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Abstract: As an increasing number of firms move to omnichannel operation for business sustain-
ability, it is also necessary for fresh produce firms to adopt an omnichannel model by integrating
online and offline channels. We focus on a fresh produce supply chain consisting of a supplier who
sells online directly and a physical store retailer. The purpose of this paper is to explore the optimal
channel selection strategy considering the fresh-keeping efforts of supply chain members. Specifically,
we examine the conditions under which the supply chain members should cooperate to adopt the
deliver-from-store (DFS) model and further investigate the impact of consumers’ freshness sensitivity
and offline hassle cost on supply chain members’ sales model options. Several important conclusions
are shown as follows. First, the retailer’s profit increases with the increasing freshness sensitivity in
the dual-channel model, while it decreases if consumers are sufficiently sensitive to freshness in the
DFS model. Second, if adopting the DFS model, online demand and total market demand expand,
and the performance of the supplier and the retailer heavily depends on the size of the commission
rate. Third, there always exists a win–win situation with an appropriate range of commission rate
when the consumer’s hassle cost is large. This paper contributes to the omnichannel strategy research
of fresh produce supply chain management and the results provide management insights for the
sustainable development of the fresh produce industry in the omnichannel retailing environment.

Keywords: omnichannel; fresh produce supply chain; freshness-keeping effort; channel strategy

1. Introduction

With the rapid development of information technology, online shopping has become a
popular trend where consumers can purchase products at any time on websites or mobile
applications. It has been reported that online sales have reached USD 1.82 trillion in China
and the proportion of e-commerce in total sales accounted for nearly a quarter in 2020 [1].
In the fresh produce field, the market share of e-commerce reached USD 43.45 billion
in 2019 and is expected to exceed USD 124 billion in 2023 [2]. An increasing number of
traditional fresh produce enterprises such as Yiguo and Super Species are trying to involve
e-commerce business to achieve long-term sustainable business development and pay
more attention to multichannel management [3]. This indicates that there is a significant
opportunity for fresh produce enterprises to improve their profitability by e-commerce
in China.

The fast-growing e-commerce business expands organizations’ market share and pro-
vides great convenience for consumers because people complete the purchase by clicking.
Different from selling clothes, paper, and other necessities of life, freshness is a key factor
that affects consumers making purchase decisions on fresh produce [4,5]. According to
a survey in the United States, about 55% of consumers refuse to buy online because of
the uncertainty of produce freshness [6]. The e-commerce transactions make consumers
unable to touch and inspect the product to ensure freshness before making a purchasing
decision. Some freshness-conscious consumers may only buy from the offline channel
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because the quantity and quality of fresh produce are inevitably prone to loss in the process
of transportation from the warehouse to the customer. Some research shows that the fresh-
ness of the produce determines the core competitiveness of the fresh produce company [7].
Freshness-keeping capability should be considered when measuring the operational effi-
ciency of companies. Some scholars discussed the efforts made by companies to improve
freshness. For example, Amazon invests in cold chain logistics to reduce product loss and
improve product quality [8]. Super Species outsources its cold-chain service to an air trans-
portation firm to transport cherries from overseas countries to China [9]. Besides, some
suppliers, such as Zespri and Sysco, cooperate with downstream retailers who undertake
the delivery and preservation of fresh produce.

In addition, supply chain management capability is a decisive factor restricting the
successful development of fresh retailing [2]. With the complexity of the retail environment,
Choudhary et al. [10] emphasized the increasing importance for companies to improve their
supply chain sustainability performance. It is reported that 88% of fresh e-commerce firms
post losses due to inefficient supply chain management capabilities [11]. The low degree
of standardization of fresh produce, high freshness-keeping cost, and high transportation
losses are huge challenges for enterprises [11,12]. For instance, the freshness-keeping
cost of Yiguo accounts for 25–40% of sales and the average loss rate of fresh products is
close to 20%. Low standardization of production increases the retailer’s cost of sales, and
different product sizes also increase transportation costs. Therefore, unless companies
cooperate deeply at each node of the supply chain, it is difficult for firms to address the
above-mentioned issues and enhance supply chain sustainability.

Companies can improve consumers’ shopping experience by deeply integrating on-
line services, offline experience, and cold-chain logistics through channel innovation.
Musso [13] emphasized that innovation in marketing channels requires collaboration and
interactions across various entities within the supply chain network. How innovative
channel management could be profitable is discussed by many studies, with examples
from industry practices such as Walmart, Costco, TMALL, and Uniqlo [4,14,15]. According
to a study by Melero et al. [16], 76% of managers put omnichannel operation as their top
priority strategy. The traditional fresh produce supplier wholesales produce to retailers,
and consumers buy through the offline channel. This loses part of the market demand
because some consumers are far away from the store which is not convenient for offline
shopping. With the development of online shopping, several organizations have realized
the importance of channel integration in advancing profits. Many large-scale suppliers
have opened up online channels by establishing self-operated websites or by operating
online channels on third-party e-commerce platforms to cater to the online buying habits
of consumers [17,18]. For example, the agricultural product supplier COFCO has estab-
lished its website Womai.com and opened a self-run store on Taobao to enhance its market
competitiveness. Meicai launched the mini-program “Meicai Mall” to establish a direct
sales channel during the 2020 epidemic, leading to 800,000 users being added in a week. In
addition, some fresh produce e-commerce firms also choose to cooperate with community
retail stores or convenience stores to fulfill online orders, which is called the deliver from
retailer’s store (DFS) model. The fresh produce e-commerce firm is mainly responsible for
the product sales and the retailer who operates the physical store provides a freshness-
keeping effort and delivery service to ensure product quality and distribution efficiency.
For example, Meituan saves distribution costs and reduces fresh produce loss through
implementing the DFS option. Dingdong reduces the freshness wastage rate to 3% by
delivering from the nearest store. Consequently, to achieve freshness improvement and
cost reduction, it is necessary for organizations to integrate online and offline channels by
operating an omnichannel business model.

Although several omnichannel strategies have drawn considerable attention in the
literature [4,15,19], there is little research on the DFS option. In addition, Mishra et al. [20]
presented that the success or failure of omnichannel strategies tends to be contingent upon
consumers’ perception of the delivered service. Some research has explored consumers’
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perception of channel transition fluency and channel uncertainty [21,22], but the perception
of service efforts needs more attention. For the fresh produce supply chain management,
some authors investigated how companies cooperate in freshness-keeping. However,
the theoretical models usually describe the cooperation in a single channel [8,12]. The
multi-channel supply chain shows that these models may be inadequate, and cross-channel
cooperation between enterprises cannot be reflected. To fill these research gaps and explore
the omnichannel strategy of fresh produce firms in practice, we consider a fresh produce
supply chain in which a supplier independently operates the online channel and a retailer
operates the offline channel. If consumers are sensitive to freshness, will the two firms
have the opportunity to obtain more profit by integrating channels?

We put forward the following research questions:

1. What are the optimal decisions of the supplier and retailer when adopting the dual-
channel model and DFS model? When can supply chain members benefit from
these models?

2. How does consumer sensitivity to freshness and offline hassle cost affect the optimal
performance of supply chain members?

3. Is the cooperative implementation of the DFS model beneficial to both parties, and
under what situations can a win–win situation be achieved?

In order to solve the above problems, we consider a fresh produce supply chain
composed of a supplier and a retailer, in which the supplier not only sells directly through
the online channel but also wholesales fresh produce to the retailer, and the retailer sells
produce through the offline channel. Based on the Stackelberg game, the supplier first
decides the wholesale price and the online retail price, and then the retailer decides the
offline retail price and freshness-keeping effort, both of which are based on the principle of
maximizing profit. The optimal decisions of the two firms in the dual-channel model and
cooperative omnichannel model are analyzed and compared. We find that the retailer’s
profit does not always increase with the increasing freshness sensitivity in the DFS model.
After adopting the DFS model, the total market demand is expanded, and there is always a
win–win situation when hassle cost is sufficiently large.

The remainder of this research is organized as follows. In the next section, we review
the relevant literature. Section 3 describes the problem and assumptions. Section 4 de-
velops two models to explore the optimal decisions of two firms in the centralized and
decentralized structures. Section 5 compares the equilibrium results in two models and
analyzes the optimal channel strategy for the supplier and the retailer. Numerical analysis
is shown in Section 6. Finally, we put forward some managerial implications for operations
managers and conclude the future research directions.

2. Literature Review

The literature related to our research mainly involves two literature streams: one is
the stream of omnichannel retailing, and the other is studies on supply chain management
of fresh produce.

