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Nowadays, the freshness level of agriproducts has become one of the major
concerns for consumers. The demand for fresh agriproducts in the market
has been increasing more than ever. However, the circulation losses of fresh
agriproducts is significant during logistic processes, such as long-distance
transportation. Statistics show that 20—25% of perishable agriproducts deteriorate
in the circulation loop in developing countries, whereas in developed countries,
this can be controlled at <5%. Developing countries must improve their cold-
chain logistics and reduce post-production losses of this kind of agriproduct. The
freshness-keeping effort for fresh agriproducts and the coordination mechanism
of the supply chain have become two of the hot topics in this field. Based
on the existing research, this study describes the freshness-keeping effort as
a joint effort function of the supplier and the manufacturer, and studies the
optimization and coordination of a three-echelon fresh agriproduct supply
chain. In this research, four decision-making scenarios are modeled and
analyzed, including decentralized decision-making, centralized decision-making,
and two kinds of collaborative decision-making. Then, the profit distributions
of two collaborative decision-making scenarios and centralized decision-making
scenarios are calculated using the average tree solution. The study suggests that
different cooperation styles of enterprises in the agriproduct supply chain have a
different impact on the freshness level of the final product received by consumers.
Both the final freshness level and the price of the product depend on the joint
freshness-keeping efforts of the supplier and the manufacturer. The cooperation
of enterprises in the three-echelon fresh agriproduct supply chain is conducive to
the improvement of the final freshness level of agriproducts and the maximization
of the supply chain’s total profit. In such a three-echelon fresh agriproduct supply
chain, the use of average tree solution can effectively distribute the profit and
promote cooperation among different parties.
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1. Introduction

Each year, various kinds of fresh products are traded across countries, including not only
agriproducts such as apples, corn, and soybeans but also marine products such as lobsters.
China and the United States are the top two countries with the highest yield and bilateral
trade of agriproducts worldwide. Considering such a scenario, if a customer decides to
purchase some fruit in a supermarket, they may be unaware that the apple in their hands
was just sent from New Zealand a couple of hours ago. Many factors can contribute to the
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quantity and quality losses of fresh products, such as long-
distance transportation, improper packaging, and storage methods.
Although many kinds of freshness-keeping methods have been
adopted in logistics, approximately two-thirds of the loss occurs
during the processes of food supply chains (Yu and Xiao, 2017).
When these fresh products are delivered to the target markets,
customers will select and decide whether to purchase or not. If the
fresh product suffers more from quantity loss, it brings a huge loss
to the retailer. Similarly, if it suffers more from quality loss, this
will damage consumers’ confidence and result in a lower amount of
sales. With the improvement of people’s living quality, consumers
are paying more attention to the quality of fresh products other
than just the quantity. High-quality products are naturally favored
by customers and could bring more profits to the whole industrial
chain. To effectively reduce the quantity and quality loss of
fresh products, an efficient cold-chain logistics system has been
introduced in the industry. Many firms in the fresh product supply
chain have established their own cold-chain logistic systems or have
outsourced the service to third-party logistic providers to reduce
the potential losses in the circulation of fresh products, especially
during the processes of transportation, storage, and trade.

One typical characteristic of fresh products or deteriorating
products is that they are perishable, which is one of the major
considerations in relating companies’ business decision-making
and the infrastructure policy of governments (Ie et al, 2018).
Many scholars conducted related research regarding this from
several perspectives. In some research, the perishable characteristic
is defined, in terms of quantity losses, as the quantity of such fresh
products that will deteriorate during the process of transportation.
The amount delivered at the final market is less than that at
the beginning (Rahdar and Nookabadi, 2014; Bai et al., 2017; Yu
and Xiao, 2017). Some researchers define deterioration in terms
of quality losses in the freshness level of fresh products, such
as the degree of surface gloss and a decrease in nutrition over
time (Yu and Xiao, 2017). In recent literature, it has become
more common for scholars to take both the quantity loss and
the quality loss into consideration at the same time (Yu and
Xiao, 2017). For example, the rates of quantity and quality loss
were assumed to be time-related (Qin et al., 2014). Both quantity
and quality loss were regarded as a function of transportation
time (Cai et al, 2010, 2013; Zulvia et al., 2020). The quantity
and quality of fresh agriproducts affect the market demand.
The market demand may be affected by price, advertising level,
and product quality (Chemonog and Avinadav, 2019; Chemonog,
2020).

