pay for government-certified traceable milk [15]. Consumers are willing to pay a 25%
premium for organic apples that provide related information and a 42% premium for
information on origin, ingredients, and other details [14]. Galati et al. [16] indicated that
consumers are willing to pay a premium for natural wine, depending on the content,
production process, and taste attributes listed on the wine label. Liu et al. [18] investigated
the impact of the fixed cost and the operational cost of the BTS on a supply chain dominated
by the imported perishable goods supplier, retailer, and a blockchain platform. Jensen
et al. [19] identified the investment cost associated with the BTS as a significant barrier
to its widespread application. However, with the rapid expansion and application of
Internet of Things (IoT) systems, related costs have decreased and are expected to continue
declining [20]. By integrating the preservation effort, Cai et al. [10] developed a supply chain
coordination model to eliminate product spoilages, including quantity spoilage and quality
degradation during the flow process. Wu et al. [5] found that, in a fresh product supply
chain composed of the supplier, third-party logistics provider, and e-commerce retailer,
the leader should provide a two-part tariff contract to support the smooth implementation
of the BTS. However, not all supply chain contracts can achieve coordination in food
supply chains that incorporate blockchain technology and comprise suppliers and retail



Sustainability 2024, 16, 3433

40f29

platforms. The cost-sharing contract cannot achieve supply chain coordination, while
the revenue-sharing contract, profit-sharing contract, and two-part tariff contract can [21].
Aiello et al. [22] analyzed the traceability system’s expected value and optimal granularity
level for perishable goods, such as fruits and vegetables. Saak [23] pointed out that perfect
traceability is not always the optimal solution for the supply chain involving a single
retailer and multiple suppliers. Niu et al. [24] employed a Stackelberg game model to
analyze the blockchain technology investment decisions in the perishable goods supply
chain, which is composed of two competing suppliers and a dominant retailer.

Existing research indicates that the BTS can effectively reduce product spoilages,
achieve sustainable development, provide authentic information, and enhance consumer
purchase intention. However, the functionality of the BTS is rarely analyzed from the
perspectives of the spoilage reduction and premium effects. Building on this existing
literature, we examine the impact of the BTS, which reduces product spoilages and offers
authentic information in the perishable goods market.

The second related research area concerns the suppliers” selection of sales mode. The
suppliers’ sales modes are where the supplier sells products directly to consumers through
offline direct and online direct channels and undertakes the production, logistics, and retail
functions [7,25]. Depending on the suppliers’ sales mode selection, they choose between
the offline direct channel [24-27], online direct channel [9,28,29], O20 direct channel with
non-differential pricing [30,31], and O20 direct channel with differential pricing [32,33].
In China, perishable goods are mainly sold through the supplier’s offline direct channel,
which operates in a coordinated state [25]. The farmer direct sales model is the most efficient
sales model for circulation [26]. Li et al. [27] investigate the optimal advertising decisions
of new and remanufactured products under the offline direct channel. Chen et al. [28]
conducted a case study on Tianbao bananas produced and sold in Zhangzhou, constructing
an efficiency system based on the circulation cost, circulation expense rate, profit margin,
and producer-share ratio. The supplier can sell products to consumers directly through a
platform that imposes a commission fee, such as JD.COM [29]. The online direct channel
cannot provide consumers with a perfect consumption experience, and the sales volume
of online channels is relatively low [9]. Thus, the online suppliers’ sales channel is not
within the scope of our research. Given that the O20 channel with non-differential pricing
and the O20 channel with differential pricing both fall under the O20 channel, this study
categorizes them together for evaluation. The main manifestations of the combined offline
and online direct channels include the community’s weekend vegetable offline suppliers-
to-consumers’ sales market, community sales service stations, and online distribution
channels. Beijing Lvfulong Cooperative opened community weekend offline direct markets
in the Beihang and Wangjing communities and launched online intelligent sales models in
areas like the Meteorological Bureau residential area [30]. For enterprises with both online
and offline channels, their dual-channel sales prices are identical approximately 72% of
the time [31]. The difference in sales prices between the two channels depends on the type
of enterprise and consumers’ shopping risk [32]. In real life, many large-scale perishable
goods suppliers are located in the suburbs of cities, where they sell pollution-free, green,
and organic vegetables through offline physical stores and online direct channels in urban
areas. In addition to the offline direct channel, sustainable suppliers can use the commission
rate to sell green products to consumers directly through e-commerce platforms [33].

The above studies highlight the significance of the suppliers-to-consumers’ sales mode
for perishable goods, emphasizing sales mode innovation led by the supplier. However,
the research on the suppliers” selection of sales mode among the online direct channel, the
020 channel with non-differential pricing, and the O20 channel with differential pricing
is insufficient. In this context, we consider the BTS, which enables spoilage reduction
and premium effects, and examine how suppliers select their sales mode within these
three options.
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3. Problem Description and Assumptions

We consider sustainable suppliers, which sell perishable goods directly to terminal
consumers. These suppliers and consumers are typically located in the same city or region,
with suppliers residing in suburban areas. The supplier can distribute perishable goods
to consumers through offline and online direct channels. In the offline direct channel,
consumers purchase perishable goods from the supplier’s direct physical stores, while in
the online direct channel, consumers buy perishable goods from the supplier’s WeChat
public accounts, mini programs, WeChat groups, moment, or QQ groups. Then, the supplier
delivers the perishable goods to the consumers. Thus, the supplier has the following three
common suppliers-to-consumers’ sales modes (see Figure 1): (i) the offline direct channel,
where the supplier can exclusively sell perishable goods to consumers through its direct
physical stores; (ii) the O20 direct channel with non-differential pricing, where the supplier
directly sells perishable goods to consumers through both offline and online direct channels
at the same direct prices; and (iii) the O20 direct channel with non-differential pricing,
where the supplier directly sells perishable goods to consumers through both offline and
online direct channels at the different direct prices.

Leading companies

Suppliers Po
«—— —— — — — — Consumers in
Dr . () the online
—————— Internet giants .
~ £ Online direct supply | direct channel
Terminal quantity: D,/ ¢ (1)
o) consumers Large scale base »
Offline direct = —— — — — — — Consumers in
supply quantity: () the offline
D/ ¢ (1) Leading companies || Offline direct supply | direct channel
quantity: D/ ¢ (1)

(a) Online direct channel

(b) Online and offline (020) direct channels
Figure 1. Sustainable suppliers-to-consumers’ sales modes of perishable goods.

When the supplier implements the BTS, consumers in the offline direct channel can
obtain complete and authentic product information by scanning the QR code on the
product or packaging. Consumers in the online direct channel can access comprehensive
and authentic information the supplier provides about the production, logistics, and retail
processes. They can then verify this authentic information upon receiving the perishable
goods. The availability of detailed authentic information enables consumers to assess the
freshness better, boost their confidence in making purchases, and even be willing to pay a
premium for it [6]. As previously mentioned, the ILS cannot address the issue of intentional
tampering with information; therefore, the BTS can meet consumers” demands for authentic
information, triggering a premium effect of authentic information.

Firstly, the BTS enables spoilage reduction and premium effects. The spoilage reduc-
tion effect means that product spoilage is reduced and freshness is improved to achieve
sustainable development. Specifically, the survival rate and freshness of products arriving
in the market have increased. On the one hand, the survival rate, ¢(t) = e~ %, ¢(t) € [0, 1],
decreases with the elapse of the circulation time [5], where e(e > 0) is the deterioration rate
of physical quantity. If the circulation time is closer to the product lifecycle, the product
survival rate tends to be zero. Therefore, we have ¢(0) = 1 and ¢(T) = 0. Assuming
that D units of perishable goods are transported from the initial supplier to the end con-
sumer market, the final product survival quantity is D¢(t) units. On the other hand, the
freshness 0(t) = e~ 9" decreases with the passage of circulation time, where ¢(¢ > 0) is the
decay rate of freshness [34,35]. Based on the actual situation, we assume that (¢) € (0, 1],
6(0) = 1, and 6(T) = 0. According to practical experience, freshness is closely related
to product survival rate. Following the literature (e.g., [4]), to avoid unnecessary conclu-
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sions, freshness and product survival rate are equal, () = ¢(t). The United States has
well-equipped cold supply chain equipment and systems, and the spoilage of perishable
goods accounts for 1-5% of total product output. Meanwhile, following the research
(e.g., [12]), the BTS can completely eliminate the risk of logistics-related spoilages; after
the BTS is adopted, the product freshness and survival rate are both 1, 6, (t) = ¢, (t) = 1.
Simultaneously, we set 6(t) # 1 to describe low-quality perishable goods and 6(t) = 1 to
describe high-quality perishable goods. We define the spoilage reduction effect function,
d(0(tn)) = (8u(t) — 0n(t))/0n(t), which has the characteristic of decreasing with increasing
freshness and 6(6(t,)) € (0, +0c0). The spoilage reduction effect is a strictly monotoni-
cally decreasing function of freshness and a strictly monotonically increasing function of
circulation time. For the convenience of analysis, we use freshness to characterize the
characteristics of the spoilage reduction effect. The longer the circulation time, the greater
the product spoilages generated. Once the BTS is adopted, the more it can promote the
achievement of sustainable development. On the other hand, the premium effect means
consumers are willing to pay a certain degree of premium for products that provide au-
thentic and complete information. Under the BTS, authentic and complete information can
enhance consumer confidence, attract more consumers, and even make consumers willing
to pay a certain premium to purchase perishable goods with complete information [6,14,36].
Consumers purchase perishable goods from the online direct channel at the direct price p;o
set by the supplier, and the premium value for consumers is v,,. Similarly, the premium
value for consumers in online direct channels is v,,. The 2020 China Fresh Supply Chain In-
dustry Research Report released by iResearch shows that nearly 82% of Chinese consumers
are willing to pay a premium of no more than 20% for products with quality certification
information. Given this, we assume that each consumer is willing to pay a premium to
purchase perishable goods with the BTS, v, = Buopuo(i =4,6), Vur = Burpur(i = 2,4,6),
and Buo = Bur = B(i = 4, 6) represents the premium effect.