2.1. Omnichannel Retailing

In recent years, research on omnichannel retail operations has become a hot issue,
providing insights in terms of the conceptualization [19,23], strategic aspects [4,15,18],
and functional strategies to enhance organizations’ channel marketing capabilities [24,25].
Regarding the definition of omnichannel, Verhoef et al. [26] explained omnichannel manage-
ment as “optimizing the cross-channel customer experience and channel efficiency through
collaborative management of numerous available channels and customer touchpoints”.
Omnichannel strategy is often viewed as an approach of innovation in marketing chan-
nels [25,27], referring to seamless integration between marketing channels [19]. Musso [28]
presented that consumer switching across channels and devices is all part of the shop-
pers’ omnichannel experience. Firms need to consider this to build a compelling retail
proposition across all channels that delivers on experience, service, and logistics [29].
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Many scholars have analytically explored retailers’ omnichannel strategies. Some
focused on the impact of the implementation of the buy-online-and-pick-up-in-store (BOPS)
strategy on retailer’s optimal decisions and profit [30–33]. The other investigated how the
preorder-online-and-pickup-in-store (POPU) model affects the retailer’s market share and
profit under monopoly and competition situations [34,35]. There are also some studies
on omnichannel returns. Zhang et al. [36] considered the situation where consumers can
cancel orders offline and return products online. Nageswaran et al. combined the partial
or full return policy [37] and Jin et al. investigated how the competitive environment
affects retailer’s cross-channel return strategy [38]. Omnichannel delivery is also attracting
attention [14,39]. Yang and Zhang [40] found that the retailer will lose cross-selling revenue
from an offline channel with ship-from-store (SFS). He et al. [41] put forward the online-first
retailer adopts the ship-from-store option depending on the offline inventory cost. The
above research focuses on the impact of retailers’ online and offline channel integration on
pricing and ordering decisions. Few studies consider the situation of supply chain firms
cooperating to integrate channels. Besides, channel service plays an important role in the
omnichannel strategy [42]; the research on the difference of service efforts between online
and offline channels needs to be filled.

Moreover, studies are also related to consumer behavior and channel selection [21,22,43].
Rodriguez-Torrico et al. [23] confirmed that the inability to touch products online makes
consumers hesitate to buy, and retailers should provide the same discounts and services
between online and offline channels. Shen et al. [44] pointed out the impact of channel
integration quality on consumer perception fluency. Kim et al. [45] empirically studied
the drivers of the BOPS shopping behavior of consumers. However, they only focused
on consumers’ perception of channel uncertainty and channel transition fluency from an
empirical perspective and ignored the impact of special product attributes on consumer
behavior. In contrast to the extant research works, our study emphasizes that product
freshness affects consumers’ purchasing decisions and channel selection. We explore the
impact of consumers’ freshness sensitivity on the efficiency of channel integration.

2.2. Fresh Produce Supply Chain Management

In this subsection, we review the literature on supply chain management of fresh
produce. In recent years, many studies have focused on pricing [46,47], cold chain dis-
tribution [9,48], and freshness-keeping effort decisions. Cai et al. [49] considered that
the distributor is responsible for transportation and preservation in the two-level fresh
supply chain and compared the equilibrium of the centralized and decentralized model.
Wu et al. [8] combined logistics outsourcing services to explore retailer pricing and logistics
provider fresh-keeping level decisions under different power structures. Liu et al. [50]
emphasized the freshness-keeping effort and value-added service and explored the impact
of retailers sharing demand information on the performance of supply chains. There
are also many scholars concerned about cooperation in the fresh produce supply chain.
Zheng et al. [51] studied the fresh-keeping effort decisions in a two-level supply chain
and coordinated the supply chain through cost-sharing and revenue-sharing contracts to
achieve a win–win situation. Chernonog [52] focused on advertising investment coop-
eration between the supply chain members who sell perishable produce and found that
cooperation in a certain period of time is more beneficial to supply chain performance than
non-cooperation. However, research on the interaction between fresh food supply chain
companies was focused on a single channel and this limitation prompted the authors to
explore cross-channel cooperation.

More attention has been paid to the channel strategies in the fresh produce industry.
He et al. [3] first studied the impact of online fresh produce retailers using the pre-sales
model in the market of offline grocery stores. Taking into account consumer preferences
and freshness, Yang and Tang [53] further explored the optimal channel selection decision
between the traditional retail model, the dual-channel model, and the O2O model. Hu
and Xu [54] investigated the BOPS strategy in an organic agricultural supply chain. Most
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relevant studies in fresh supply chain management consider multiple channels to operate
independently. We tried to integrate marketing channels to make the scenario more realistic.
Moreover, little effort has been made to study the delivery process. The difference in our
research is that it focuses on a novel cooperation model for last-mile delivery, which realizes
a buy online and deliver-from-store service.

The literature review highlights research gaps and the necessity of adopting om-
nichannel marketing for fresh produce supply chains. In summary, our research has the
following differences from previous research. Firstly, most of the omnichannel strategies
are implemented by the retailer alone in the previous studies. The research focuses on a
single firm that decides whether to integrate its own online and offline channels to bring
consumers a better purchase experience. In our study, we emphasize that the omnichannel
strategy is implemented by the cooperation of the supplier and the retailer and explore the
influence of commission rate on the willingness of both parties to implement an omnichan-
nel strategy. Secondly, our work also explores how the freshness difference of different
channels affects consumer purchasing decisions. When firms cooperate to adopt the om-
nichannel model, consumers can obtain the same level of freshness online and offline.
Moreover, we consider the impact of offline hassle cost on the firms’ choices. The result
shows that when consumers’ hassle cost is large, there always exists a win–win situation
with an appropriate range of commission rate in the omnichannel model. Our research
enriches the omnichannel strategy research of fresh produce supply chain management
and proposes new management insights for the fresh produce firms implementing the
omnichannel model.

3. Model and Assumption

In this section, we introduce a supply chain that contains a supplier and a traditional
retailer who provide fresh produce, respectively. Considering a common competitive
scenario where the supplier and the retailer run their own online and offline channels
independently, consumers can buy fresh produce from the retailer’s offline channel or
supplier’s online channel. There is a Stackelberg game between the two firms, in which
the supplier is a leader, and the retailer is a follower. In the dual-channel model, the
supplier sells the fresh produce to the retailer at the wholesale price w, and the retailer
sells products to consumers in the physical store at the price pr. The online channel is
operated by the supplier directly, and the online price is represented by po. The supply
chain structure is shown in Figure 1a. The retailer directly serves consumers offline and
invests in cold chain preservation technology to provide freshness-keeping effort. The
supplier focuses more on the sales process and lacks investment in preservation technology.
Besides, long-distance transportation has a negative impact on the fresh produce quality,
so the supplier is motivated to adopt the DFS model. Under the DFS model, the supplier
cooperates with the brick-and-mortar retailer who is closer to consumers in the surrounding
communities. Consumers’ online orders are delivered from the retailer’s nearest store, in
order to minimize quality loss during transportation (such as JD Fresh and Meituan). The
supplier will pay a percentage of online sales as the commission to the retailer, and the
commission rate is represented by r. The wholesale price, online, and offline price are also
noted by w, po and pr, which are consistent with dual channel mode. Figure 1b shows the
DFS model. For each model, we will discuss the optimal pricing, freshness-keeping effort,
and the efficiency of the supply chain in the centralized and decentralized model.
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The purpose of this study is to explore whether the supplier and the retailer should
cooperate to adopt the DFS sale model. The cooperation mechanism is the supplier directly
selling products through an online channel and the retailer being responsible for delivering
the products sold online. Due to the retailer making a freshness-keeping effort to the online
sales, the supplier shares the online revenue with the retailer to stimulate the retailer. In
order to distinguish different models, we use superscript 1 and 2 to represent the dual-
channel model and the DFS model. The retailer and the supplier operate offline and online
channels; the subscripts r, s represent the retailer and the supplier. We use superscript c to
represent centralized decision-making. The major notation in our model is summarized
in Table 1.

Table 1. Notation of the model.

Notation Definition

v Consumer’s valuation of fresh produce
u Consumer’s utility
µ The matching degree of online produce, µ ∈ (0, 1)
α The freshness sensitivity of consumer, α ∈ (0, 1)

h The hassle cost for consumer purchasing from an offline channel (e.g., search cost,
travel cost, transaction cost)

c Delivery cost of the supplier
w Wholesale price of the supplier
pr Retail price of the offline channel
po Retail price of the online channel
m The increased freshness level due to the retailer’s effort
r The commission rate of supplier sharing to the retailer, r ∈ (0, 1)

Similar to Chiang et al. [55] and Yang et al. [56], we assume that consumers are
heterogeneous in their valuation of fresh produce. The valuation v is uniformly distributed
from 0 to 1. Because consumers incur travel costs and search costs when purchasing
offline, we denote all offline hassle costs as h [30,57]. For consumers who buy online,
they only need to click the mouse to place an order. The hassle cost of online is relatively
small, so the online hassle cost is ignored in the following. The same assumption can be
seen in the literature of Jin [38]. In addition, due to the low degree of standardization of
agricultural products, the fresh produce purchased online may not match the requirements
of consumers. For example, the taste, sweetness, and color of produce from different origins
are different. We denote the matching degree of online produce as µ [53,58]. Consumers
obtaining the valuation from online channel purchasing is µv for lack of physical inspection.