One efficient measure that can reduce quality and quantity loss
is adopting a freshness-keeping effort (Ma et al., 2019; Liu C. et al,,
20215 Liu M. et al,, 2021). As storage and transportation facilities
for fresh products have gradually improved, some necessary factors
should be taken into consideration (Giri and Sarker, 2017; Chen
etal, 2018; Zhong and Sun, 2022). Under certain freshness-keeping
conditions, deteriorating products such as food, flowers, fruits,
and cold meat will deteriorate in quality and quantity, resulting
in a negative impact on market demand (Nadia et al., 2021).
Therefore, many firms decide to improve their freshness-keeping
abilities. Some companies provide freshness-keeping services, and
some firms provide a controlled warehouse atmosphere for fresh
agriproducts and other deteriorating products (Herbon et al., 2014;
Xu et al, 2017). Some studies focus on the roles of different
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enterprises in the supply chain coordination contract (Rahdar and
Nookabadi, 2014; Wu et al.,, 2015). Some scholars conducted supply
chain research from an economic perspective, such as Wu et al.
(2020, 2022a,b), and Zhang et al. (2022), and in their research,
many factors were introduced and analyzed, which inspired our
modeling process.
increase
supply
chain. Several kinds of coordination incentive schemes are

Coordination is another efficient method to

collaboration among different enterprises in the
found in previous research, such as buyback (Wu, 2013;
Vipin and Amit, 2021), price discounts (Luo et al., 2014; Taleizadeh
et al., 2019), revenue-sharing contracts (Shafiq and Savino, 2019;
Bonari et al., 2021), and so on. Among those incentive schemes,
revenue-sharing combined with other types of contracts is one
of the most widely used contracts in the fresh agriproduct supply
chain (Xiao et al, 2011; Bart et al., 2021). To precisely reflect the
basic characteristics of the supply chain, most existing works on
coordination are based on a two-echelon supply chain, whether
it is the green supply chain, closed-loop supply chain, or fresh
agriproducts supply chain (Xie et al., 2017; Motlagh et al., 2018;
Qiuetal., 2022). Some scholars tried to better describe the practical
realities and enhance the applicability of the proposed model by
adopting a three-echelon supply chain, which is a good way to
solve such a complex problem (Zhang and Liu, 2012; Panda et al.,
2014; Lan et al., 2018).

2. Problem description, notations, and
assumptions

This study focuses on a typical three-echelon fresh agriproduct
supply chain, which consists of one supplier, one manufacturer,
and one retailer. The fresh agriproduct supply chain has its own
uniqueness compared to the traditional manufacturing supply
chain. This three-echelon fresh agriproduct supply chain system
works as shown in Figure 1.

This study considers the impact of multiple factors, such as
the selling price and the freshness of the products, on the market
demand for deteriorating products.

The following notations in Table 1 are used to develop the
models.

The research assumptions are as follows.

(1) The supply chain members are all rational and risk neutral.

(2) There is complete information within the channel for the
supply chain members.

(3) The supplier sells the fresh agriproduct at a wholesale
price Ps to the manufacturer with a unit production cost
Cs. The manufacturer produces batches of agriproducts
through processing, packaging, storage, and so on, and other
expenses incurred in this process are recorded as Cm. Then,
the manufacturer sells these products to the retailer at a price
Pm. Finally, the retailer sells the products to the consumer at
the market with the retail price p. The expenses incurred by
the retailer are recorded as Cr (Cai et al., 2013; Luo et al,,
2014).

(4) The freshness-keeping effort taken by the supplier to
maintain the freshness of agriproducts during the supply
is set to 7,. The freshness-keeping effort taken by the
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I : :
\ - Produce fresh agri-products/raw materials to manufacturer
| Supplier |
| I Freshness-keeping efforts during collecting, storage,
I | Decision variables: Ps Ts : transportation, etc.
}
| I
| |
I |
| ! Procure fresh agri- products/raw materials, selecting,
: : processing, wrapping the inventory and sell it to retailers.
| 1 Freshness-keeping efforts during selecting, processing,
| Decision variables: Pm Tm | 1 wrapping and transportation.
| |
The supply chain ! !
. ] |
_men_lbers considered = = — i |
in this research | 1 Purchase fresh agri- products from the manufacturer and
1 | sell them to consumers
- .
! | Freshness-keeping efforts mainly during storage, which is
: Decision variables: P i relatively much lower.
I |
I |
I I
[ I
. The blue spot represents the points where the freshness
Consumers loss might happen
FIGURE 1
Three-echelon fresh agriproduct supply chain.
TABLE 1 Notations.
Notation Description Notation Description ‘
Cs Unit production cost of the supplier T The supplier’s freshness-keeping effort
Cm Unit cost of the manufacturer T The manufacturer’s freshness-keeping effort
Cr Unit cost of the retailer A The supplier’s freshness-keeping effort cost
Ps The supplier’s unit wholesale price B The manufacturer’s freshness-keeping effort cost
Pm The manufacturer’s unit wholesale price a Potential market size
P The selling price in the consumer market b Consumer sensitivity to the product price
6 The freshness level of the fresh agriproducts n Consumer sensitivity to the product freshness level
7 * < N T T N
| o b !
i - P E
5 supplier P manufacturer P retailer 3
! > —» consumer
i 2 B 3 P s T \ E % % 3 sz_ i E 5 5 3 p \
| decision variables: s1 i decision variables: m;  decision variable: /|
: - P !
FIGURE 2
Supply chain model under the scenario DC.