Secondly, when suppliers opt for the offline direct channel without the BTS, the
channel demand is negatively correlated with the direct price and positively correlated
with freshness. Once consumers enter the market, their purchasing decisions are influenced
by the product’s direct price and freshness. Therefore, according to prior studies [3,37-39],
the demand function for the offline direct channel is expressed as follows:

Dy, = G(tn)(Al - bpplr) ey

where A; represents the total market size in the offline direct channel without the BTS,
by (bp > 0) measures the impact of the offline direct price on the demand for the offline
direct channels, and 6(t,)(0 < 6(t,) < 1) represents the freshness without the BTS.

Thirdly, when sustainable suppliers apply the BTS, the demand function for perishable
goods is closely related to the direct price and freshness and is positively correlated with
the premium effect. In other words, once consumers enter the market, each consumer is
willing to pay a premium for the complete and valuable authentic information provided
by the supplier and retailer. With reference to the literature (e.g., [3,37-39]), the demand
function for the offline direct channel is as follows:

Dy, = G(tu) (Az — prZr + bvv2r) (2)

where A; represents the total market size in the offline direct channel with the BTS,
6(ty)(0(ty) = 1) represents the freshness with the BTS, b, (b, > 0) measures the impact of
the offline premium on the demand for the offline direct channel, and v,, represents the
premium value of the offline direct channel. Following the literature (e.g., [38,39]), we set
bp =by, =10y = ﬁZrPZr/ and ,32r = ,B

Fourthly, in the absence of the BTS, when suppliers choose the O20 direct channel
with non-differential pricing, the offline direct price is equal to the online direct price,
P3r = p3o- Referring to the research of Ji et al. [13], Huang and Swaminathan [40], and Tang
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and Yang [41], the demand functions for offline and online direct channels are expressed
as follows:
D3, = 6(ty) (“A3 - bppSr) 3)

D3, = G(tn> ((1 - D‘)AS - bPPSO) (4)

When suppliers choose the O20 direct channel with differential pricing, the demand
function follows a linear model of channel substitutability: (i) the demand for each channel
is negatively correlated with its own channel price and positively correlated with freshness;
and (ii) the demand for each channel is positively correlated with the prices of competing
channels. With reference to the literature (e.g., [3,4,7,37-39,42-45]), the demand functions
for offline and online direct channels are as follows:

Ds, = 0(tn) (xAs — bppsy + vp(pso — P5r)) 5)

Ds, = 6(t2) (1 — &) As — bypso + 7 (psr — ps)) ©

where A3 represents the total market size in the O20 direct channel with non-differential
pricing without the BTS, A5 represents the total market size in the O20 direct channel with
differential pricing without the BTS, b, (b, > 0) measures the impact of the direct price
on the demand for the direct channel, and vy, (7, > 0) explains the degree of competition
between the offline and online direct channels in terms of the price behavior. The price
elasticity coefficient is greater than the cross-price elasticity coefficient, which means that
the influence of the direct price on their own channel is greater than that on a competitive
channel, b, > 7).

Fifthly, in the presence of the BTS, consumers in both offline and online direct channels
are willing to pay a premium for perishable goods with authentic information. This means
that consumers purchasing perishable goods from the offline direct channel at the direct
price p, have a premium value of v,. Similarly, consumers in the online direct channel
have a premium value of v,. When sustainable suppliers choose the O20 direct channel
with non-differential pricing, the direct prices and premium values in both offline and
online direct channels are equal: ps, = ps, and vy, = v4,. Referring to the research of
Cattani et al. [46], Zhou et al. [47], and Rahmani and Yavari [48], the demand functions for
offline and online direct channels are expressed as follows:

Dy, = e(tu) (“A4 - bppzlr =+ bvv4r) )

Dyo = 0(t) (1 — &) Ag — bppag + byoyy) (8)

When sustainable suppliers choose the O20 direct channel with differential pricing,
the demand function follows a linear model of channel substitutability: the demand for
each channel is negatively correlated with its own channel price, positively correlated with
freshness and its own channel premium; and the demand for each channel is positively
correlated with the prices of the competing channel and negatively correlated with the
premium of the competing channel. Following the literature (e.g., [3,4,7,37-39,42-45]), the
demand functions for offline and online direct channels are expressed as follows:

D¢, = 6(tw) (“A6 - bppér + 'Yp(péo — Per) + bover — Yo (V6o — U6r)> )

Dgy = e(tu) ((1 - “)Aé — bppéo + ’)’p(p6r - P6o> + byvgo — 70(7761' - 7160)) (10)

where A4 represents the total market size in the O20 direct channel with non-differential
pricing with the BTS, A¢ represents the total market size in the O20 direct channel with
differential pricing with the BTS, b, (b, > 0) measures the impact of the premium effect
on the demand for the direct channel, and v, (7, > 0) explains the degree of competition
between the offline and online direct channels in terms of the premium behavior. The
price elasticity coefficient is greater than the cross-price elasticity coefficient, which means
that the influence of the premium effect on its own channel is greater than that on its
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competitive channel, b, > <7,. Following the literature (e.g., [4,38,39,44]), we set the
following parameters: by, = b, = 1,7y = v0 = 7,7 € (0, 1), vjo = BioPio, Vir = BirPir, and
Bio = Bir = B(i =2,4).

Sixthly, the implementation of the BTS involves essential components like the funda-
mental information technology structure, fixed readers, and smart tags, incurring significant
investment costs. Following the literature (e.g., [5,11,35,49]), the tag cost, encompassing
the cost of providing authentic information, such as seeds, perishable good attributes,
pesticides, country of origin, logistics, and retailing information, poses a significant obstacle
to the BTS implementation decisions. According to the literature (e.g., [35]), c represents the
production cost per unit of perishable goods, including seeds, pesticides, labor, logistics,
and other input costs.

Finally, to analyze the BTS’s impact on supplier decisions effectively, the following
assumptions are made. Firstly, an insufficient supply of perishable goods results in in-
adequacy, with no surplus supplied to the offline or online direct channels. Both direct
channels have loyal consumers, D, > 0 and D, > 0. In the offline direct channel, perishable
goods are harvested, processed, and transported to the supplier’s offline direct channel,
where terminal consumers purchase them. In the online direct channel, perishable goods
are harvested, processed, and transported directly to terminal consumers. All consumers
in the offline and online direct channels and suppliers are in the same cities or regions.
Therefore, the circulation time for perishable goods in offline and online direct channels is
roughly equivalent. Furthermore, assuming that consumer inflow and outflow in a specific
region or city are balanced, we consider the potential market size of consumers in the
region to be constant, indicating a fixed total consumer market size. For simplicity, without
loss of generality and for analytical convenience, following the literature (e.g., [4,9]), we
assume that A; = 1(i = 1,2,3,4,5, 6). Secondly, following the literature (e.g., [4,5]), the ILS
can automatically identify perishable goods, quickly read data, shorten the time during the
flow process, and reduce product spoilages using real-time monitoring and controlling the
temperature and humidity during the flow process. Based on this, blockchain technology
is used to provide authentic product information. Therefore, compared to the ILS, the
marginal cost of generating traceability system labels containing blockchain technology is
zero, after applying the BTS. Thirdly, to ensure the model’s effectiveness and avoid invalid
results, we assume that 0 < ¢ < 1and 0 < ¢, < 1. Table 1 summarizes all the symbols
involved in this section.

Table 1. Notations and their related definitions.

Notation

Definition Notation Definition

Parameters concerning the supplier

S
INs(i=1,2,3,4,5,6)

Supplier c(ceo, 1]) Production cost
Supplier’s profit cu(cy €10, 1)) Tag cost

Parameters Concerning consumers and market

t Circulation time BB €0, 1)) Premium effect

T Expiration date a(a € (0, 1)) Offline market share

v Premium value 6(£)(6(t) € (0, 1]) Freshness

¢ Decay rate e(H)(e(t) € (0, 1]) Survival rate

€ Deterioration rate Dj,(i = 3,4,5,6) Online direct demand quantity
by Self-price sensitivity D;(i=1,2,3,4,5,6) Offline direct demand quantity
by Self-premium sensitivity v, (7, € (0, 1)) Cross-price sensitivity

o Spoilage reduction effect ¥, (7, € (0, 1)) Cross-premium sensitivity
Superscript parameters

L Lower bound u Upper bound

B

Bound value
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Table 1. Cont.
Notation Definition Notation Definition
Subscript parameters
n Without the BTS 0 Online direct channel
u With the BTS r Offline direct channel
O Online direct channel D 020 direct channel with differential pricing
N 020 direct channel with non-differential pricing

Decision variables

pio(i = 3/4:/5/6)

Online direct price pir(i=1,2,3,4,5,6) Offline direct price

4. Equilibrium Analysis

These discussions are based on the limitations in the supplier’s selections of sales
modes. On the one hand, we explore the pricing strategies without and with the BTS
under three distinct sales modes: the offline direct channel, the O20 direct channel with
differential pricing, and the O20 direct channel with differential pricing. On the other
hand, we conduct a comparative analysis of the equilibrium strategies among these sales
modes to ascertain the optimal sales mode selection for the supplier.