Sustainability 2021, 13, 6057 7 of 24

Following the literature of Cai et al. [59] and Liu et al. [50], the quality of fresh produce
can be represented by freshness. The freshness of produce affects the utility of consumers,
which means the freshness level is higher and the products lose less which contributes to a
higher market demand. We use a continuous variable m to represent the freshness level
increased by the retailer’s effort to increase the freshness of produce. The sensitivity of
consumers to freshness is α. When consumers purchase products from an offline channel,
they have an increased utility αm from the retailer’s freshness-keeping effort. In line with
the literature of Liu et al. [50] and Liu et al. [7], the freshness-keeping cost is m2

2 . In the DFS
model, the supplier pays a percentage of online sales to the retailer as a commission, and
the commission rate is represented by r.

We use the subscripts r, o, b to describe offline channel (retail store), online channel,
and DFS channel, respectively. In the dual-channel model, if consumers visit the store,
the utility function is ur = v− pr − h + αm. If consumers buy from an online channel, the
utility function can be expressed as uo = µv− po. When two firms cooperate to adopt the
DFS model, consumer utility increases αm compared to a pure online channel, so consumer
utility ub = µv− po + αm.

Moreover, we consider the retailer is close enough to consumers such as commu-
nity retail stores, so the delivery cost of retailers can be negligible and assumed to be
zero. Both the supplier and the retailer are risk-neutral and assume µ− α2 > 0, where
µ = min[µ, (1− µ)].

4. Model and Analysis

In this section, we focus on the different operating models of fresh produce firms
and explore the optimal decisions of the firms in the dual-channel model and DFS model.
The supply chain structure affects the optimal decision-making of enterprises in the chain.
We consider a centralized system in which stakeholders are viewed as a vertically inte-
grated firm in Section 4.1. The firm controls all variables (online and offline price, the
freshness-keeping effort) to maximize the profit of the whole supply chain system, which
is meaningful for the development of the industry. In reality, companies always have a
complicated competitive relationship, and they prefer to concentrate on optimizing their
self-interest. Therefore, the decentralized supply chain in different channel structures needs
to be explored. We analyze the decentralized supply chain in Section 4.2. The supplier
leads the Stackelberg game. The sequence of the Stackelberg game is that the supplier sets
the online price and wholesale price. Then the retailer determines the offline price and
freshness-keeping effort based on the supplier’s decisions.

4.1. Centralized Model

In the practice of the fresh produce industry, many large companies have the ability to
simultaneously operate online and offline channels and deploy more cold chain facilities
in the offline channel. For example, Hema and 7fresh adopt warehouse-store integration,
using self-operated stores to provide fresh-keeping and delivery services for online orders.
Consumers can purchase in-store, or place an online order and then wait for products
to be delivered from the nearest store. Hence, we consider the situation of a centralized
supply chain, where the supplier and retailer are regarded as a whole system. In order to

ensure that the channel demand is positive, we assume that 2c−cα2+α2µ
2µ = h1 < h < h0 =

1− µ, 0 < c < c0 =
(2−α2−2µ)µ

2−α2 .

4.1.1. Dual-Channel Model

In the dual-channel model, the online channel and offline channel are operated re-
spectively. Consumers can buy products through an online or offline channel. Firstly,
we analyze consumers’ channel choice. Consumers will purchase in-store if and only if
ur > max{0, uo}, while consumers will purchase online when uo > max{0, ur}, other-
wise, consumers will buy nothing. We solve the indifference points of consumers in the
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dual-channel model by ur = 0, uo = 0, ur = uo. Then we get vr = h + pr − αm, vo = po
µ ,

vro =
h−po+pr−mα

1−µ . The consumer’s purchase decision is shown in Figure 2.
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The corresponding market division is determined by consumers’ channel choice.
Consumers who choose the online channel constitute online demand, and offline demand
can be obtained in the same way. Thus, market demand is divided into three parts when
1 > vro > vo, let p1 = h− 1 + pr −mα + µ, p2 = (h + pr −mα)µ, and we have:

D1
r =


1− h− pr + αm , po > p2

1− h−po+pr−mα
1−µ , p1 < po < p2

0 , po < p1

D1
o =


0 , po > p2

h−po+pr−mα
1−µ − po

µ , p1 < po < p2

1− po
µ , po < p1

It can be seen from the demand function that when the online price is large enough,
consumers will choose an offline channel, and online demand is 0. When the online price
is small enough, consumers are attracted by an online channel, and offline demand is 0.
Our research focuses on the simultaneous existence of two channels, so we only consider
the situation when the online price is moderate, i.e., p1 < po < p2, and then the demand
function in the dual-channel model is obtained as follows:

D1
r = 1− h− po + pr −mα

1− µ
(1)

D1
o =

h− po + pr −mα

1− µ
− po

µ
(2)

In a centralized model, the supplier and the retailer are viewed as vertically integrated
firms who make decisions to maximize the benefit of the whole system. Therefore, the
profit of the supply chain is composed of online channel profit and offline channel profit.
The function of profit is as follows:

maxπc1(pr, po, m) = prD1
r + (po − c)D1

o −
1
2

m2 (3)

The central planner maximizes the profit by setting the optimal price and freshness-
keeping effort. The following proposition describes the optimal results.

Proposition 1. The equilibrium results with the Dual-channel model are:{
pc1∗

r = (2−2h)(1−µ)+(c−µ)α2

2(2−α2−2µ)

pc1∗
o = c+µ

2

 Dc1∗
r = 1+c−h−µ

2−α2−2µ

Dc1∗
o =

(2h−α2)µ+(α2−2)c
2µ(2−α2−2µ) mc1∗ = α(1+c−h−µ)

2−α2−2µ

πc1∗ =
c2(2−α2)+2(1−2(1+c)h+h2+cα2)µ−(2−4h+α2)µ2

4µ(2−α2−2µ)
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Proposition 1 shows that optimal offline price and freshness-keeping efforts under the
centralized model decrease with hassle cost, while the optimal online price is not affected.
This is because consumers have low availability to visit stores with high hassle cost, and
more people are willing to buy online, so the offline price will decrease in order to retain
consumers. The growth of online profit cannot make up for the loss of offline, and will
ultimately damage the profit of the supply chain. In addition, Proposition 1 indicates
that the matching degree of online produce harms offline price and freshness-keeping
effort but positively affects online price and supply chain profit. This reflects the fact
that strengthening the standardization of fresh produce production is essential for supply
chain sustainability.

Lemma 1. The impact of freshness sensitivity on the firm’s equilibrium results under central
dual-channel is as follows:

∂mc1∗

∂α
> 0,

∂π1∗
c

∂α
> 0,

∂pc1∗
r

∂α
> 0,

∂pc1∗
o

∂α
= 0,

∂Dc1∗
r

∂α
> 0,

∂Dc1∗
o

∂α
< 0.

Lemma 1 shows that supply chain profit will increase with consumers’ freshness sen-
sitivity since the increased freshness effort raises the market demand. It is straightforward
to find that higher freshness sensitivity leads to higher offline price and freshness-keeping
effort. This is because consumers are more likely to buy offline when they pay attention to
the quality of fresh produce. In this case, the supply chain performance is dominated by
the offline channel. Furthermore, the online price is not affected by freshness sensitivity.

4.1.2. Omnichannel Model

Under the DFS model, the pure online channel moves to the DFS channel. Compared
with the dual-channel model, a buy-online-and-deliver-from-store service is provided by
the cooperation of the online channel and the offline channel, where consumers can choose
to purchase directly in store, or after placing an order online, wait for delivery from the
retailer’s nearby store. Consumers will purchase from an offline channel if and only if
ur > max{0, ub} or purchase from an online channel if and only if ub > max{0, ur}, or
otherwise, buy nothing. From ur = 0, ub = 0, and ub = ur, we obtain the indifference
points vr = h + pr − αm, vb = po−mα

µ , vrb = h−po+pr
1−µ . The consumer’s purchasing decision

is shown in Figure 3.
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When the online price is moderate pr + h + µ− 1 < po < µ(pr + h−mα) + mα, the
demand for the offline channel and the DFS channel are both positive. We get the online
and offline demand function after opening the DFS channel as follows:

D2
r = 1− h− po + pr

1− µ
(4)

D2
o =

h− po + pr

1− µ
− po −mα

µ
(5)
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In the DFS model, the central planner’s decision goal is:

maxπ2
c (pr, po, m) = prD2

r + poD2
o −

1
2

m2 (6)

The following proposition describes the equilibrium results.