manufacturer in the processing, packaging, storage, and so

on of agriproducts is set to 7, (Bai et al., 2017).

(5) The freshness-keeping cost coefficient of the supplier is
A and the manufacturer’s freshness-keeping cost factor is
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B. Given that the marginal cost of the freshness-keeping

effort is strictly increasing, JAt2 and 172 in this study

represent the freshness-keeping costs of the supplier and the

manufacturer, respectively. Since the retailer is closest to the
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supplier manufacturer retailer 3
i —» consumer
: decision variables: Ts Tm P

FIGURE 3

Supply chain model under the scenario C.
i supplier = manufacturer | | | retailer ;
| —> —>» consumer
| decision variables: Pm TsTm | decision variables: P

FIGURE 4

Supply chain model under the scenario SM.

consumer market, the unit cost of the retailer’s freshness
preservation measures is Cr (Cai et al., 2010; Bai et al., 2017).
(6) The products shipped to the retailer can meet the full
demand of the consumer market.
(7) The market demand for fresh agriproducts is related to the
market selling price of agriproducts p and the freshness 6,
and the demand function is set to D = a — bp + 16 (Lan
et al., 2018; Moon et al., 2020).
(8) The freshness of the final products is determined by the
freshness-keeping efforts of the supplier and manufacturer,

and the linear function 0 s + T, represents the
final freshness. Thus, the market demand function can
a — bP + 77(Ts + ),

where a is the potential market size, b is the consumer’s

be expressed as D

sensitivity coeflicient to the selling price, and 7 is the
consumer’s sensitivity coeflicient to the freshness 6. This
demand function means that consumer market demand for
agriproducts decreases as prices rise, and increases with the
final freshness of the products.

3. Method and modeling approach

In a three-echelon fresh agriproduct supply chain, the supplier,
manufacturer, and retailer combine in a way similar to an organism.
In fact, the retailer, supplier, and manufacturer are upstream
players. In other words, different decision-making will result
in different unit wholesale prices, selling prices, and freshness
levels, as well as the profits of each player in the supply chain.
Consequently, this study considers four different decision-making
scenarios, namely, decentralized decision-making, centralized
decision-making, and two kinds of collaborative decision-making
(collaborative decision-making of the supplier and manufacturer
and collaborative decision-making of the manufacturer and
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retailer). This study uses the abbreviations DC, C, SM, and MR to
represent the above four scenarios.

3.1. Equilibrium decisions under the
scenario DC

The study first focuses on decentralized decision-making,
which refers to the independent decisions made by each enterprise
in the supply chain from its own perspective in order to maximize
its own profits. The decision sequences for this scenario are as
follows: first, the supplier of fresh agriproducts will determine the
wholesale price Ps of fresh agriproducts and the freshness-keeping
effort 7, according to their own business conditions. Second, to
maximize profit, the manufacturer will determine the price and
freshness-keeping effort of the fresh agriproducts sold to the retailer
based on the wholesale price of the supplier and the business costs.
Finally, the retailer will determine the final market price according
to the manufacturer’s sales price, its own operation cost, and the
market demand, and will then maximize the profit in this decision-
making process. The structure of such a scenario is shown in
Figure 2.