4.1. Offline Direct Channel

When the supplier opts for the offline direct channel, an optimal offline direct pricing
model is developed for Scenarios I and I, based on whether the supplier adopts the BTS.
We compare and analyze the condition under which the supplier adopts the BTS in the
offline direct channel.

4.1.1. Scenario I: Without the Blockchain-Based Tracking System

When opting not to adopt the BTS, the supplier aims to maximize its profit by setting
the optimal offline direct price. Therefore, the expected profit for the supplier is as follows:

Ilis = p1 D1y — (cD1r)/6(tn) (1)

Lemma 1. When 0 < ¢ < 6(t,) < 1, the equilibrium offline direct price is pj, = (0(tn) +c¢)/(20(tn)),
the equilibrium offline direct quantity is D}, = (0(t,) — c)/2, and the equilibrium profit of the supplier
isTTg = (6(tu) —)*/ (46(tn)).

Lemma 1 reveals two key points. On one hand, the supplier’s equilibrium profit is
negatively correlated with the production cost. As the production cost increases, the offline
direct price rises, leading to lower consumer purchase volume and reducing the supplier’s
equilibrium profit. This aligns with the realities of agricultural production. On the other
hand, the supplier’s equilibrium profit decreases as the circulation time increases. The
longer the circulation time, the longer the distance traveled, and the more the product
spoilages. This results in a higher consumer purchase price, weaker purchase intentions,
and ultimately lower purchase volume, reducing equilibrium profit for the supplier. Thus,
the supplier is incentivized to take measures, such as implementing the BTS, to lower the
production cost, shorten circulation time, and ultimately reduce product spoilages.

4.1.2. Scenario II: With the Blockchain-Based Tracking System

The suppliers leverage the BTS to simplify operational processes, shorten circulation
time, and reduce product spoilages through automatic product identification and data
collection. Simultaneously, consumers are willing to pay an additional premium for the
perishable goods with the BTS. After implementing the BTS, sustainable suppliers readjust
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the online direct price to maximize their profit. Therefore, the expected profit for the
supplier is expressed as follows:

Ihs = p2r Doy — ((C + Cu)DZr)/G(tu) (12)

Lemma 2. When 1 — (¢ 4 ¢, )(1 — B) > 0, the equilibrium offline direct price is p3, = (14 (¢ + cy)
(1—B))/(2(1 — B)), the equilibrium offline direct quantity is D, = (1 — (c+cu)(1—B))/2,
and the equilibrium profit of the supplier is TT;¢ = (1 — (¢ +¢y)(1 — B))?/(4(1—B)).

Through Lemma 2, it can be seen that the equilibrium profit of suppliers is positively
correlated with the premium effect, and negatively correlated with the production and tag
costs, which is also consistent with the production practice of perishable goods. The higher
the premium effect, the stronger the consumers” willingness to purchase, the larger the
purchase quantity, and thus the greater the supplier’s equilibrium profit. For the supplier,
adopting the BTS means an increase in costs, with a significant proportion of its revenue
used to offset the negative impact of the tag cost.

4.1.3. Comparative Analysis of Equilibrium Strategies with and without the Blockchain-Based
Tracking System

Firstly, the equilibrium outcomes of the supplier without and with BTS are compared,
and the decision conditions for the supplier to apply the BTS are obtained.

Proposition 1. (i) When the tag cost is low (0 < ¢, < cﬁzl’* ), the supplier reduces the offline direct
price. When the tag cost is high ( cﬁél’* <cy < 1/(1—B) —c), the supplier improves the offline
direct price, where cﬁg“* = (c(1—06(tn)))/0(tn) — B/ (1 —B).

(ii) When the tag cost is low (0 < ¢, < cuDZ*“* ), the supplier obtains the higher offline direct
quantity. When the tag cost is high (cuDz“* <cy < 1/(1—B) —c), the supplier obtains the lower
offline direct quantity, where cll,);l"* = (1—0(ty) +cp)/(1—-PB).

(iii) When the tag cost is low (0 < ¢, < CuH§1s* ), the supplier obtains a higher equilibrium
profit. When the tag cost is high (CMHEHS* < cy < 1/(1 —=B) —c), the supplier obtains a lower

equilibrium profit, where cﬂ%* =1/(1—-B) —c— (0(ty) — )/ (\/Q(tn)(l — ﬁ)) .

Proposition 1 highlights that the supplier does not always shoulder the tag cost alone
in the offline direct channel. Instead, it automatically adjusts its offline pricing strategies
and passes on the tag cost to consumers to achieve more profit. Additionally, implementing
the BTS does not always result in higher offline direct quantity. Finally, it is not always
profitable for the supplier to adopt the BTS strategy (see Figure 2).

Proposition 2. (i) When the freshness is low (c < 8(t,) < Q(tn)g%l’*), the supplier reduces the
offline direct price. When the freshness is high ( G(tn)g%“* < 6(ty) < 1), the supplier improves the
offline direct price, where G(tn)glr* = (c(1=p))/(B+ (cH+cu)(1—B)).

(i1) When the freshness is low (c < 6(t,) < 9(tn)51§1’* ), the supplier obtains the higher offline
direct quantity. When the freshness is high ( 9(tn)5131’* < 0(t,) < 1), the supplier obtains the lower
offline direct quantity, where G(tn)gf”* =1+cB—cu(l—p).

(iii) When the freshness is low (c < 0(t,) < 0(ty )1271515 *), the supplier obtains a higher equilibrium
profit. When the freshness is high ( G(tn)?fls* < 0(tn) < 1), the supplier obtains a lower equilibrium
o, s = B HC 10l

\/(1 —cu(1=B))* +2e(1 = B) (L +cu(l — B)) + (c(1 - B))*
/(2(1 = p)).
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Figure 2. Impact of the premium effect and freshness on the supplier’s equilibrium profit under the
offline direct channel.

Proposition 2 shows that the supplier in the offline channel is unable to implement
the BTS for all perishable goods. Only perishable goods with sufficiently low freshness
are suitable (see Figure 2). That is to say, the longer the circulation time, the stronger
the necessity of using the BTS for perishable goods. In this case, the spoilage reduction
effect enabled the BTS is significant, highlighting that the more spoilages generated by
the transportation of perishable goods are reduced, the more conducive it is to achieve
sustainable development.

Proposition 3. Comparing the equilibrium profits of suppliers without and with the BTS, we
can examine the significant impact of the spoilage reduction effect and the premium effect on the
supplier’s decision to adopt the BTS.

(i) When the premium effect is at a high level (B5¥ < B < 1), the application of the BTS is
profitable for the supplier (I15¢ > T17).

(ii) When both the premium effect and the tag cost are at a low level (0 < B < BB* and
0 < ¢y < cB3,), the application of the BTS is profitable for the supplier (I35 > I13s). Otherwise, it
is detrimental for the supplier (11} < I1is), where p5Y = (—c? + 4c0(t,) + 2c*0(t,) — 0(t,)*+

(0(t) = ©)y/ (0(t) + )2 +46(10))/ (201 +)%6(t) ) and cly = (1—c(1- )/ (1= )
(0(t) — o)/ (VOlE)T = B))

Proposition 3 guides the optimal sales strategy for the supplier in the offline direct
channel, outlining how the decision to implement the BTS is influenced by changes in the
spoilage reduction effect (i.e., freshness spoilage reduced and quantity spoilage reduced),
premium effect, production cost, and tag cost. It suggests that the supplier is always
motivated to invest in the BTS when the premium effect outweighs the spoilage reduction
effect. The positive impact solely resulting from a strong premium effect can offset the
negative impact of the tag cost. In conclusion, the premium effect is a crucial indicator for
the supplier in adopting the BTS and adjusting its online pricing strategies.

Furthermore, the spoilage reduction effect may not always motivate the supplier to
adopt the BTS. Particularly when the premium effect becomes milder relative to the spoilage
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reduction effect, and both the premium effect and the tag cost are low, it is advisable for the
supplier to implement the BTS.

Moreover, it is evident that in the process of adopting the BTS, the premium effect holds
more significance than the spoilage reduction effect. It is also apparent that adopting the BTS
is not always an optimal strategy for the supplier, especially under the offline direct channel,
which directly explains the diverse attitudes of companies towards BTS adoption. Deloitte’s
Global Blockchain Survey indicates that in 2020, only 70.9% of multinational companies,
despite recognizing the importance of blockchain technology, actually integrated it into
their production processes. Therefore, the supplier’s focus on adopting the BTS should
be on providing authentic, comprehensive, and valuable information to generate a higher
premium effect, thus mitigating the challenges associated with the BTS adoption.

Next, by taking the non-existent premium effect (8 = 0) as the baseline, i.e., adopt-
ing the ILS, we thoroughly analyze the impact of the premium effect on the supplier’s
equilibrium profit. By incorporating it into Proposition 3, we can derive Corollary 1.

Corollary 1. For a given tag cost and non-existent premium effect (3 = 0), comparing the
equilibrium profit of the supplier between without and with the BTS, when the tag cost is at a low

level (0 < ¢y <1—c— (6(ty) — )/ (\/Q(tn)) ), adopting the BTS or ILS is more profitable to the
supplier (I154(B = 0) > TI;); otherwise, it is detrimental for the supplier (T1;¢(B = 0) < ITjq).

By combining Proposition 3 and Corollary 1, it becomes evident that the ILS is more
likely to be accepted than the BTS. The premium effect makes the supplier of the offline
direct channel more likely to adopt the BTS. Specifically, in the absence of a premium effect,
as seen in the ILS, the positive impact of the spoilage reduction effect cannot always fully
counteract the negative impact of the tag cost. However, in a scenario with a high-level
premium effect, the supplier is still motivated to invest in the BTS, even without the spoilage
reduction effect. In the presence of the premium effect, the comprehensive positive effects,
including the spoilage reduction effect and the premium effect, are more likely to offset the
negative impact of the tag cost completely. Furthermore, in cases where the positive impact
generated by a sufficiently high premium effect completely offsets the negative impact of
the tag cost, the premium effect assumes a more critical role than the spoilage reduction
effect in the supplier’s decision-making process regarding adopting the BTS.