Proposition 2. The equilibrium results with DFS model are: pc2∗
r = 2(1−h)µ−α2(1−h−µ)

2(2µ−α2)

pc2∗
o = µ2

2µ−α2

 Dc2∗
r = 1−h−µ

2(1−µ)

Dc2∗
o = h

2−2µ −
α2

2(α2−2µ) mc2∗ = αµ

2µ−α2

πc2∗ = 1
8

(
2− 4h + 2h2

1−µ + 2α2µ

2µ−α2

)

When the DFS model is implemented, offline price and demand will still decrease
with the hassle cost, and online demand is positively correlated with the hassle cost. After
channel integration, online and offline channels have the same effort to preserve freshness.
Thus, the level of freshness-keeping effort is independent of the hassle cost. The higher
the matching degree of produce, the lower the uncertainty of consumers buying online,
which hurts offline channel sales. Different from the dual-channel model, the impact of the
matching degree of online products on the supply chain performance is more complicated.
The reason is that the change of online demand with respect to the matching degree is
dependent on hassle cost. When hassle cost is high, the supply chain performance increases
with the matching degree.

Lemma 2. The impact of freshness sensitivity on the firm’s equilibrium results under the DFS
model is as follows:

∂π2∗
c

∂α
> 0,

∂mc2∗

∂α
> 0,

∂pc2∗
r

∂α
> 0,

∂pc2∗
o

∂α
> 0,

∂Dc2∗
r

∂α
= 0,

∂Dc2∗
o

∂α
> 0.

Lemma 2 indicates that after implementing the DFS model, the profit of the supply
chain, the optimal price, and the level of fresh-keeping effort will increase with the con-
sumers’ freshness sensitivity. Compared with the dual-channel model, online demand will
increase with freshness sensitivity while offline demand is not affected. The results show
that the advantage of an offline channel is weakened by adopting DFS.

4.2. Decentralized Model

In this subsection, we explore the optimal decision of the supplier and the retailer in
the decentralized model. Considering that the supplier and the retailer separately operate
the online channel and offline store, we first discuss the pricing of the two firms and the
retailer’s effort to maintain freshness and then explore the optimal decisions after the two
firms cooperate to implement the DFS model. Market demand is divided by the utility of
consumers in different channels. In the decentralized model, the retailer occupies the offline
market, and the supplier owns the online market. The demand division is consistent with
the centralized model. Based on the demand function given in Section 4.1, we obtain the
profit function of both the dual-channel model and the DFS model. To ensure the channel

demands are positive, h < h0 and c < c1 =
µ(1−α2−µ)

2−α2−µ
is assumed in the following analysis.
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4.2.1. Dual-Channel Model

In the dual-channel model, the two firms separately decide the prices and the retailer
decides freshness-keeping effort. The retailer’s profit comes from offline channel revenue.
The supplier’s profit consists of two parts. Part of the revenue comes from the wholesale
revenue and the other part comes from online sales. The profits are expressed as follows:

maxπ1
r (pr, m) = D1

r (pr − w)− 1
2

m2 (7)

maxπ1
s (po, w) = wD1

r + D1
o(po − c) (8)

The decision sequence is that the supplier first decides the wholesale price and online
sales price. The retailer determines the retail price and the level of freshness-keeping
effort after obtaining the wholesale price information, and the consumer finally makes the
purchase decision. The optimal decisions are as follows.

Proposition 3. The equilibrium results with dual-channel model are:{
p1∗

r =
(1−h)(3−α2)+c(1−µ)−4µ+µ(3h+µ)

2(2−α2−2µ)

p1∗
o = 1

2 (c + µ) D1∗
r = 1+c−h−µ

2(2−α2−2µ)

D1∗
o = 1

4

(
1− 2c

µ + 2h−2c−α2

2−α2−2µ

) {
m1∗ = α(1+c−h−µ)

2(2−α2−2µ)

w1∗ = 1−h
2 π1∗

r = (1+c−h−µ)2

8(2−α2−2µ)

π1∗
s =

c2(2−α2−µ)−2cµ(1+h−α2−µ)+µ(1+h2−2h(1−µ)−µ(α2+µ))
4µ(2−α2−2µ)

Proposition 3 shows the retailer’s price is higher than that of a centralized model,
while the supplier’s price is unchanged. The decentralized model makes the supplier more
competitive, which means part of the offline demand moves online, and the total demand
remains unchanged.

Moreover, as the offline channel demand decreases with the hassle cost, the retailer
reduces the price to encourage consumers to buy in-store, which leads to lower offline
profit. Intuitively, the freshness-keeping effort should increase as the hassle cost increases,
but the result is the opposite due to the lower retail price. In addition, hassle cost also
hurts the supplier’s profit. The main reason is that the supplier reduces the wholesale price
for an offline channel. Even if online demand increases, it is difficult to make up for the
loss of offline wholesale profit. Therefore, when hassle cost is high, the supplier should
strengthen product standardization and control online delivery costs to achieve more profit
from online sales.

Lemma 3. The impact of freshness sensitivity on the firms’ equilibrium results under the dual-
channel model is as follows:

∂m1∗

∂α
> 0,

∂π1∗
s

∂α
> 0,

∂π1∗
r

∂α
> 0,

∂p1∗
r

∂α
> 0,

∂D1∗
r

∂α
> 0,

∂D1∗
o

∂α
< 0.

It is obvious that if consumers are more sensitive to freshness, they are more willing
to buy in-store. Hence, offline demand increases with freshness sensitivity in Lemma 3.
The increased demand motivates retailers to increase the fresh-keeping effort, and also
contributes to higher profit. For the supplier, a simple intuition suggests that higher
freshness sensitivity leads to lower online demand. The lower online demand hurts the
supplier’s profit. However, the profit of the supplier increases with freshness sensitivity,
which indicates that the wholesale profit compensates for the online sales loss.
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4.2.2. Omnichannel Model

In the DFS model, the retailer delivers online orders for a supplier, which will incur
the fresh-keeping cost. Suppliers pay r proportion of online sales as a commission to
encourage retailers to participate in cooperation. As is common in many studies [51,60,61],
we assume that the commission rate is an exogenous variable. Therefore, the retailer’s
profit is composed of offline store sales and the commission paid by the supplier. Supplier’s
profit includes wholesale income and online direct sales. The profit functions for both
parties are as follows.

maxπ2
r (pr, m) = D2

r (pr − w) + rpoD2
o −

1
2

m2 (9)

maxπ2
s (po, w) = wD2

r + (1− r)poD2
o (10)

Given the commission rate, the supplier first determines the wholesale price and
online sales price, and the retailer determines the offline retail price and the effort after
obtaining the wholesale price information. Finally, the consumer makes purchase decisions.

Proposition 4. The equilibrium results with the DFS model are: p2∗
r = 3rα2(−1+h+µ)+µ(3−3h−µ)

4µ−4rα2

p2∗
o = µ2

2(−rα2+µ){
D2∗

r = 1−h−µ
4(1−µ)

D2∗
o = 1+h−µ

4−4µ

 m2∗ = rαµ

2µ−2rα2

w2∗ =
(1−h)µ−r(µ2+α2(1−h−µ))

2µ−2rα2
π2∗

r = 1
16

(
1 + h

(
−2− h

−1+µ

)
+ µ

(
−1 +

2rµ(−3rα2+2µ)
(−rα2+µ)

2

))
π2∗

s =
2r(−1+µ)µ2−rα2(−1+h+µ)2+µ((−1+h)2+2hµ−µ2)

8(rα2−µ)(−1+µ)

From Proposition 4, we derive that the hassle cost has a negative impact on retailer’s
price in the DFS model, but the impact is weaker compared to the dual-channel mode.
The retailer mitigates the impact of hassle cost by sharing cold chain capability. Thus, he
becomes more competitive after cooperation. This result explains the phenomenon that
most physical stores adopted the DFS option during the COVID-19 crisis when consumers
worried about being infected at stores. Different from the results in the dual-channel, the
retailer’s freshness-keeping effort is not affected by hassle cost in this case. The reason
is that the total market demand remains constant after adopting the DFS model and the
retailer’s freshness-keeping service covers all consumers. Furthermore, although online
demand increases with hassle cost, online profit cannot offset the loss of wholesale profit.

Lemma 4. The impact of freshness sensitivity on the firms’ equilibrium results under the DFS

model is: ∂p2∗
r

∂α > 0, ∂p2∗
o

∂α > 0, ∂m2∗
∂α > 0, ∂π2∗

s
∂α > 0. For the retailer’s profit, if 0 < α <

√
µ
3r , we

have ∂π2∗
r

∂α > 0, if
√

µ
3r < α <

√
1
2 , we have ∂π2∗

r
∂α < 0.