In scenario DC, the individual profit functions of the supplier,
manufacturer, and retailer are obtained as follows:

1
s = (Ps—Cs)[a — hP + 77(75 + )] — E)\fsz (1)
1
T = (Pm— Ps — Cm)[a — bp + n(ts + )] — E,B‘rmz ()
7wy = (p— Pm—Cr)la—bp + n(ts + )] 3)
Decentralized decision-making is a fully informative,

multistage, dynamic decision-making process for the supplier, the
manufacturer, and the retailer. In a decentralized system with three

frontiersin.org
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supplier b manufacturer >  retailer ;
—> —» consumer
| decision variables: PsTs | | decision variables: Tm P |
FIGURE 5
Supply chain model under the scenario MR.

TABLE 2 Equilibrium solution comparison in four decision-making modes.

Scenario 0 P Wic
DC n0+B)[a—b(Cs+Cm+Cn)] aM(7bB—12)+b(.bB—n*—Bn*) (Cs+Cm+Cr) ABU4bAB—3hn> —Bn?) [a—b(Cs+Cm+Cn) ]
20.(4bp—n*)—n?B 20.b(4bB—n?)—n?bp 2020(4bB—n2)—n? B
c 1(+B)[a—b(Cs+Cm+Cr)] arB+[bAB—n* (1+B)] (Cs+Cm+Cr) wpla—b(Cs+CmtCn)]?
203B—112 (A1 B) 203B—112 (A4 B) 203B— 112 (A1 B)
SM n(+B)[a—b(Cs+Cm+Cn)] 3arp+[bAB—n* (h+p)] (Cs+Cm+Cr) AB(6bAB—p1> —hn?) [a=b(Cs+Cm+Cn)]*
4bAB—12 A P) 4bAB—12 -+ B) 2[4brB—12 3+H)]*
MR 1(+B)[a—b(Cs+Cm+Cn)] ah(3bB—12)+b(brB—r1>—Bn?)(Cs+Cm+Cr) AB(6bAB—30n2 —pn?) [a—b(Cs+Cm+Cn) ]
4b3p—2n—pn? b(4b3p—2n2— 1) 2(4bAB—2012—Bn2)’

TABLE 3 Profits for the supplier under different decision-making
scenarios.

Scenario  The profit of the supplier

TABLE 4 Profits for the manufacturer under different decision-making
scenarios.

Scenario  The profit of the manufacturer

DC m(%},c)l DC Azﬁ(Abﬂ;Zi)(a—bC)z

sM 2t A2 _ ) (4bB — 1)B + AB] sM MUabOl [42 4 ) (4bB — n?)B — AB]

MR Mabo? MR Rp@H_atO (42 4 p?)

c b0 (3AD? — 2(2bp — n?)AE + 2D°E] C HbO” [2A2BD? + A2DPE + 1.(2b8 — n?)A*BE — 4b)8BD E]

members, each member makes their own decisions separately
to maximize their own profit. We consider this scenario to be a
Stackelberg game, with the supplier as the leader. The supplier first
sets the wholesale price and the freshness-keeping effort. Then,
the manufacturer determines the freshness-keeping effort and
the selling price to the retailer. Finally, the retailer decides the
market price based on the manufacturer’s announced decisions.
In the following, we use the backward sequential decision-making
approach to analyze the optimal response function. In other words,
we first solve the optimal pricing of the retailer, return it to the
manufacturer’s profit function to find the manufacturer’s optimal
pricing and freshness-keeping effort, and finally return to the profit
function of the fresh supplier to find the supplier’s optimal pricing
and freshness-keeping effort.

The following proposition provides the optimal solutions and
the profits of supply chain members in scenario DC.

Proposition 1. In scenario DC, the optimal selling price is
obtained as

per_ an(7bB —n?) + b(hbB — An* — Bn*) (Cs + Cm + Cr)
re= 20b(8bf — n?) — 1bB

Frontiers in Sustainable Food Systems 05

and the freshness-keeping efforts are

1B [a—b(Cs+ Cm+ Cr)]
* T T @ — ) — 0B
AB[a—b(Cs+ Cm+Cr)]
21(4bB — n?) — n*B

Tm

In addition, the corresponding profits of the supplier,
manufacturer, and retailer are

. Mla—b(Cs+Cm+Cn)]

T 44— n?) — 21%B
. 32B@Abp —n*)[a—b(Cs+ Cm+ Cr)]’
B 2[21(4b — n2) — 2B’
. b2p[a—b(Cs+Cm+Cn)]’
[2A(4bB — n2) — n2p1