Finally, we examine the impact of the freshness, production cost, premium effect, and
tag cost on the equilibrium profit of the supplier.

Corollary 2. Given the freshness, production cost, premium effect, and tag cost, we aim to
investigate their impact on the equilibrium profit of the supplier without and with the BTS.

(i) In equilibrium (I15s < IIjg), the equilibrium profit of the supplier is positively corre-
lated with the freshness (dI1;s/06(t,) > 0) and negatively correlated with the production cost
(olljg/dc < 0).

(ii) In equilibrium (115 > I1j¢), the equilibrium profit of the supplier is positively correlated
with the premium effect (155 /9B > 0) and negatively correlated with the production cost and
tag cost (0I15g/dc < 0and JIl5¢/dcy < 0).

(iii) Compared to the scenario with no premium effect (B = 0), the premium effect always
benefits the supplier.

In Figure 2, taking ¢ = 0 and ¢, = 0.1 as an example, it is evident that the impact of
the premium effect on the equilibrium profit of the supplier is monotonic. Additionally,
there are inflection points in the equilibrium profit of the supplier, as shown in Figure 2.
These inflection points occur when the equilibrium sales partner relationship transitions
from one type to another (i.e., from without the BTS to with the BTS). For instance, in the
case of low-quality perishable goods after long-distance transportation, the inflection point
occurs when the spoilage reduction effect and premium effect prompt the supplier to adopt
the BTS (see Figure 2a). In contrast, for high-quality perishable goods after short-distance
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transportation, only a high premium effect can generate enough revenue to incentivize
the supplier to adopt the BTS (see Figure 2b). When the spoilage reduction effect is low
or absent, the supplier should provide symmetric, valuable, and authentic information to
enhance consumers’ willingness to purchase, thereby strengthening the premium effect.

Unlike the premium effect, it is essential to note that the positive impact of only the
spoilage reduction effect cannot always induce the supplier to adopt the BTS. As shown
in Figure 2, this implies that the positive impact generated by the premium effect is more
significant than that of the spoilage reduction effect. These results prompt the supplier,
especially in scenarios with the high tag cost, to prioritize increasing consumer recognition
of the value of perishable goods in pursuit of a higher premium effect.

4.2. Online to Offline (O20) Direct Channel with Non-Differential Pricing

When the supplier opts for the O20 direct channel with non-differential pricing, an
optimal offline direct pricing model is developed for Scenarios IIl and IV based on whether
the supplier adopts the BTS. We compare and analyze the condition under which the
supplier adopts the BTS in the O20 direct channel with non-differential pricing.

4.2.1. Scenario III: Without the Blockchain-Based Tracking System

When choosing Scenario III without the BTS, the supplier directly sells perishable
goods to terminal consumers through offline and online direct channels at the same price.
The supplier sets the offline direct price to maximize its own interest. Thus, the expected
profit for the supplier is calculated as follows:

I35 = p3;D3o + p3rD3r — (C(D3O + D3r))/9(tn) (13)

Lemma 3. When (3 —4a)6(t,) —2c > 0, (4a — 1)6(t,) —2c > 0, and 0(t,) —2c > 0, the
equilibrium direct prices are as follows:

{ Py = (O(t) +2¢)/(46(t,)) (14)
Py = (Bta) +20)/(46(t))

The equilibrium sales quantities are as follows:

D3, = ((3 —4a)0(ty) —2c)/4
D3 = ((4a —1)0(t,) —2c)/4 (15)
D} = (0(ty) —2c)/2
The equilibrium profit of the supplier is as follows:
T35 = (6(tn) —2)*/ (80(tn)) (16)

Lemma 3 indicates that market segmentation significantly leverages the difference in
sales quantities between the two channels. When the preference for the offline direct market
is not dominant (0.25+ (¢ +c4)(1 — B)/2 < a < 0.5), the sales quantity in the offline direct
market is lower than that of the online direct market (D3, < D3 ). Conversely, when the
preference for the offline direct market is dominant (0.5 < a < 0.75 — (¢ +¢y,)(1 —B)/2),
the sales quantity in the offline direct market exceeds that of the online direct market
(D3, > Dj3,). Furthermore, the supplier’s equilibrium profit decreases as the production
cost increases. Finally, the supplier’s equilibrium profit decreases with increased circulation
time. Consequently, the supplier is motivated to take measures, such as implementing the
BTS, to lower the production cost, shorten the circulation time, improve product freshness,
and reduce product spoilages.
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4.2.2. Scenario IV: With the Blockchain-Based Tracking System

After implementing the BTS, the spoilage reduction and premium effects are induced
to achieve sustainable development. Sustainable suppliers redefine the offline direct price
to maximize their profit. Thus, the expected profit for the supplier is calculated as follows:

Il4s = payDao + parDay — ((C + Cu)(D4o + D4r))/9(tu) (17)

Lemma 4. When 1/4 + (c+cu)(1—B)/2 <a < 3/4 — (c+cu)(1 — B)/2, the equilibrium
direct prices are as follows:

{ Pio = (1+2(c+cu)(1—p))/(4(1—p)) (18)
iy = (1+2(c+cu)(1=B))/ (4(

The equilibrium sales quantities are as follows:

Dj, = (3—4a—2(c+cu)(1-p))/4
{ Di, = (40 —1—2(c+cy)(1—B))/4 (19)
D = (1—2(c+c)(1—B))/2

The equilibrium profit of the supplier is as follows:

s = (1-2(1—B)(c+cu))*/(8(1~B)) (20)

Lemma 4 reveals that, firstly, under the O20 direct channel with non-differential
pricing, market segmentation also significantly leverages the difference in equilibrium sales
quantities between the two channels. When the preference for the offline direct market is
not dominant (0.25+ (¢ +cy)(1 — B)/2 < a < 0.5), the sales quantity in the offline direct
market is lower than that of the online direct market (D}, < D ). Conversely, when the
preference for the offline direct market is dominant (0.5 < a < 0.75 — (¢ +¢y)(1 — B)/2),
the sales quantity in the offline direct market exceeds that of the online direct market
(D}, > Dj,). Furthermore, the equilibrium profit of the supplier is negatively correlated
with the production and tag costs, and positively correlated with the premium effect.

4.2.3. Comparative Analysis of Equilibrium Strategies with and without the
Blockchain-Based Tracking System

Firstly, the equilibrium outcomes of the supplier in scenarios IIl and IV are compared,
and the decision conditions for the supplier to apply the BTS are obtained.

Proposition 4. (i) When the tag cost is low (0 < ¢, < chs®), the supplier reduces the direct prices of

the offline and online direct channels. When the tag cost is high (CZZ3* <cu < 1/(2(1—-B)) —o),
the supplier improves the direct prices of the offline and online direct channels, where

" = (e(1=0(62)))/0(t) — B/ (21~ )).

(ii) When the tag cost is low (0 < ¢, < cuDZ3'* ), the supplier obtains the higher offline direct
quantity. When the tag cost is high ( cuDz3"* <y < 1/(2(1 —B)) — c¢), the supplier obtains the
lower offline direct quantity, where cf&’* = ((1—06(tn))(4a—1)+2cB)/(2(1 - B)).

(iii) When the tag cost is low (0 < ¢, < cuDZ3"* ), the supplier obtains the higher online direct
quantity. When the tag cost is high (cMDZ3“* <y < 1/(2(1 = B)) — c), the supplier obtains the
lower online direct quantity, where cg‘ﬁ”* = ((1—=0(ty)) (3 —4a) +2cB)/(2(1 = B)).

(iv) When the tag cost is low (0 < ¢, < CMHZSS*), the supplier obtains a higher equilibrium
profit. When the tag cost is high ( CEZ“ " <y < 1/(2(1—B)) — c), the supplier obtains a lower

equilibrium profit, where cglz”* =1/2(1—-p)) —c— (6(ts) —2c)/ (\/Q(tn)(l - ﬁ)) .
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Proposition 4 reveals that the supplier does not always opt to absorb the tag cost alone
in both the offline and online direct channels. Instead, it automatically adjusts its offline
and online pricing strategies and passes on the tag cost to consumers to attain a more
equilibrium profit. Additionally, adopting the BTS does not always result in higher sales
quantities for both offline and online direct channels. Finally, it is not always profitable for
the supplier to adopt the BTS strategy.

Proposition 5. (i) When the freshness is low (c < 6(t,) < G(tn)fg“* ), the supplier reduces the

direct prices of the offline and online direct channels. When the freshness is high ( G(tn)g3’* <
0(ty) < 1), the supplier improves the direct prices of the offline and online direct channels, where
Ot = (2e(1= B))/ (B+2(c + )1~ B)).

(ii) When the freshness is low (c < 0(t,) < 9(tn)213’* ), the supplier obtains the higher offline
direct quantity. When the freshness is high ( Q(tn)g3’* < 0(ty) < 1), the supplier obtains the lower
offline direct quantity, where G(tn)fg”* = (4a—1—-2c,(1—B)+2c(1—B))/(4a —1).

(iii) When the freshness is low (¢ < 8(t,) < G(tn)zz&’* ), the supplier obtains the higher online

direct quantity. When the freshness is high ( O(tn)g“* < 0(ty) < 1), the supplier obtains the lower
online direct quantity, where 9(tn)g43”* = (3—4a—2c,(1—B)+2c(1—B))/(3—4n).