Lemma 4 presents that after adopting the DFS model, consumers can enjoy the re-
tailer’s fresh-keeping service during online and offline purchases. The optimal prices of
the supplier and retailer increase with consumer’s freshness sensitivity. On the one hand,
consumers have higher requirements for product quality and are willing to pay more for
it. On the other hand, the retailer affords more fresh-keeping costs to meet consumers’
demands. Therefore, the supplier and the retailer increase the price charged to consumers.

In addition, both the online price and wholesale price increase with freshness sensi-
tivity, which increases supplier’s profit. The impact of freshness sensitivity on retailer’s
profit is complicated. When consumers are less sensitive to freshness, the retailer’s profit
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increases with the higher sensitivity. While the sensitivity is high, the retailer’s profit
will decrease. This is because when consumers’ freshness sensitivity is within the specific
limits, the retailer obtains more profit by raising prices. However, when the sensitivity
is high enough, the retailer would make more effort to preserve freshness. The cost of
freshness-keeping exceeds the benefits of price increases, which damages the interests
of retailers.

5. Equilibrium Analysis

In this section, we first analyze the equilibrium results of the supply chain according
to Propositions 1 and 2 and explore the performance of a supply chain under different
channel strategies. Then we compare the optimal decisions of the supplier and the retailer
in Propositions 3 and 4 and give the strategic selection conditions of both parties.

5.1. Centralized Model

According to Propositions 1 and 2, we compare the equilibrium price and freshness-
keeping effort in the dual-channel model and the DFS model. The impact of the DFS option
on the performance of both channels and the supply chain is shown as follows.

Proposition 5. After the firm implements the DFS model, for the supply chain, Dc2 > Dc1,
Dc2∗

r < Dc1∗
r , Dc2∗

o > Dc1∗
o , mc2∗ > mc1∗, πc2∗ > πc1∗.

Proposition 5 shows that after two channels cooperate to adopt the DFS model, offline
demand will decrease while online demand will increase. This can be explained by the
fact that fresh-keeping effort is provided for the online channel, which may cause some
consumers with high hassle cost to switch to online purchasing and attract more new
consumers. Finally, the DFS model expands the total market demand. As the total market
demand increases, the firm will make more efforts to meet the consumer demand.

Furthermore, the supply chain performance is better after adopting the DFS model.
The online and offline prices increase with the increased freshness-keeping effort. The
market demand under the DFS model is higher than that under the dual-channel model.
As a result, the supply chain obtains more profit. This indicates that if the firm with
online and offline channels implements the DFS option, he could be more confident in
ensuring produce quality and expanding market share. The DFS strategy enhances the
firm’s sustainable profitability.

5.2. Decentralized Model

From Propositions 3 and 4, we investigate the differences in the equilibrium results of
the supplier and the retailer in the dual-channel model and DFS model. The impact of the
deliver-from-store option on the performance of both firms is shown as follows.

Proposition 6. The impact of the supplier and the retailer cooperating to implement the DFS model
on the market demand is D2∗

r

〈
D1∗

r , D2∗
o

〉
D1∗

o , D2∗
t > D1∗

t . For the freshness-keeping effort, if

r0 < r < 1, we have m2∗ > m1∗, otherwise, m2∗ < m1∗, where r0 = (1+c−h−µ)µ
α2(1+c−h−2µ)+2(1−µ)µ

.

Proposition 6 indicates that the DFS model can obtain higher total market demand
than the dual-channel model, which means the DFS model attracts new consumers into the
market. Specifically, offline demand of the DFS model is less than that of the dual-channel
model while online demand has the opposite result. The reason for this is that the offline
channel loses the advantage of produce freshness, which leads to some offline consumers
switching to the online channel. This result could suggest that the retailer and the supplier
should cooperate to obtain more potential consumers.

The retailer’s fresh-keeping effort depends on the commission rate paid by the supplier
when they cooperate to adopt the DFS model. It is known that when the total market
demand increases, the retailer needs to pay for more freshness-keeping efforts to meet the
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demand for the quality of fresh produce. It is suggested that the retailer trades off the
commission and freshness-keeping effort cost when providing a cold chain package and
delivery service.

Proposition 7. The impact of the supplier and the retailer cooperating to implement the DFS model
on the two firms’ profit is:

(1) for the retailer, if r1 < r < min[r2, 1], π2∗
r > π1∗

r ; otherwise, π2∗
r < π1∗

r .
(2) for the supplier, if 0 < r < r3, π2∗

s > π1∗
s ; otherwise, π2∗

s < π1∗
s .

(3) if r1 < r < r3, two firms can achieve a win–win situation.

The value of r1, r2, and r3 can be seen in Appendix A for the derivation.

Proposition 7 illustrates that the choice of channel strategy for two firms heavily
depends on the commission rate. The retailer is unwilling to implement the DFS model
unless the commission rate is moderate. It is easy to understand that the retailer becomes
better off with the DFS model when the commission rate is higher than a certain value. The
retailer is worse off with a sufficiently high commission rate. The main reason for this is
that a higher commission rate leads to a higher level of freshness-keeping effort, which
increases the service effort cost and then brings little profit.

Furthermore, it is obvious that only when the commission rate is low can the sup-
plier obtain a higher profit from cooperation. As the commission rate exceeds a certain
threshold, the supplier has no incentive to implement the DFS model. There exists a Pareto
improvement range, i.e., both the supplier and the retailer would achieve performance
improvement when r1 < r < r3. We confirm that the DFS strategy is not always better
for both firms. The bargaining power of enterprises plays a critical role in the competitive
situation. Both firms should carefully determine the commission contract to ensure that
the cooperation is beneficial.

6. Numerical Analysis
6.1. Sensitivity Analysis

Considering the complexity of the commission rate threshold in Propositions 6 and 7,
it is difficult to analyze whether the threshold is within the interval [0, 1], and determine
whether there is a commission rate range that is beneficial to both firms after adopting the
DFS model. In this section, we use numerical analysis to prove the existence conditions
of Pareto improvement and obtain more management insights. Similar to the parameter
settings in Yang and Tang [53], we have c = 0.05, µ = 0.5. The value range of h is [0, 0.5]
and α is [0, 0.7] based on the assumption in Section 4.2.

Firstly, we explore the influence of the parameters on the threshold r0 in Proposition 6.
In Figure 4, it can be seen that the commission rate threshold (r0) decreases with the hassle
cost, which means that as the hassle cost increases, the retailer is more motivated to increase
freshness-keeping effort. The reason is that hassle cost hurts the demand of the offline
channel and the retailer will increase effort to attract consumers to purchase in-store, and
thus a lower commission could motivate the retailer. On the contrary, the competitiveness
of the online channel is weakened with lower hassle cost, so the supplier needs to pay a
high commission to stimulate the retailer to improve fresh-keeping effort.

We take α as 0.2, 0.4, 0.6 to explore the influence of freshness sensitivity on r0. When the
hassle cost is sufficiently small, the higher the consumer’s requirements for the quality of
fresh produce, the more the retailer is willing to improve freshness-keeping effort, leading to
r0 decreases. However, when the hassle cost is relatively high, even if consumers have high
requirements for quality, the retailer lacks the motivation to improve freshness-keeping
effort due to the low income from offline channel sales. Therefore, the supplier needs to
pay more attention to the design of a commission contract to incentivize the retailer.
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Next, we discuss the impact of α, h on the thresholds r1, r2, r3. From numerical
analysis, we find that only when the freshness sensitivity of consumers is sufficiently high
is r2 in the interval [0, 1], otherwise, r2 is always greater than 1. Therefore, we mainly
focus on the changes of threshold lines r1 and r3. Through Proposition 7, we know that
the area above r1 indicates that the retailer has an incentive to cooperate to adopt the DFS
model, and the area below r1 indicates that the retailer maintains the dual-channel model.
For the supplier, the area below r3 indicates that the supplier has an incentive to adopt the
DFS model, and the area above r3 indicates that the dual-channel model is better. It can be
found from Figure 5 that with the increase in hassle cost, r1 decreases while r3 increases,
which means the commission rate range of Pareto improvement gets larger, i.e., if the hassle
cost is larger, there would be more chances for the two firms to benefit from the DFS model.
This implies that higher hassle cost weakens the produce quality advantage of the retailer’s
offline channel, which gives the retailer more incentive to cooperate. Besides, the negative
impact of hassle cost on an offline channel will reduce retailer’s profit and affect supplier’s
wholesale profit, which encourages the supplier to cooperate to adopt DFS.