DC
s

T[mDC

NrDC

Proof. As the first-order condition for maximization is
obtained as 33—7;' = 0, we obtain p w.
The profit function of the strictly  concave.
We substitute the value of p in Equation 2, and the
profit function of the manufacturer is obtained as mw,, =
T (Pm—Ps—Cm)[a—b(Pm+Cr)+n(ts+1m)] — 3BT
The profit the

retailer is

function of manufacturer is concave

frontiersin.org
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i I b1
because H,, = (gfgjz al;;"jy:’" = <_77 —2ﬂ> and
9TdPm  (3r,,)? 2
(g;fn’;z = —b < 0, |Hy| = 4bB — n*> > 0. We let the first-
order condition for optimization g,% = 0 and %%:: = 0
then, we obtain Pm 2[atbPs Cm—C i - (P4 Cm) g

4bp—1?

n[a—b(Ps+Cm+Cr)+nt;]
4bp—n?

in Equation 3, and the profit function of the supplier is

Cs) bpla—b(Ps+Cm+Cr)+nz] %)Lrsz.

4bp—n?
supplier is concave because

Ty = . Finally, we substitute the values

obtained as 7, = (Ps —
The profit function of the

9%m, 02w —28b? nbp
_ (8Ps)*>  OPsdTs _ abp—n?  abp—1)?
H; - 92w 9% - nbp —A and
0T0Ps  (9,)2 4bB—n?
3w, —2pb? 200* B(4b—n?)—nb* B2
(@Ps)? 4bB—n? < 0,|Hj] @t > 0. We
let the first-order condition for optimization % = 0 and
o _ 1(4bB—n?)[a+b(Cs—Cm—Cr)—nt, | —n*bBCs

0, then, we obtain Ps =

aTs 20b(4bB—n2)—n2bp

nBla—b(Cs+Cm+Cr)| . .
W . By usmg back-substltutlon,
we obtain all the remaining values, which are presented

and 7, =

in Proposition 1.
The social welfare function of the scenario DC can be
written as

WDC* — nSDC* + JTmDC* + n_rDC*
MB(14b%B — 3402 — Bn?) [a — b (Cs + Cm + Cn)]*
2[20.(4bp — n2) — 2]

(4)

3.2. Equilibrium decisions under the
scenario C

Centralized decision-making indicates that all the enterprises
in the fresh agriproduct supply chain take the profit maximization
of the entire supply chain as their goal, and jointly determine the
final market price of the products through mutual coordination
among enterprises. In a centralized decision-making process,
the final market price maximizes the profits throughout the
supply chain. The structure of such a scenario is shown
in Figure 3.

In scenario C, the profit function of the entire supply chain is
obtained as follows:

1 1
Tse = (p = Cs = Cm = Cr)la = bp+ n(z + )] = S 275" =~ B
(5)

TABLE 5 Profits for the retailer under different decision-making
scenarios.

Scenario  The profit of the retailer

DC 022 Xszc)Z

M bxzﬂll(;—bmz

MR e pator (42 _ pr)

c 1@V [)A2B — A?E + 4b)BBE]
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The following proposition provides the optimal outcomes in
scenario C.

Proposition 2. In scenario C, the optimal freshness-keeping
effort and selling price at the consumer market are obtained as

o mBla—b(Cs+Cm+Cn)]

2008 — n2(A + B)
B nh[a—b(Cs+ Cm+ Cr)]

2008 — n2(A + B)
o = arB + [bAB — n*(h + B)] (Cs + Cm + Cr)

a 2008 — n2(A + B)

Ts

.
T

and the equilibrium profit of the entire supply chain is

e N} [u —b(Cs+ Cm+ Cr)]2
T T B — 20+ B)

Proof. The first-order conditions for maximization are
obtained as follows:"aL[j“ = a — 2bp + n(+7Tm) +

b(Cs+ Cm+Cr), % = n[p— (Cs+Cm+ Cr)] — At 32 =

JTs It
n[p = (Cs+ Cm+ Cr] =By Let G = 0,57 = 0,57 = 0, we
. _Cx _ mBla—b(Cs+Cm+Cr)] c* _ ni[a—b(Cs+Cm+Cr)]
obtain 7,~* = —lbz)»ﬂ*nz()ﬁﬁ) T = A oA and
¢ = arpt[b3p 2_bz ﬂ(ﬁ:fa]ig?c;n-a-a). By using back-substitution,
we obtain the profit of the entire supply chain as presented in

Proposition 2. The social welfare function of scenario C can be
written as

. Mla—b(Cs+Cm+cn]

c* _ cr _
W =T = B = R0 1 B) (©)

3.3. Equilibrium decisions under the
scenario SM

Collaborative decision-making refers to the neighboring
enterprises in the supply chain in the form of contracts
or alliances joining the entire supply chain decision-making
process, with cooperative relations of enterprises to maximize the
profits of the alliance as the goal, through mutual coordination
between enterprises to determine the price of products sold to
downstream enterprises or consumer markets. This study considers
two collaborative decision-making scenarios: the collaborative
decision-making between the supplier and manufacturer and
the collaborative decision-making between the manufacturer
and retailer.