(iv) When the freshness is low (¢ < 0(t,) < G(tn)gss *), the supplier obtains a higher equilibrium
R

profit. When the freshness is high (0(t,) ;"> < 0(t,) < 1), the supplier obtains a lower equilibrium
1—4c,(1—B) +4((c+c)(1 = B))*+ (1 =2(c+cu)(1 - B))
VA +2e(1- ) —deu(1- P1 — 21— B)) +4es(1- )

.
g

profit, where 8(t,) 5> =
/(2(1=B)).

Proposition 4 indicates that the supplier in the O20 direct channel with non-differential
pricing is unable to implement the BTS for all perishable goods. Only products with
sufficiently low freshness are appropriate (see Figure 3). In this scenario, the spoilage
reduction effect brought by the BTS is significant, underscoring that the more spoilages
generated by the transportation of perishable goods are reduced, the more conducive it is
to achieve sustainable development.
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Figure 3. Impact of the premium effect and freshness on the supplier’s equilibrium profit under the
020 direct channel with non-differential pricing.
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Proposition 6. Comparing the equilibrium profits of suppliers without and with the BTS, we can
examine the impact of the spoilage reduction effect and the premium effect on the supplier’s decision
to adopt the BTS.

(i) When the premium effect is at a high level (BY; < B < 1), the application of the BTS is
profitable for the supplier (IT;¢ > TT5).

(ii) When both the premium effect and tag cost are at a low level (0 < B < BB and
0 < cu < cBy,), the application of the BTS is profitable for the supplier (I1}s > I13s). Otherwise, it
is detrimental for the supplier (IT;5 < IT%g), where BBy = (40(ty) (14 2¢)(1+c) — (6(tn) — 2c)?

+(9(tn)—2c)\/(6(tn)+2c)2+80(tn))/(8(1+c)29(tn)) and By, = (1-2c(1-p))/

(201 B)) = (0(tx) —2¢)/ (2/0(t) (1= B) ).

Proposition 6 establishes the optimal sales strategy for the supplier: under the O20
direct channel with non-differential pricing, the supplier’s decision to adopt the BTS varies
with changes in the spoilage reduction effect, premium effect, production cost, and tag cost.
Simultaneously, Proposition 6 indicates that, in the presence of a high level of premium
effect, the supplier is always motivated to invest in the BTS; the absence of a high level of
the spoilage reduction effect always tempts the supplier to adopt the BTS; and the premium
effect plays a more critical role than the spoilage reduction effect during the adoption of
the BTS. Furthermore, the BTS is not always advantageous for the supplier under the O20
direct channel with non-differential pricing. Therefore, the key for the supplier in adopting
BTS is to provide genuine, comprehensive, and more valuable product information to
generate a higher premium effect, thereby reducing the difficulty of the BTS adoption.

Next, we will thoroughly analyze the premium effect’s impact on the supplier’s
equilibrium profit by taking the non-existent premium effect (3 = 0) as the baseline,
i.e., adopting the ILS. By incorporating it into Proposition 6, we can derive Corollary 3.

Corollary 3. For a given tag cost and non-existent premium effect (3 = 0), comparing the
equilibrium profits of suppliers between without and with the BTS, when the tag cost is at a

low level (0 < ¢, < (1—2¢)/2 — (6(ty) —2¢)/ (2\/9(tn)) ), adopting the BTS or ILS is

more profitable to the supplier (IT;o (B = 0) > I13,); otherwise, it is detrimental for the supplier
(Ij5(p = 0) < ITg).

Combining Proposition 6 and Corollary 3, the BTS is more easily accepted than the
ILS. The premium effect makes it more likely that the supplier will adopt the BTS under
the O20 direct channel with non-differential pricing, making them also more willing to sell
perishable goods through offline and online direct channels.

Finally, we explore the impact of freshness, production cost, premium effect, and tag
cost on the supplier’s equilibrium profit.

Corollary 4. Given the freshness, production cost, premium effect, and tag cost, we examine their
impact on the equilibrium profit of the supplier without and with the BTS.

(i) In equilibrium (I1;¢ < I13), the equilibrium profit of the supplier is positively corre-
lated with the freshness (91155 /96(t,) > 0) and negatively correlated with the production cost
(dlT5¢/0dc < 0).

(i1) In equilibrium (I3 > I13¢), the equilibrium profit of the supplier is positively correlated
with the premium effect (dl1s /9B > 0) and negatively correlated with the production cost and
tag cost (ITys/dc < 0and dll;¢/dc, < 0).

(iii) Compared to the scenario with no premium effect (B = 0), the premium effect always
benefits the supplier.

Corollary 4 indicates that the impact of the premium effect on the supplier’s equi-
librium profit is monotonic. Additionally, there are inflection points in the supplier’s
equilibrium profit, which occur when the equilibrium sales partnership transitions from
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without the BTS to with the BTS, as shown in Figure 3. Normalizing the actual case data
and assuming that« = 0.5,y = 0.3,c =0, ¢, = 0.1, and B € [0, 0.7], while not affecting the
main conclusions, helps to present the equilibrium results more clearly. Notably, the pre-
mium effect is more significant than the spoilage reduction effect, as illustrated in Figure 3.
These results emphasize the importance of the supplier paying attention to the premium
effect generated by consumers for perishable goods with the BTS.

4.3. Online to Offline (O20) Direct Channel with Differential Pricing

When the supplier opts for the O20 direct channel with differential pricing, the
optimal offline and online direct pricing models are developed for Scenarios VI and VI
based on whether the supplier adopts the BTS. We compare and analyze the condition
under which the supplier adopts the BTS in the O20 direct channel with differential pricing.

4.3.1. Scenario V: Without the Blockchain-Based Tracking System

When opting not to adopt the BTS, the supplier sells perishable goods without the
BTS directly to consumers through offline and online direct channels at unequal prices. The
supplier sets the optimal direct prices for the offline and online direct channels to maximize
its own interest. Therefore, the supplier’s expected profit is calculated as follows:

HSS = pSODSO + P57D5r - (C(DSO + DSr))/G(tn) (21)

Lemma 5. When (1 —a)6(t,) —c > 0, a0(t,) —c > 0, and 6(t,) — 2c > 0, the equilibrium
direct prices are as follows:

{ Pso = (147 —a)8(tn) + (1 +27)c)/ (20(t) (1 + 27)) (22)
psr = (v +a)0(tn) + (1427)c)/(20(tn) (14 27))

The equilibrium sales quantities are as follows:

{ D5, = (1 —a)8(tn) —¢)/2
Dz, = (af(ty) —c)/2 (23)
2= (0(tn) —2c)/2

The equilibrium profit of the supplier is as follows:

M = ((0(6)°(1=20)> + (1+29)(0(ta) = 20)°) /(80()(1427))  (24)

Lemma 5 illustrates that market segmentation exerts a significant leverage on the differ-
ences in equilibrium direct prices and sales quantities between the two channels. When the
offline suppliers-to-consumers’ sales market preference is not dominant (c/6(t,) < a < 0.5),
the direct price in the offline direct market is lower than in the online direct market
(ps, < pi,), and the sales quantity in the offline suppliers-to-consumers’ sales market is
lower than in the online direct market (D3, < D3 ). Conversely, when the offline direct
market preference is dominant (0.5 < « < 1 — (¢/6(t,))), the direct price in the offline
direct market is higher than in the online direct market (pz, > pz,), and the sales quantity
in the offline direct market is higher than in the online direct market (Di, > Dz ). More-
over, when the market preference for the offline and online direct channels is equal, the
supplier’s equilibrium profit serves as the lower bound. In this scenario, the supplier sets
the same direct prices for both channels, leading to intense competition between them
and consequently resulting in the supplier’s equilibrium profit reaching its lowest level.
Finally, the supplier’s equilibrium profit decreases with increased circulation time (the
production cost).
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4.3.2. Scenario VI: With the Blockchain-Based Tracking System

After implementing the BTS, the supplier sells perishable goods with the BTS directly
to consumers through the offline and online direct channels. Intending to maximize its own
interests, the supplier redefines the optimal sales prices for the offline and online direct
channels. Therefore, the supplier’s expected profit is calculated as follows:

Igs = peoDeo + perDer — ((¢ + cu)(Dso + Der)) /0 (tu) (25)

Lemma 6. When (c+c,)(1—B) <a <1—(c+cy)(1—pB)and1—2(c+cy)(1—pB) >0,
the equilibrium direct prices are as follows:

{ Poo = (I+y—a+(1+27)(c+c)(1-p))/(2(1 - p)(1+27)) 26)
Por = (v +a+ (1 +27)(c+e)(1-p))/(21-B)(1+27))

The equilibrium sales quantities are as follows:

Dgy= (1—a—(c+cu)(1-p))/2
Dg, = (« = (c+cu)(1—p))/2 (27)
D¢ = (1—=2(c+cu)(1—-P))/2

The equilibrium profit of the supplier is as follows:
s = ((1-20)7 + (1+29)(1 = 2(c +e) (1~ B))*)/B(1 - B)(1+27))  (28)

Lemma 6 reveals that market segmentation plays a significant leverage role in the
equilibrium direct price and quantity differences between the two channels. When the
offline direct market preference is not dominant ((¢ + ¢, ) (1 — B) < a < 0.5), the direct price
in the offline direct market is lower than in the online direct market (pg, < p¢,), and the sales
quantity is lower than in the online direct market (D¢, < Dg,). When the offline suppliers-
to-consumers’ sales market preference is dominant (0.5 < &« < 1— (c+¢y)(1 — B)), the
sales price in the offline suppliers-to-consumers’ sales market is higher than in the online
suppliers-to-consumers’ sales market (pg, > pg,), and the sales quantity is higher than in the
online suppliers-to-consumers’ sales market (Dg, > D¢ ). Furthermore, when the market
preference for the offline and online direct channels is equal (¢ = 0.5), the equilibrium profit
level for the supplier is the lowest. Finally, the supplier’s equilibrium profit is negatively
correlated with production and tag costs and positively correlated with the premium effect.