Let α be 0.1, 0.2, 0.4, 0.6 to observe the change of the lines of r1 and r3. As shown in
Figure 5a,d, we found that r1 moves up with the increase of α, indicating that the higher the
consumers’ freshness sensitivity, the lower the retailer’s motivation to cooperate with the
supplier. After cooperation, the retailer will lose the advantage of freshness. No matter how
α changes, the retailer can always get more profit from the DFS model by setting a moderate
commission rate. For the supplier, the threshold r3 shifts to the right as α increases, which
means adopting the DFS model may be detrimental to the supplier depending on hassle
cost. The results indicate that the DFS model is more beneficial for the retailer than the
supplier. There always exists a Pareto improvement area of commission rate if the hassle
cost is high enough, which suggests that the two firms should cooperate to adopt the DFS
model to achieve profit growth when it is inconvenient for consumers to visit the store.

Next, we let α = 0.4 to explore the impact of the matching degree of online fresh
produce on the willingness to cooperate between two firms. The willingness of two firms
to cooperate to implement DFS can be observed according to the changes of thresholds of
r1 and r3.
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Figure 6 presents the impact of online fresh produce matching degree on firms’ strate-
gies. As the matching degree of fresh products increases, the threshold line r1 moves down,
indicating that the retailer is more willing to choose the DFS model. The rationale lies
in the fact that the higher the standardization of fresh produce, the more consumers will
switch to the online channel. There will be a more positive effect from the cooperation of
adopting the DFS for the retailer. Therefore, the retailer is more willing to cooperate. For
the supplier, the effect of µ on r3 is more complicated, which is related to h. When hassle
cost is sufficiently large, the supplier has less incentive to adopt DFS with the increasing
matching degree of online produce.
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6.2. Managerial Implications

The research contributes to the growth of the omnichannel marketing strategy and
provides insights into fresh produce supply chain management. Previous research on the
omnichannel strategy neglects the fresh produce industry and the impact of consumer
perception on purchasing decisions. Freshness plays a critical role in fresh produce man-
agement [42]. We put the consumers’ freshness sensitivity into the theoretical model, which
is more consistent with reality. The model helps firms to develop omnichannel marketing
strategies by showing the impact of freshness sensitivity and hassle cost. Bayram, A., and
Cesaret, B. [39] presented evidence that the retailer is always profitable in the DFS model,
while we find that the DFS option is not always beneficial to the supply chain members.
A proper cooperation contract could achieve a Pareto improvement. Additionally, in con-
trast to the extant research on integrating online and offline channels [40,41], we focus on
adopting the omnichannel by cooperation between the supplier and the retailer, rather
than the retailer integrating independently. Besides, rather than examining the inventory
pooling strategy [39,40] and the retailer’s location advantage [41], we focus on the pricing
decision and service effort. This study demonstrates that the retailer may reduce the
freshness-keeping effort with sufficiently high freshness sensitivity after implementing
DFS mode. This is different from the previous research [53] presented, which states that
the effort always increases by integrating channels.

Our study provides insights into the channel cooperation of fresh produce enterprises
by combining the hassle cost and consumer freshness sensitivity. Increasing freshness
sensitivity does not always incentivize the supplier to adopt the DFS option. When the
hassle cost is low, cooperation harms the supplier. Firms should identify the hassle cost of
consumers visiting the store in terms of transaction costs, travel distance, congestion, and
out-of-stock risk. When consumers have difficulties visiting the store, the supplier cooper-
ating with the retailer to adopt the omnichannel strategy is more profitable. Furthermore,
firms need to improve bargaining power to obtain more profit from cooperation. From
the perspective of the development of the fresh produce e-commerce industry, the supply
chain members centralizing making decisions to implement omnichannel strategy creates
more value.

7. Conclusions
7.1. Findings and Insights

The rapid development of online shopping has prompted fresh produce firms to
integrate online and offline channels. To make full use of the advantages of different
channels and improve operational efficiency, many companies cooperate with others. A
two-level supply chain including a supplier and a retailer has been established. The
retailer operates an offline channel, and the supplier sells directly through an online
channel. Considering consumer concern about the freshness of produce, we explore the
performance of a novel retail channel called the DFS model where the supplier’s online
order is delivered to and freshness-keeping effort is provided by the retailer’s store so
that online consumers can be provided with the same level of quality fresh produce as
offline consumers by channel integration. The supplier pays commission to the retailer
for cooperation. We investigate the optimal decisions of both parties in the dual-channel
model and the DFS model and identify the situations under which two firms can benefit
from adopting an omnichannel option. Our main results are as follows.

In fresh produce retailing, produce quality (freshness) is an important feature. Firstly,
we find that in the dual-channel model, the profit of two firms will increase as consumers’
freshness sensitivity increases. However, after implementing the DFS model, if consumers
are sufficiently sensitive to freshness, the retailer’s profit decreases with consumers’ fresh-
ness sensitivity because of the increased freshness-keeping cost. Secondly, the adoption
of the DFS model will expand online demand and total market demand. The freshness-
keeping effort is always increased in a centralized model while the relationship depends
on the commission rate in a decentralized model. The retailer will increase fresh-keeping
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efforts only when the commission rate is relatively high. In addition, the supply chain
always benefits from the DFS model in a centralized model. For the decentralized model,
the performance of two firms after adopting the DSF model heavily depends on the com-
mission rate. When the commission rate is sufficiently low, the supplier can benefit from
DFS, while the retailer performs better when the commission rate is moderate. Numerical
analysis results show that there is always a win–win situation when the hassle cost is large
enough. Finally, we also analyze the impact of online produce matching degree on the
firms’ willingness to cooperate to adopt DFS. The retailer’s motivation increases with the
higher matching degree while the supplier’s motivation is related to hassle cost.

Our study provides some new management insights for supply chain management
of fresh produce. First, as consumers have higher requirements for the quality of fresh
produce, firms should integrate the channels to provide the same service effort to at-
tract more potential consumers. The omnichannel strategy could improve the retailer’s
freshness-keeping effort, which contributes to ensuring fresh food safety and human health.
Second, when both parties choose to carry out the omnichannel strategy, they need to
investigate the business conditions, such as the convenience for consumers visiting physical
stores and consumers’ requirements for freshness. For the consumers with low hassle
cost, they should take measures (e.g., compensation for freshness loss, return policy) to
relieve the freshness sensitivity of consumers. For consumers with high hassle cost, firms
should advertise the freshness preservation technology to enhance consumers’ emphasis
on the freshness sensitivity. Then, a moderate commission contract would be profitable
for both parties. The bargaining power determines who obtains more profit from the
omnichannel strategy. Finally, in the omnichannel environment, the interaction between
channels is a beneficial action rather than a complete competition. Suppliers and retailers
operating in different channels should take a long-term perspective on channel integration
and strengthen cooperation to make full use of online and offline advantages, which is
conducive to the sustainable development of the fresh produce e-commerce industry.

7.2. Limitations and Future Directions

Although our study captures consumer freshness requirements and provides some
new insights for supply chain management of fresh produce, there are several limitations
and possible extensions worth pursuing that can further deepen our understanding of
retail channel management. First of all, we assume the supply chain is stable, and related
risks of the fresh produce supply chain are left out. However, the risks (such as demand
uncertainty, supply price volatility, and uncertainty of preservation technology) may cause
companies to bear dramatic losses. Controlling the supply chain risk has been studied
more recently [62,63] and the impact of the supply chain risk could be explored for an
extension. Besides, to make our research more realistic, we could use practical data to
test our results in the future. Second, this study assumes that the supplier improves the
freshness level of online produce by cooperating with the retailer and neglects the waiting
cost for purchasing online. The possibility of the supplier self-investing in cold chain
technology could be investigated, the waiting cost could be included in the model in
the future. Thirdly, considering consumer segmentation is more realistic. For example,
highly freshness-sensitive consumers never purchase online and lowly freshness-sensitive
consumers choose the channel based on utility. Finally, we only pay attention to the
omnichannel model of deliver-from-store. More omnichannel models are worthy of studies,
such as pickup in-store or self-lifting cabinets [20,45].
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Appendix A

Proof of Proposition 1. Under the centralized model, the vertically integrated firm takes
decisions to maximize the whole supply chain system. Therefore, the single firm simul-
taneously decides price and freshness-keeping effort. From the assumption, we know
µ− α2 > 0, µ = min[µ, (1− µ)]. First, we prove the supply chain profit function is con-
cave. According to Equation (3), the decision variables are pr, po, m; it is easy to express
the first and second derivatives of πc1 with respect to these decision variables: ∂πc1

∂pr
=

1 + c+h−2po+2pr−mα
−1+µ

∂2πc1

∂pr2 = 2
−1+µ < 0, ∂πc1

∂po
= c−2po+hµ+2prµ−mαµ

µ−µ2 , ∂2πc1

∂po2 = − 2
µ−µ2 < 0,

∂πc1

∂m = m−(c−po+pr)α−mµ
−1+µ , ∂2πc1

∂m2 = 1−µ
−1+µ < 0. We define the hessian matrix of πc1 as H,

H
(
πc1) =


2

−1+µ
α

1−µ
2

1−µ
α

1−µ
1−µ
−1+µ

α
−1+µ

2µ

µ−µ2
−αµ

µ−µ2
−2

µ−µ2

. Since (1− µ)− α2 > 0 with the assumption, we have

the second-order principal minor determinant

∣∣∣∣∣
2

−1+µ
α

1−µ
α

1−µ
1−µ
−1+µ

∣∣∣∣∣ = 2−α2−2µ

(1−µ)2 > 0. The third-

order principal minor determinant is negative:

∣∣∣∣∣∣∣∣
2

−1+µ
α

1−µ
2

1−µ
α

1−µ
1−µ
−1+µ

α
−1+µ

2µ
µ−µ2

−αµ
µ−µ2

−2
µ−µ2

∣∣∣∣∣∣∣∣ =
2(−2+α2+2µ)

(1−µ)2µ
< 0.