The collaborative decision-making between the supplier and
manufacturer, which is the SM scenario, refers to the joint
decision-making of the supplier and manufacturer to determine
the wholesale price sold to the retailer to maximize the profits of
the supplier and manufacturer. The structure of such a scenario is
shown in Figure 4.

In scenario SM, the profit function of the alliance of the
supplier and manufacturer and the profit function of the retailer
are obtained as follows:

1 1
Tsm = (Pm — Cm — Cs)[a — bp + 1(ts + tm)] — 5)»132 - E,3%2 (7)

”r:(P_Pm_cr)[a_bp+n(fs+fm)] (8)
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The following proposition provides the optimal solutions and
the profits of supply chain members in scenario SM.

Proposition 3. In scenario SM, the optimal selling price and the
freshness-keeping effort are obtained as

e 3a7B + [bAB — n*(A + B)] (Cs + Cm + Cr)

4bAB — n*(L + B)
np [a —b(Cs+ Cm+ Cr)]

4b)g — (A + B)
sy M [a—b(Cs+Cm+Cn)]

4brB — n*(A + B)

o
T SM

m

and the profit of the alliance of the supplier and manufacturer is

o M [a—b(Cs+Cm+Cn]’
T 2[4 -2 (A + B)]

Tsm

and the profit of the retailer is

_swe _ 2B [a—b(Cs+ Cm+ cn]’
' [4628 — 02 0.+ B)]

Proof. The first-order condition for maximization is obtained as

aB_:;, a+h<Pm+C2'—;+'i<fs+fm> . The profit

function of the retailer is strictly concave.
Then we substitute the value in Equation 7. We get 7y, =

follows: let = 0, we obtainp =

1(Pm—Cm— Cs)[a— b(Pm+ Cr) + n(ts+ )] — 2272 — L B7,2.
The first-order conditions for optimization are %’;;’;‘ %[a —
2bPm + 1 (ts + Tm) + b (Cs + Cm — Cr)],ag;j = In(Pm—Cm—
Cs) — AT and %”T:’" = %n(Pm — Cm — Cs) — Bty Let %7;5?;," =

0 OTem 0 DT g nBla—b(Cs+Cm+Cr)]
2o, O 0t, 4b3B—12(+B)
n\[a—b(Cs+Cm+Cr)] dpPm = 20B[a+b(Cs+Cm—Cr)]—n*(A+B)(Cs+Cm)
WAp—R0ap) o= b3 f—n?(+-P) :
By using back-substitution, we obtain all the remaining values,

= 0, we obtain T, > Tm

which are presented in Proposition 3.
The social welfare function of the scenario C can be written as

SM*

SM* SM*
w m

= 7T “+7,
_AB(6bAB — p® — an?) [a — b (Cs + Cm + Cn)]’ 0

2[4b0B — 2 O+ B)]

3.4. Equilibrium decisions under the
scenario MR

Collaborative decision-making between the manufacturer and
the retailer indicates that the manufacturer and retailer make

TABLE 6 Profits of different members.

10.3389/fsufs.2023.1045770

joint decisions to determine the selling price of products sold
to the consumer market in order to maximize the profits of the
manufacturer and retailer. The structure of such a scenario is shown
in Figure 5.

In scenario MR, the profit function of the supplier and the
profit function of the alliance of the manufacturer and retailer are
obtained as follows:

s = (Ps — Cs)[a — bp + n(ts + tn)] — %A‘L’sz (10)

e = (p — Ps— Cm — Cr)la — bp -+ n(xs + 7] — 3B (1)

The following proposition provides the optimal solutions and the
profits of supply chain members in scenario MR.

Proposition 4. In scenario MR, the optimal selling price and
the freshness-keeping effort are obtained as

ar(3bB —n?) + b (bAB — \n? — Bn?) (Cs + Cm + Cr)

b(4bag — 2xn* — Bn?)
B nB[a—b(Cs+Cm+Cr)]

42 — 22 — B2
MR ni [a —b(Cs+ Cm + Cr)]

4bAB — 2002 — Bn?