4.3.3. Comparative Analysis of Equilibrium Strategies with and without the
Blockchain-Based Tracking System

Firstly, the equilibrium outcomes of the supplier in scenarios III and IV are compared,
and the decision conditions for the supplier to apply the BTS are obtained.

Proposition 7. (i) When the tag cost is low (0 < ¢, < CZZS'* ), the supplier lowers the offline direct price.

When the tag cost is high ( 6525’* <y < 1/(2(1 = B)) — c), the supplier raises the offline direct price,

where " = (c(1—26(t)) (14 27)(1— B) — (7 -+ 0)8(ta)B)/(20(ta) (1 +27)(1 — ).
(ii) When the tag cost is low (0 < ¢, < ch®"), the supplier lowers the online direct price. When

the tag cost is high ( c525“* <y < 1/(2(1 — B)) — c), the supplier raises the online direct price, where

" = (e(1=26(ta))(14+27) (1= B) = (1+7 — )8(ta)B)/ (26(ta) (1 +27)(1 - B)).

(iii) When the tag cost is low (0 < ¢, < 6565’* ), the supplier obtains the higher offline direct
quantity. When the tag cost is high ( cuDZ5"* <y < 1/(2(1 —B)) — c¢), the supplier obtains the
lower offline direct quantity, where CEES’* = (a(1—=0(ty))+cB)/(1—-P).
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(iv) When the tag cost is low (0 < ¢, < cE eso ), the supplier obtains the higher online direct
quantity. When the tag cost is high ( cuDZ%* < ¢y < 1/(2(1 = B)) — c¢), the supplier obtains the
lower online direct quantity, where cuDg5"* =((1—a)(1—0(ty)) +cB)/(1—B).

(v) When the tag cost is low (0 < ¢, < CIMTESS *), the supplier obtains a higher equilibrium

profit. When the tag cost is high (CEIESS* <cy < 1/(2(1—B)) —c), the supplier obtains a lower
equilibrium profit, where the following is true:

0(tn)(1+29)(1—2c(1 - p))(1 - p) — (1 - B) 20(t,)(1+27)
n Y

M _ 0(tn) (—(1 — 20)> + 0(ta) (1 — B) (1 +27 + (1 — 20) / 2 :
$(1+27)9(tn)< +4cz(<1+2'y)(1ﬁ)409(tn)(1(+2'y)(1ﬁ) )) ) < (1-p) )

Proposition 7 reveals that the supplier does not always choose to bear the tag cost
alone in both the offline and online direct channels. Instead, it automatically adjusts its
offline and online pricing strategies and passes on the tag cost to consumers in order to
achieve a more equilibrium profit. Furthermore, adopting the BTS does not always result in
higher sales quantity for the two channels. Lastly, it is not always profitable for the supplier
to adopt the BTS.

Proposition 8. (i) When the freshness is low (c < 0(t,) < 0(t,) 55%5’* ), the supplier lowers the of-
fline direct price. When the freshness is high (6(t, )555’* < 0(tn) < 1), the supplier raises the offline
direct price, where 9(tn)g§5’* = (c(14+27)1=8))/((a+7)B+ (c+cu)(1+27)(1=B)).
(ii) When the freshness is low (¢ < 0(t,) < B(tn)Z§5“* ), the supplier lowers the online direct
price. When the freshness is high (G(tn)ZSZSO* <y < 1/(2(1 = B)) — c), the supplier raises the online
direct price, where 0(t,)/5*" = (c(1+27)(1— B))/((1+ 7 — &)+ (c+cu)(1+27)(1— B)).

(ii) When the freshness is low (c < 0(t,) < 9(tn)?5;5’* ), the supplier obtains the higher offline
direct quantity. When the freshness is high ( Q(tn)5525’* < 0(ty) < 1), the supplier obtains the lower
offline direct quantity, where G(tn)g;&’* = (a—cy(1=p)+cB)/a.

(iii) When the freshness is low (c < 0(t,) < G(tn)l63525”* ), the supplier obtains the higher online
direct quantity. When the freshness is high ( 9(tn)l6)525”* < 0(ty) < 1), the supplier obtains the lower
online direct quantity, where G(tn)6D525°* =1—-a—cy(1=B)+cB)/(1—n).

(iv) When the freshness is low (c < 6(t,) < G(tn)én5255*), the supplier obtains a higher

equilibrium profit. When the freshness is high (G(tn)gg“* < 0(tn) < 1), the supplier obtains a
lower equilibrium profit, where the following is true:

B(t)e™” = (147 =201 - @)a+2(14+29) (1= B))*)/ 21+ —2(1 — w)a) (1 - B)) -

2eu(1+27)(1 = B)(1 =2c(1 = B) —cu(1=$)))/ 21+ 7 =2(1 —a)a)(1 - ) —

2
(1 oy —2(1—a)a—2(1+29)(c(1— /5))2) -

4ey(14+27)(1 = p)(1 = 2¢(1 = B) —cu(1-p)) /(1 +9—2(1—a)a)(1—B)).
( T+9—2(1—a)a+2(1+29)(c(1—B))>*— >
(1+27)(1 = B)eu(l —2c(1 = B) —cu(1—B))

Proposition 8 indicates that not all perishable goods from the supplier in the O20
direct channel with differential pricing are suitable for applying the BTS. Only items with
sufficiently low freshness are appropriate (see Figure 4). In this context, the spoilage
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Figure 4. Impact of the premium effect and freshness on the supplier’s equilibrium profit under the
020 direct channel with differential pricing.

Proposition 9. We examine the equilibrium profit of the supplier when comparing scenarios V and
V1, and explore the role of market preference in the application of BTS by the supplier in the offline
direct channel:

(i) When the market share of the offline and online direct channels is equal (x = 0.5), the
difficulty for the supplier to apply the BTS under the O20 direct channel with differential pricing
is equivalent to the case of the O20 direct channel with differential pricing, and is relatively
straightforward.

(ii) When the market share of the offline and online direct channels is not equal (x # 0.5), the
decision of whether the supplier should apply the BTS under the O20 direct channel with differential
pricing is complex and depends on the market share of the offline direct channel, production cost,
cross-price demand elasticity, spoilage reduction effect, premium effect, and tag cost.

Based on Proposition 9, we examine the impact of the production cost on the appli-
cation of the BTS by the supplier under the O20 direct channel with differential pricing,
revealing that the production cost does not significantly affect the main conclusion re-
garding the application of the BTS by the supplier, similar to the findings in the research
(e.g., [4]). Therefore, considering the designed model’s complexity and the conclusions’
presentability, this subsection normalizes the production cost to zero. In this scenario, the
critical conditions for the supplier’s application of the BTS are explored.

Proposition 10. We compare the equilibrium profit of the supplier in scenarios V and VI, and
highlight the crucial role of the spoilage reduction effect and the premium effect in the decision to
apply the BTS:

(i) In the presence of a high level of the premium effect, the supplier is always motivated to
apply the BTS.
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(ii) In the absence of a high level of the spoilage reduction effect, the supplier is generally
induced to apply the BTS.

(iii) The premium effect plays a more significant role than the spoilage reduction effect in the
supplier’s decision to apply the BTS.

(iv) BTS is not always advantageous for the supplier under the O20 direct channel with
differential pricing.

Proposition 10 indicates that the application of the BTS by the supplier can reduce
circulation time, enhance supply chain efficiency, reduce physical product spoilages, im-
prove freshness, and achieve sustainable development. Additionally, providing authentic,
comprehensive, and valuable product information is essential to generate a higher premium
effect, thereby reducing the difficulty of applying the BTS.

Next, by taking the non-existent premium effect (8 = 0) as the baseline, i.e., adopt-
ing the ILS, we will thoroughly analyze the premium effect’s impact on the supplier’s
equilibrium profit. By incorporating it into Proposition 10, we can derive Corollary 5.

Corollary 5. For the given tag cost, production cost, and the absence of the premium effect (8 = 0),
in comparison to the ILS, BTS is more likely to be accepted.

Combining Proposition 10 and Corollary 5, the premium effect makes it more likely
for the supplier under the O20 direct channel with differential pricing to adopt the BTS and
be willing to sell perishable goods with the BTS through offline and online direct channels.

Finally, we explore the impact of freshness, production cost, the premium effect, and
tag cost on the equilibrium profit of the supplier.

Corollary 6. Given the freshness, production cost, premium effect, and tag cost, we examine their
impact on the equilibrium profit of the supplier without and with the BTS.

(i) In equilibrium (I1Zs < I1Zg), the equilibrium profit of the supplier is positively corre-
lated with the freshness (9115 /90(t,) > 0) and negatively correlated with the production cost
(dllig/dc < 0).

(i1) In equilibrium (1% g > Tl5), the equilibrium profit of the supplier is positively correlated
with the premium effect (dl1;g/0p > 0) and negatively correlated with the production cost and
tag cost (0llgg/dc < 0and Jllgg/dcy < 0).

(iii) Compared to the scenario with no premium effect (3 = 0), the premium effect always
benefits the supplier.