It is straightforward that the hessian matrix is negative definite. Therefore, the profit πc1

is joint concave in (pr, m, po). There exits the optimal solution of Equation (3). Then, we
calculate the solutions by solving the first-order conditions. Let ∂πc1

∂pr
= 0, ∂πc1

∂po
= 0, ∂πc1

∂m = 0.

We obtain the optimal offline price pc1∗
r =

−2+2h−cα2+(2−2h+α2)µ

2(−2+α2+2µ)
, the optimal online price

pc1∗
o = c+µ

2 and optimal freshness-keeping effort mc1∗ = α(−1−c+h+µ)
−2+α2+2µ

. Substituting pc1∗
r ,

pc1∗
o , mc1∗ into Equations (1)–(3), we derive the demand of online and offline channels and

the optimal profit in the dual-channel model. �

Proof of Proposition 2. Similar to the dual-channel model, the vertically integrated firm
determines the optimal price and freshness effort simultaneously. From Equation (6),
we solve the first and second derivatives of πc2 with respect to pr, po, m. It is easy to
find that ∂πc2

∂pr
= 1 + h−2po+2pr

−1+µ , ∂2πc2

∂pr2 = 2
−1+µ < 0, ∂πc2

∂po
= 2po+mα(−1+µ)−(h+2pr)µ

(−1+µ)µ
, ∂2πc2

∂po2 =

2
(−1+µ)µ

< 0, ∂πc2

∂m = −m + poα
µ , ∂2πc2

∂m2 = −1 < 0. Let H be the hessian matrix of πc2.

H
(
πc2) =


2

−1+µ
2

1−µ 0
2

1−µ
2

(−1+µ)µ
α
µ

0 α
µ −1

. The second-order principal minor determinant of

H:

∣∣∣∣∣
2

−1+µ
2

1−µ
2

1−µ
2

(−1+µ)µ

∣∣∣∣∣ = 4
µ−µ2 > 0; Since µ− α2 > 0, we have the third-order principal

minor determinant of H

∣∣∣∣∣∣∣
2

−1+µ
2

1−µ 0
2

1−µ
2

(−1+µ)µ
α
µ

0 α
µ −1

∣∣∣∣∣∣∣ = −2α2+4µ

(−1+µ)µ2 < 0. The hessian matrix of

πc2 is negative definite. Therefore, the profit πc2 is joint concave in (pr, m, po). Let ∂πc2

∂pr
= 0,
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∂πc2

∂po
= 0, ∂πc2

∂m = 0. By solving the first-order conditions simultaneously, we get the optimal

decisions of pc2∗
r = 2(1−h)µ−α2(1−h−µ)

2(2µ−α2)
, pc2∗

o = µ2

2µ−α2 , mc2∗ = αµ

2µ−α2 . Substituting pc1∗
r , pc1∗

o ,

mc1∗ into Equations (1), (2) and (4), we derive the demand of online and offline channels
and the optimal supply chain profit in the DFS model. �

Proof of Proposition 3. From Equation (7) there are two decision variables pr and m in

the profit function of retailer, and we can find that ∂π1
r

∂pr
= 1− −h+po−2pr+w+mα

−1+µ , ∂2π1
r

∂pr2 =

2
−1+µ < 0, ∂π1

r
∂m = −m + (−pr+w)α

−1+µ , ∂2π1
r

∂m2 = −1 < 0, then the Hessian matrix of the retailer

is H(pr, m) =

∣∣∣∣∣ 2
−1+µ − α

−1+µ

− α
−1+µ −1

∣∣∣∣∣ = 2−α2−2µ

(−1+µ)2 . With the assumption µ − α2 > 0, obvi-

ously, the Hessian matrix is negative definite. Let ∂π1
r

∂pr
= 0, ∂π1

r
∂m = 0, we have the reaction

function of the retailer pr =
−1+h−po+w(−1+α2)+2µ−hµ+(po+w−µ)µ

−2+α2+2µ
, m = α(−1+h−po+w+µ)

−2+α2+2µ
.

By substituting these reaction functions into Equation (8), we obtain the profit func-

tion of the supplier. Then we have ∂π1
s

∂w = −1+c+h−2po+2w+µ

−2+α2+2µ
, ∂2π1

s
∂w2 = 2

−2+α2+2µ
< 0,

∂π1
s

∂po
= 1

2 + c−2po
µ + −2(c+h−2po+2w)+α2

2(−2+α2+2µ)
, ∂2π1

s
∂po2 =

2(2−α2−µ)
µ(−2+α2+2µ)

< 0, the Hessian matrix

of the supplier is H(po, w) =

∣∣∣∣∣∣
2

−2+α2+2µ
2

2−α2−2µ

2
2−α2−2µ

2(2−α2−µ)
µ(−2+α2+2µ)

∣∣∣∣∣∣ = 4
µ(2−α2−2µ)

> 0, which is

negative definite. Let ∂π1
s

∂po
= 0, ∂π1

s
∂w = 0, we have the optimal decisions of the sup-

plier as p1∗
o = 1

2 (c + µ), w1∗ = 1−h
2 . Then the retailer’s optimal decisions are obtained

p1∗
r =

(1−h)(3−α2)+c(1−µ)−4µ+µ(3h+µ)

2(2−α2−2µ)
, m1∗ = α(1+c−h−µ)

2(2−α2−2µ)
. By substituting these optimal

decisions into Equations (7) and (8), we have the profits of the retailer and the supplier in
the dual channel model. �

Proof of Proposition 4. From Equation (9), we can find that ∂π2
r

∂pr
= −1+h+2pr−po(1+r)−w+µ

−1+µ ,
∂2π2

r
∂pr2 = 2

−1+µ < 0, ∂π2
r

∂m = −m + porα
µ , ∂2π2

r
∂m2 = −1 < 0, then the Hessian matrix of

the retailer is H(pr, m) =

∣∣∣∣∣ 2
−1+µ 0

0 −1

∣∣∣∣∣ = 2
1−µ > 0, the Hessian matrix is negative

definite. Let ∂π2
r

∂pr
= 0, ∂π2

r
∂m = 0, we have the reaction function of the retailer pr =

−1+h+2pr−po(1+r)−w+µ
−1+µ , m = porα

µ . By substituting these reaction functions into Equation (10),

we obtain the profit function of the supplier. Then we have ∂π2
s

∂w = −1+h+2po(−1+r)+2w+µ
2(−1+µ)

,

∂2π2∗
s

∂w2 = 1
−1+µ < 0, ∂π2

s
∂po

=
(−1+r)((1+h+2w−µ)µ2+2po((−2+µ)µ+r(−2α2(−1+µ)+µ2)))

2(−1+µ)µ2 , ∂2π2
s

∂po2 =

(−1+r)(2rα2−2µ−2rα2µ+µ2+rµ2)
(−1+µ)µ2 < 0. The Hessian matrix of the supplier is H(po, w) =∣∣∣∣∣∣

(−1+r)(2rα2−2µ−2rα2µ+µ2+rµ2)
(−1+µ)µ2

1−r
1−µ

1−r
1−µ

1
−1+µ

∣∣∣∣∣∣ = 2(1−r)(µ−rα2)
(1−µ)µ2 . With the assumption µ− α2 > 0

we know the matrix is negative definite. Let ∂π2
s

∂w = 0, ∂π2
s

∂po
= 0, we have the optimal deci-

sions of the supplier as p1∗
o = µ2

2(−rα2+µ)
, w1∗ =

(1−h)µ−r(µ2+α2(1−h−µ))
2µ−2rα2 . Then the retailer’s

optimal decisions are obtained p2∗
r = 3rα2(−1+h+µ)+µ(3−3h−µ)

4µ−4rα2 , m2∗ = rαµ

2µ−2rα2 . We substitute
them into Equations (9) and (10), then have the profits of the retailer and the supplier in the
DFS model. �
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Proof of Proposition 5. We compare the equilibrium results in the centralized model. The

difference of total market demand in the two models is Dc2 − Dc1 = cα2−2cµ−α2µ
2(α2−2µ)µ

> 0.