MR* _
p =

*
‘L’SMR

Tm
and the corresponding profit of the supplier is

wre  M[a—b(Cs+Cm+Cnl’
 2(4bAB — 20 — Bip?)

N

and the profit of the alliance of the manufacturer and retailer is

s _ 22B@bB — ) [a = b(Cs+ Cm + cn)’
2(4bAp — 202 — Bn2)’

mr

Proof. The first-order condition for maximization is obtained as

follows: 3’;}"' =a+b(Ps+ Cm+ Cr) —2bp+ 1 (ts + Tm)» aanrﬁ' =

n(p—Ps—Cm—Cr)—ﬂtm.Letag—l’,”’ = Oand%%’:"
ﬂ[a+b(Ps+Cm+Cr)+nrs]—nZ(Ps+Cm+Cr)
2b—n?
. We substitute the values in Equation
bS[ufh(Ps+Cm+Cr)+nrs](P57Cs)
2bB—n?
The first-order condition for optimization is obtained as

bB[a—2bPs+(Cs—Cm—Cr)+n7] drs _ bBn(Ps—Cs)

Py and T abpn? — AT Let

nBla—b(Cs+Cm+Cr)]
4brB—20m2—B1?

and 7,

0, we get p

n[a—b(Ps+Cm+Cr)+n7]

S 10.

— %MSZ.
L
aPs

I

dPs

Then, we obtain 7

=0

and % 0, we obtain 7, and T,
s

The profit of the alliance  The profit of the supplier The profit of the manufacturer = The profit of the retailer
AT; (v) (s) = 61.54 61.54 0 0

AT; (v) (m) = 33.14 0 33.14 0

AT; (v) (r) = 18.93 0 0 18.93

AT; (v) (s,m) =133.33 80.87 52.46 0

AT; (v) (m,7) = 96 0 55.10 40.90

AT; (v) (s,m,7) =800 305.03 301.15 193.82
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N [a—b(Cs+Cm+Cr)]
4bAB—2\n2—Bn?
remaining values, which are presented in Proposition 4.

. By using back-substitution, we obtain all the

The social welfare function of the scenario C can be written as

MR* MR* MR*
w = 75

+ Ty
MB(6bMB — 3an2 — Bn?) [a — b (Cs+ Cm + Cn)]’
20462 — 2002 — B2y’

(12)

The equilibrium solution pairs in the four scenarios are shown in
Table 2.

4. The average tree solution

The fresh agriproduct supply chain discussed in this study is
a cooperative problem with a restrictive structure. Based on the
average tree solution, we examine the rationality and feasibility of
the distribution of the profits of the supply chain.

There are four types of alliances that are formed:

first, under scenario DC, all the enterprises make their own
decisions independently. Thus, we use ({S}, {M}, {R}) to represent
this scenario.

Second, under the scenario SM, the supplier and manufacturer
combine as an alliance, and the retailer makes its own decisions.
Thus, we use ({S, M}, {R}) to represent this scenario.

Third, under the scenario MR, the manufacturer and retailer
combine as an alliance, and the supplier makes its own decisions.
Thus, we use ({R, M}, {S}) to represent this scenario.

Finally, under scenario C, all the enterprises make the decision
together. Thus, we use ({S, M, R}) to represent this scenario.

Note: A = 2A(4bB — %) — Bn2,B = 4brf — (A + B)n%.C =
Cs + Cm + Cr,D = 4bAf — 2an* — Bn?, E = 2008 — (L + B)n*.

Here, we use the average tree solution to distribute the profits
that the supply chain gains. The profits of different enterprises are
shown in Tables 3-5.

To better illustrate the use of average tree solutions, we use a
numerical example where the default values of parameters are used
asfollows:a = 100,b =2,n =2,Cs=Cm =Cr =10,A = B = 4.
The parameters related to the demand function and the costs are
considered based on previous studies (Zhang and Liu, 20125 Dey
and Saha, 2018; Li et al., 2018). The profits of different enterprises
are shown in Table 6.

The result shows that all of the supply chain members can
obtain the maximum profit in the scenario of centralized decision-
making, which is much greater than the profit in the scenarios of
decentralized decision-making and collaborative decision-making.
This indicates that the best option for each member is to join
the alliance and pursue maximum profit. That is to say, all three
members should be willing to choose centralized decision-making
when it comes to agriproducts’ freshness-keeping.