Corollary 6 demonstrates that the premium effect’s impact on the supplier’s equi-
librium profit is monotonic. Additionally, there are inflection points in the equilibrium
profit of the supplier, which occur when the equilibrium sales partnership transitions from
Scenario V to Scenario VI, as illustrated in Figure 4. To present the equilibrium results more
clearly without affecting the main conclusions, real case data are normalized, assuming
thate = 0.6,y =0.3,c =0,c, = 0.1, and B € [0, 0.7]. It is important to note that applying
the BTS is not always advantageous for suppliers under the O20 direct channel with
differential pricing. The premium effect plays a more significant role than the spoilage
reduction effect in the supplier’s decision to apply the BTS under the O20 direct channel
with differential pricing, as shown in Figure 4.

4.4. Comparison of Equilibrium Results under Three Different Sales Modes

In the absence or presence of the BTS, through a comparative analysis of the optimal
strategies under the offline direct channel and the O20 direct channel with non-differential
pricing, the offline direct channel and the O20 direct channel with differential pricing,
and the O20 direct channel with non-differential pricing and the O20 direct channel with
differential pricing, the optimal channel selection strategy is derived.
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Proposition 11. Whether the supplier adopts the BTS or not, (i) compared to the O20 direct
channel with non-differential pricing, the supplier can obtain more equilibrium profit under the
offline direct channel;

(ii) compared to the O20 direct channel with differential pricing, the supplier can obtain more
equilibrium profit under the offline direct channel;

(iii) compared to the O20 direct channel with non-differential pricing, the supplier under the
020 direct channel with differential pricing can achieve more equilibrium profits.

Proposition 11 states that, firstly, the supplier, when operating under the offline direct
channel, is inclined against opening or extending the online direct channel within the
020 direct channel with non-differential pricing. Secondly, the supplier, when operating
under the offline direct channel, is inclined against opening or extending the online direct
channel within the O20 direct channel with differential pricing. Thirdly, the supplier,
when operating under the O20 direct channel with non-differential pricing, prefers to
implement the O20 direct channel with differential pricing, wherein the direct prices for
the offline and online direct channels are different, as shown in Figures 2—4. Fourth, the
decision to adopt the BTS does not significantly affect the supplier’s optimal sales mode
selection strategy. While adopting the BTS, the supplier in the O20 direct channel with
non-differential and differential pricing prefers to transform its original sales mode into
the offline direct channel. However, this transformation may trigger significant changes in
consumer market preferences and size, which takes a long time to stabilize the consumer
market. This may be futile for suppliers of perishable goods with short lifecycles. Thus,
maintaining the original sales model is a non-optimal practical strategy. Finally, the offline
direct channel emerges as the optimal sales mode for the supplier. Since the total market
size is the same across three different sales modes, the offline direct channel generates the
highest profit for the supplier, followed by the O20 direct channel with differential pricing,
and the O20 direct channel with non-differential pricing yields the lowest profit.

5. Conclusions

In this study, considering the spoilage reduction effect and the premium effect enabled
by the blockchain-based tracking system (BTS), we construct mathematical models to
investigate the suppliers’ selection of sales mode in the perishable goods market, both
without and with the BTS, under three different suppliers-to-consumers’ sales modes,
including the offline direct channel, the O20 direct channel with non-differential pricing,
and the O20 direct channel with differential pricing. Using our model, we find that without
the BTS, the equilibrium profit of the supplier is negatively correlated with the circulation
time and the production cost. Sustainable suppliers are more inclined to adopt the BTS than
the ILS, which may not always bear the tag cost alone. They adjust their pricing strategies
automatically and pass on the tag cost to consumers for more profit. The application of
the BTS is not always advantageous for suppliers. Under the offline direct channel and
the O20 direct channel with non-differential pricing, the decision to apply the BTS hinges
on factors such as the spoilage reduction effect, premium effect, production cost, and tag
cost. Under the O20 direct channel with differential pricing, considerations include the
market size of the offline direct channel, cross-price elasticity, and the aforementioned
factors. Relative to the spoilage reduction effect, the premium effect is more crucial in
the decision-making process of applying the BTS. Additionally, the necessity of using
the BTS for perishable goods intensifies with longer circulation times. In this case, the
significant spoilage reduction effect facilitated by the BTS underscores the importance of
reducing spoilages during the transportation of perishable goods to promote sustainable
development. Our results also indicate that, compared to the O20 direct channel with
non-differential and differential pricing, sustainable suppliers are more inclined to choose
the offline direct channel. In relation to the O20 direct channel with non-differential pricing,
they are more willing to opt for the O20 direct channel with differential pricing. The BTS
adoption decision does not affect the optimal sales mode selection.
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Our research could have provided some management implications for the supplier.
Firstly, in the absence of the BTS, the suppliers are motivated to adopt the BTS to shorten the
circulation time, reduce product spoilages, and achieve sustainable development. Suppliers
such as Baiguoyuan, Yipin Shengxian, and Huajia should upgrade their ILS to a BTS.

Secondly, to make it easier to adopt the BTS, the supplier’s focus is on providing more
detailed and authentic information, such as seeds, origin, ingredients, and other details,
to help consumers better evaluate product quality, eliminate consumer concerns, enhance
consumer willingness to purchase, and trigger higher premium effects. Furthermore, the
supplier’s sales mode selection should not be affected by the adoption decision of the BTS,
and its optimal strategy is to maintain its original sales mode when adopting the BTS.

Finally, whether the suppliers adopt the BTS or not, they should embrace the offline
direct channel. For suppliers of short-lifecycle perishable goods, the consumer base they
can sell to remains relatively constant; thus, the total market size remains unchanged.
Despite the rapid development of e-commerce, which has changed consumer shopping
habits, opening an online direct channel has damaged the supplier’s equilibrium profit,
making the maintenance of the offline direct channel the optimal sales mode.

This paper identifies several limitations that suggest potential directions for expanding
this study. Firstly, while our research questions focus on scenarios where the total market
size under three different suppliers-to-consumers’ sales modes is equal, it would be valuable
to investigate whether our findings are still valid when the total market size varies across
the three suppliers-to-consumers’ sales modes. Secondly, our paper assumes that the total
market size remains constant before and after implementing the BTS. However, given
that the total market size may undergo significant changes following BTS implementation,
exploring our research within the context of the supplier experiencing different total market
sizes before and after adopting the BTS would be worthwhile.
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Appendix A.
Appendix A.1. Proof of Lemma 1

Proof of Lemma 1. Substituting Equation (1) into Equation (11), then,

Iys = p1,0(tn) (1 — p1r) — (cO(tn) (1 = p1,))/0(tn)-

Solving dI1;5/dp1, = 0 yields the equilibrium results in Lemma 1. [J
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Appendix A.2. Proof of Lemma 2

Proof of Lemma 2. Substituting Equation (2) into Equation (12), then,

ys = par(1 = (1= B)par) — ((c +cu)(1 = (1 = B)p2r)) /6(tu).

Solving 0I1ys/0pzr = 0 yields the equilibrium results in Lemma 2. [

Appendix A.3. Proof of Proposition 1

Proof of Proposition 1. From Lemmas 1 and 2, then p;, — p, = (1+ (c +cu)(1—p))/
(2(1 = B)) = (6(tn) +¢)/(20(tn)), D3, — D7, = (1 = (e +cu)(1 = B))/2 = (8(tn) —€) /2,
and T — T = (1— (c+cu)(1— )/ (4(1— B)) — (8(ty) —c)*/(46(t,)). Finally, we
derive Proposition 1. [

Appendix A.4. Proof of Proposition 2

Proof of Proposition 2. From Lemmas 1 and 2, then p;, — p;, = (1+ (c+cu)(1—8))/
(2(1 = B)) = (6(tn) +¢)/(20(tn)), D3, — D, = (1= (c+cu)(1 = p))/2 — (6(tn) —¢)/2,
and T3~ TTjg = (1 (¢ +-)(1~ £))%/ (41— B)) ~ (B(t) ~)*/(40(t) . Finally we
derive Proposition 2. [

Appendix A.5. Proof of Proposition 3

Proof of Proposition 3. From Lemmas 1 and 2, then I'T;¢ — ITjg = (1 — (¢ +¢y)(1 — B))?/
(4(1 = B)) — (8(ty) —¢)*/(46(t,)). The difference of T3¢ — T1;¢ is increasing in B and
decreasing in c, ¢y, and 6(t,), respectively. If 1 — (c+¢,)(1 — ) > 0,6(t,) —c > 0, and
0 < B < 1, we derive Proposition 3. [

Appendix A.6. Proof of Corollary 1

Proof of Corollary 1. From Proposition 3, then IT;¢(8 = 0) —I1jg = (1 —(c+ )’ /4 —
(O(tn) — 6)2/(49(1‘,1)). The difference of IT34(B = 0) — I}, is decreasing in c, ¢,, and 60(t,),
respectively. If 1 — (¢ +¢,)(1 — B) > 0,0(t,) —c > 0,and 0 < B < 1, we derive Corollary 1. [

Appendix A.7. Proof of Corollary 2

Proof of Corollary 2. From Lemmas 1 and 2, then 0I1;¢/00(t,) = 1/4 — ¢*/ (49(tn 2

)
LLig/dc = (c—0(tn))/ (26(t)) <0, ALss/3P = (1= (1= B)(e+cu))’)/ (41— B))
ALy /dc = —(1—(1—B)(c+cu))/2 < 0,and I35 /dcy = — (1 — (1= B)(c+cu))/2 <O0.
Thus, we derive Corollary 2. [J

Appendix A.8. Proof of Lemma 3

Proof of Lemma 3. Substituting Equations (3) and (4) into Equation (13), then,

I35 = p3r0(tn) (1 — 2p3r) — (cO(tn) (1 —2p3,))/0(tn).