The difference of offline demand is Dc2∗
r − Dc1∗

r = 2c(µ−1)−α2(1−h−µ)
2(1−µ)(2−α2−2µ)

, from the assump-

tion of h < 1− µ, it is easy to find that Dc2∗
r − Dc1∗

r < 0. Similarly, The difference of

online demand is Dc2∗
o − Dc1∗

o =
c(2−α2)(α2−2µ)(1−µ)+α4µ(2−h−2µ)−2α2µ(1−µ−hµ)

(2(α2−2µ)(1−µ)µ(2−α2−2µ))
> 0. For

the retailer’s freshness-keeping effort mc2∗ −mc1∗ =
α(hα2+2cµ−2hµ+2α2µ−α2−cα2)

(α2−2µ)(2−α2−2µ)
, let f =

α
(
hα2 + 2cµ− 2hµ + 2α2µ− α2 − cα2), ∂ f

∂h = α
(
α2 − 2µ

)
< 0, fh=h1 =

α(2−α2−2µ)(cα2−2cµ−α2µ)
2µ . Let g = fh=h1 , ∂g

∂c =
α(α2−2µ)(2−α2−2µ)

2µ < 0, gc=0 =

α(α2−2µ)(2−α2−2µ)
2µ < 0, therefore, we have f < 0 from g < 0. Hence, mc2∗ −mc1∗ > 0. �

Finally, we compare the profit of the supply chain, πc2∗ − πc1∗ =
c2(2− α2)(2µ− α2)(1− µ)− 2c

(
2h− α2)(2µ− α2)(1− µ)µ

+α2µ
(

2hµ(h + 2µ− 2)− α2
(
(1− h)2 + (2h− 3)µ + 2µ2

))
(4(α2−2µ)(1−µ)µ(2−α2−2µ))

, Let f = c2(2− α2)(
α2 − 2µ

)
(1− µ) − 2c

(
2h− α2)(2µα2)(1− µ)µ + α2µ

(
2hµ(h + 2µ− 2)− α2

(
(1− h)2+

(2h− 3)µ + 2µ2)), we have ∂2 f
∂h2 = α2µ

(
−2α2 + 4µ

)
> 0, then we let fh=h1 =

(α2−2)(2−α2−2µ)(cα2−2cµ−α2µ)
2

4µ < 0 and fh=h0 = g, ∂2g
∂c2 = 2

(
α2 − 2

)(
α2 − 2µ

)
(1− µ) > 0,

gc=c0 =
4(1−µ)2µ3(2−α2−2µ)

α2−2 < 0 and gc=0 = α2(1− µ)µ2(α2 + 2µ− 2
)

< 0. Hence,
fh=h0 < 0, fh=h0 < 0, then f < 0, πc2∗ − πc1∗ > 0 is proven.

Proof of Proposition 6. We compare the equilibrium results in the decentralized model.
It is easy to prove that the difference of demand D2∗

t − D1∗
t = 1

2 −
µ−c
2µ = c

2µ > 0 and

D2∗
r − D1∗

r = − 2c(1−µ)+α2(1−h−µ)
4(1−µ)(2−α2−2µ)

< 0, D2∗
o − D1∗

o =
µα2(1−h−µ)+2c(1−µ)(2−α2−µ)

4µ(1−µ)(2−α2−2µ)
> 0 with

h < 1− µ and µ > α2.
Next, we prove the retailer’ freshness-keeping effort. m2∗ − m1∗ =

α((1+c−h−µ)µ−2r(1−µ)µ−rα2(1+c−h−2µ))
2(rα2−µ)(2−α2−2µ)

, we define f = α((1 + c− h− µ)µ− 2r(1− µ)

µ− rα2(1 + c− h− 2µ)
)
, then we have fr=0 = α(1 + c− h− µ)µ > 0, fr=1 =

αµ(c− h + µ− 1) + α3(h + 2µ− 1− c). Note that ∂ fr=1
∂c = αµ− α3 > 0, and we let g =

∂ fr=1
∂c

∣∣∣∣c=c1 =
α(2−α2−2µ)(µ(µ−1−h)+α2(1−h−µ))

2−α2−µ
. It is easy to obtain ∂g

∂h =
α(α2−µ)(2−α2−2µ)

2−α2−µ

< 0 so we have gh=0 =
α(µ−1)(α2+µ)(2−α2−2µ)

2−α2−µ
< 0. Hence, fr=1 < 0. We derive

r0 = µ(1+c−h−µ)
2(1−µ)µ+α2(1+c−h−2µ)

from f = 0. Therefore when r < r0, m2∗ − m1∗ < 0 when

r > r0, m2∗ −m1∗ > 0. �

Proof of Proposition 7. For the profit of retailer, we compare π2∗
r with π1∗

r .
Then we have π2∗

r − π1∗
r = f

16(−1+µ)(−rα2+µ)
2
(−2+α2+2µ)

, where f =

−α2µ2(−1 + h + µ)2 + 2c2(−1 + µ)
(
−rα2 + µ

)2 − 4c(−1 + µ)(−1 + h + µ)
(
−rα2 + µ

)2
+ 2rµ(2α2(−1 + µ)µ2

+4(−1 + µ)2µ2 + α4(−1 + h + µ)2)− r2α2
(

6α2(−1 + µ)µ2 + 12(−1 + µ)2µ2 + α4(−1 + h + µ)2
) ,

let g1 = ∂2 f
∂r2 , then ∂g1

∂h = 8cα4(1− µ)+ 4α6(1− h− µ) > 0, we have ∂g1
∂h

∣∣∣h=h0 = 4α2(−1 + µ)(
c2α2 + 3µ2(2− α2 − 2µ

))
< 0 . Therefore, ∂2 f

∂r2 < 0. We have fr=0 = µ2(2c2(−1 + µ)−
4c(−1 + µ)(−1 + h + µ)− α2(−1 + h + µ)2

)
< 0. Then we prove f is increasing at the

point r = 0. We let g2 = ∂ f
∂r

∣∣∣r=0 = 2µ
(
−2c2α2(−1 + µ) + 2α2(−1 + µ)µ2 + 4(−1 + µ)2µ2
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+ 4cα2(−1 + µ)(−1 + h + µ) + α4(−1 + h + µ)2
)

, then ∂g2
∂h = 8cα2(−1 + µ)µ + 4α4µ

(−1 + h + µ) < 0, we have ∂g2
∂h

∣∣∣h=h0 = 4(1− µ)µ
(
c2α2 + µ2(2− α2 − 2µ

))
> 0 . Therefore,

we know that as r increases from 0, π2∗
r −π1∗

r firstly increases and then decreases. Let π2∗
r −

π1∗
r = 0, and denote the two roots as r1 =

µ(B−A)−
√

2(A+B)
3B−α2 A , r2 =

µ(B−A)+
√

2(A+B)
3B−α2 A , where

A =
(

2c2α2(−1 + µ)− 4cα2(−1 + µ)(−1 + h + µ)− α4(−1 + h + µ)2
)

, B = 2α2(−1 + µ)

µ2 + 4(−1 + µ)2µ2. Therefore, if r1 < r < r2, π2∗
r − π1∗

r > 0.
For the profit of the supplier, we have, ∆πs = π2∗

s − π1∗
s

=

2c2(rα2 − µ
)
(−1 + µ)

(
−2 + α2 + µ

)
− 4c

(
rα2 − µ

)
(−1 + µ)µ

(
−1− h + α2 + µ

)
+ µ(−α2µ(−1 + h + µ)2

+r
(

2α2(−2 + µ)(−1 + µ)µ− 4(−1 + µ)2µ2 + α4
(
(−1 + h)2 + 2(−2 + h)µ + 3µ2

))
)

8(−1+µ)µ(−rα2+µ)(−2+α2+2µ)
,

∂∆πs
∂r =

(α2−µ)µ2

4(−rα2+µ)
2 < 0, ∆πs decreases with r. Let ∆πs = 0, and denote the root as

r3 = µ(−4c(1+h−α2−µ)(−1+µ)µ−α2µ(−1+h+µ)2−2c2(−1+µ)(−2+α2+µ))
−2c2α2(−1 + µ)

(
−2 + α2 + µ

)
+ 4cα2(−1 + µ)µ

(
−1− h + α2 + µ

)
+ µ(−2α2(−2 + µ)(−1 + µ)µ

+4(−1 + µ)2µ2 − α4
(
(−1 + h)2 + 2(−2 + h)µ + 3µ2

)
)

.

Therefore, if r < r3, ∆πs > 0. �
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