5. Discussion and conclusion

This study describes the freshness-keeping effort as a joint
effort function of fresh suppliers and manufacturers, and studies
the optimization and coordination of a three-echelon fresh
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agriproduct supply chain. Four decision-making scenarios are
modeled, including decentralized decision-making, centralized
decision-making, collaborative decision-making of the supplier
and manufacturer, and collaborative decision-making of the
manufacturer and retailer. Three scenarios and the profit
distribution are calculated using the average tree solution, namely,
the two collaborative and centralized decision-making scenarios.
This study suggests that different cooperation styles of enterprises
in the agriproduct supply chain have a different impact on the
freshness level of the final product received by consumers. Both
the final freshness level and the price of the product depend
on the joint freshness-keeping efforts of the supplier and the
manufacturer. The cooperation of enterprises in the three-echelon
supply chain is conducive to the improvement of the final freshness
level of agriproducts and the maximization of the supply chain’s
total profit and social welfare. In such a three-echelon fresh
agriproduct supply chain, the use of an average tree solution can
effectively distribute the profits and promote cooperation among
different parties.

The result of this study indicates that the cooperation fashion
of different companies in the fresh agriproduct supply chain has
a significant impact on the freshness of the final product. In
decentralized decision-making, the freshness level of agriproducts
is lowest because, in this decision-making style, each enterprise in
the supply chain is deciding to maximize its own profits. Compared
with the increase in market demand brought about by improving
the freshness of the product, the supplier and the manufacturer
prefer to invest less in freshness-keeping efforts to reduce the
cost of preservation caused by various measures. The freshness
level of agriproducts under centralized decision-making is highest
because, under centralized decision-making, all the enterprises in
the supply chain reach consent on product pricing and freshness-
keeping efforts, through cooperation and consultation, to maximize
the total profits of the whole supply chain. Therefore, the freshness
level of products is highest in this decision-making scenario.
The freshness of agriproducts in the collaborative scenario is
somewhere in between the abovementioned two types of decision-
making, for there are two decision-makers involved in this
scenario, and each has its own target. One decision-maker is the
alliance of the supplier and manufacturer, which prefers to jointly
determine the wholesale price and freshness-keeping measures
adopted through cooperation, consultation, and so on. The other
is the retailer, which prefers to determine the final retail price
sold to the market based on the wholesale price to maximize its
own profit.

This research also finds that the supply chain profit and social
welfare in each decision-making scenario are positively correlated
with the freshness level of agriproducts. The profit of the supply
chain under centralized decision-making is significantly higher
than that of collaborative decision-making and decentralized
decision-making under the same freshness level of different
agriproducts. This means the overall profit of the supply chain
would be maximized if different parties can form such a large
alliance and make the decision together. In fact, negotiation
within the alliance involves many factors, and it is much
easier for the adjacent upstream and downstream enterprises
in the supply chain to form alliances, which is very common
in reality. The result shows that collaborative decision-making
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can increase the overall profit of the supply chain, and the
two companies that ally will profit more from the cooperation.
Therefore, from a horizontal comparison point of view, the
improvement of the freshness level of agriproducts is conducive to
the increase of social welfare. From the perspective of longitudinal
comparison, the supply chain profit under centralized decision-
making is higher than that under collaborative decision-making,
which in turn is higher than that under decentralized decision-
making. This indicates that more enterprises participating in the
alliance is more conducive to the improvement of profit and
social welfare.

This research was inspired by and based on the results of
many other works of literature. Using a new model, we achieved
some similar results to other researchers. For example, Moon et al.
(2020) found that joint investment was always advisable for supply
chain members; the authors also proposed revenue-sharing coupled
with investment cost-sharing (to improve fairness) to promote
cooperation among supply chain members and to increase the
final freshness of the product. In this research, we found that
the cooperation of enterprises in the three-echelon supply chain
is conducive to improving the freshness of agriproducts and the
total social welfare, and that the use of the average tree solution
can effectively distribute profits and promote cooperation among
enterprises. We conclude that the consistency in the results of
different research and different research methods is valuable and
interesting, which may well mean that we are moving in the right
direction in this field.

Research on this problem could be extended in several
directions. For instance, as the freshness level can be affected by
products’ natural properties, surveys that estimate the parameter
values of the freshness level and that explore their dependency
would be worth conducting. Meanwhile, other than social welfare,
concepts such as consumer surplus and joint investment could
also be considered in this problem to evaluate the overall profit
of the supply chain and to scrutinize the details of joint efforts.
Future research should also introduce more factors in modeling,
such as the losses caused by COVID-19 (Wu et al., 2020) to better
describe reality.
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