Solving 0l1ss/dp3, = 0 yields the equilibrium results in Lemma 3. [
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Appendix A.9. Proof of Lemma 4

Proof of Lemma 4. Substituting Equations (7) and (8) into Equation (17), then,

Iys = par(1 = 2(1 = B)par) — (c +cu) (1 — 2py;).

Solving 0I1s5/9dps, = 0 yields the equilibrium results in Lemma 4. [J

Appendix A.10. Proof of Proposition 4

Proof of Proposition 4. From Lemmas 3 and 4, then p;, — p3, = (1+2(c+cy)(1 - 8))/
(41— B))— (B(ta) +20)/(46(t)) , Py — P3, = (142(c + cu)(1 — B))/ (4(1 - B))— (B(t)
£20/(380u), Dy = D3 = (4 =1 =T(eve)(1=B)/4 — (100 204,
D;, — D% = (3—4a—2(c+cy)(1—B))/4 — ((3—4a)8(t,) —2¢)/4, and TTjg — IT}g =
(1—2(1—=B)(c+cu))*/(8(1—B)) — (6(ty) —2¢c)*/(80(t,)). Finally, we derive Proposi-
tion 4. [

Appendix A.11. Proof of Proposition 5

Proof of Proposition 5. From Lemmas 3 and 4, then p;, — p3, = (1+2(c+cy)(1-8))/
(4(1— B))= (B(t2) +20)/(46(t)), Py — Py = (1+2(ccu)(1—F)/(4(1— )~
(0(tn) +2c)/(46(tn)), D, — D}, = (4a —1—=2(c+cyu)(1—B))/4 — ((4a —1)0(t,) —2c)/4,
Di — Di = (3—4a —2(C+cu)( —B))/4 — ((3—4)6(t,) —2¢) /4, and TTjg — IT}g =
(1 752%7 B)(c+cu))*/(8(1—PB)) — (6(ty) —2¢)*/(86(ty,)). Finally, we derive Proposi-
tion 5.

Appendix A.12. Proof of Proposition 6

Proof of Proposition 6. From Lemmas 3 and 4, then ITjs — ITis = (1 —2(c + cu) (1 — B))*/
(8(1—B)) — ((ty) —2¢)*/(86(t,)). The difference of ITjs — IT}g is increasing in § and
decreasing in c, ¢y, and 6(t,), respectively. If 1 — (c+¢,)(1 —B) > 0,6(t,) —c > 0, and
0 < B < 1, we derive Proposition 6. [

Appendix A.13. Proof of Corollary 3

Proof of Corollary 3. From Proposition 6, then ITjs (8 = 0) —IT5 = (1 —2(c + cu))?/8 —
(0(tn) —2¢)*/(86(t,)). The difference of IT;4(B = 0) — IT3g is decreasing in ¢, c,, and
6(tn), respectively. If 1 — (c+c,)(1—pB) > 0,0(ty) —c > 0,and 0 < B < 1, we derive
Corollary 3. [J

Appendix A.14. Proof of Corollary 4

Proof of Corollary 4. From Lemmas 3 and 4, then dIT}¢/d0(t,) = 1/8 — 2/ (29(tn)2> >0,

s /06 = (20— 0(t))/(20(t2)) < 0, MTjs/2p = (1-4((1 = P(c+c)?)/ (81 p7) >0,
dlljs/oc = —(1—=2(1—B)(c+cu))/2 <0,and dlT;c/dcy, = — (1 —2(1—B)(c+cu))/2 <O0.
Thus, we derive Corollary 4. [
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Appendix A.15. Proof of Lemma 5

Proof of Lemma 5. Substituting Equations (4) and (5) into Equation (21), then,

_ psr(1 —a—ps, +7(pso —psr)) | _ _
tiss = (o0 ( P! Pt P ) o)1 (s o+ pen)) 000

Solving dllsg/dps, = 0and 0llss/dps, = 0 yields the equilibrium results in Lemma 5. [
Appendix A.16. Proof of Lemma 6

Proof of Lemma 6. Substituting Equations (9) and (10) into Equation (25), then,

_ per(l—a— (1 —B)per +7(1 — B)(Peo — Per)) B o
H“_<(+veo<w—<1—ﬁ>pﬁo+v<1—ﬁ><pér—p60>> ) «1-a W”ﬁr*%)))

Solving dllgs/dpe = 0and dllgs/dpg, = O yields the equilibrium results in Lemma 6. O

Appendix A.17. Proof of Proposition 7

Proof of Proposition 7. From  Lemmas 5 and 6, then
wo-n = ((endraeraiop/en-pi )
or > —((r +a)0(tn) + (1 +27)c)/(20(tn) (1 +27)) ’
P _ ( I+ —a+(1+27)(c+ec)(1—B))/(2(1=B)(1+27)) )
6o %0 — (T +y—a)0(tn) + (1 +27)c)/(26(tn) (1 + 27)) ’
D¢, — Dz, = (a—(c+cu)(1—P))/2 — (ab(tn) —¢)/2, Dg, — D3, = (1—a—(c+cu)

(1-p))/2 - (1—a)0(ty) —c)/2, and
((1 =207 + (1 +29)(1 = 2(c + i) (1= B))*) /(B(1 = B)(1+27)) )

— ((0(4))*(1 = 20) + (1+29)(0(ta) — 20)% ) /(86(ta) (1 +27))
Finally, we derive Proposition 7. J

* O
1_[65 - HSS -

Appendix A.18. Proof of Proposition 8

Proof of Proposition 8. From Lemmas 5 and 6, then
gt p _ ( (y +a+(1+27)(c+c)(1-p))/(2(1=B)(1+27)) >
o T Py — (v +a)0(tn) + (1 +27)c)/ (20(t) (1 +27)) '
iy (e e el paRl B ) b
Poo ™ Foo 7\ — (147 = a)8(tn) + (14 27)c)/ (26(ta) (1 + 27)) e

(@ = (c+cu)(1=$))/2 — (ab(tn) —¢)/2, Dg, = D5, = (1—a—(c+cu)(1-$))/2 —
(1=a)8(ty) —¢)/2, and

L ((1 =207+ (1+29)(1 = 2(c + ) (1= B))*) /(B(1 = B)(1+27))
Igg — 55 = .

— ((O(t))?(1 = 20)% + (1+27)(B(tn) — 2¢)” ) / (86(ta) (1 +27))
Finally, we derive Proposition 8. [

Appendix A.19. Proof of Proposition 9

Proof of Proposition 9. From Lemmas 5 and 6, then
v e [ (@27 e a) (- )F) /(501 - )1 +27))

o — ((O(t))*(1 = 20) + (1 +29)(0(tn) = 2¢)° ) /(80(ta) 1 +27)) )
[T (a = 05) — IMig( = 05) = (1=2(c+c)(1—B))*/B(L—B)) — (0(ts) — 20/ (80(t)),
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and ITjs — T = (1 —2(c+cu)(1—B))*/(8(1 = B)) — (8(tn) —2¢)*/(88(ty)). Thus, we
derive Proposition 9. [

Appendix A.20. Proof of Proposition 10

Proof of Proposition 10. From Lemmas 5 and 6, then IT{c(c =0) — IIic(c =0) =
((1 =207+ (1+29)(1 = 264(1 = ))*) /(8(1 = B)(1 +27))
- (9(1‘”)(1 —20)% 4 (1+ 27)9(1‘,1))/(8(1 +29))

IT¢s(c = 0) — IIZ(c = 0) is increasing in B and decreasing in ¢, and 6(t, ), respectively. If
1—cy(1—pB)>0,0(t,) >0,and 0 < B < 1, we derive Proposition 10. (]

). The difference of

Appendix A.21. Proof of Corollary 5

Proof of Corollary 5. From Lemmas 5 and 6, then IT}c(c = 0and p = 0) —I1i;(c = 0) =
((1 =207 + (14 29)(1 = 260)%) /(8(1 +27))
- (G(tn)(l —20)? 4 (1+ 27)6(tn)) /(8(1+27))

B =0) —IIis(c = 0) is decreasing in ¢, and 6(t ), respectively. If 1 — ¢, > 0 and 6(t,,) > 0,
we derive Corollary 5. [J

. The difference of IT}¢(c = 0 and

Appendix A.22. Proof of Corollary 6

Proof of Corollary 6. From Lemmas 5 and 6, then dI1Z;/dc = (2c—9(tn)) (26(ty)) <O,
ATz /06(t:) = (P —4¢3) (14 29) + (8(tn) (1 — 20))?) / (86(t) 1+27)) >0, AT /0p =
(141 = B)(c+e))?) (1 +27) + (1 —20))%) / (8(1+27)(1 = B)°) > 0, AMTg5 /e

—(1-2(1-pB)(c+cu))/2 <0,and dIL}s/dc = — (1 —2(1 — B)(c+cu))/2 < 0. Thus,
we derive Corollary 6. [

Appendix A.23. Proof of Proposition 11

Proof of Proposition 11. From Lemmas 1, 3, and 5, then ITj; — ITjs = (6(t,) — 2c)?/(86(ty))
— (6(ta) — )/ (46(ta)),

((O(En))*(1 = 20)” + (1+27)(B(tn) — 2¢)” ) /(86 (ta) (1 +27)) ) —_
— (6(ta) — )/ (46(t,) o
[T = (0(t)(1—2)°) /(8(1+27)), Ijs — Il = (1—2(1— B)(c+cu))*/ (8(1 = B)) -
(1= (c+eu)(1-p))*/ (41 —P)),
M — 1, = ( (12007 + (1429)(1 = 2(c + ) (1= B))*) /(8(1 = B)(1 +27)) )

—(1=(c+ea)(1-p)*/(41-p)
and IT¢ — ;¢ = (1 — 20)%/(8(1 — B)(1+27)). Thus, we derive Proposition 11. [J
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