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For the problem of optimal dynamic pricing and coordination of Received 7 March 2022

fresh agricultural products supply chain, the differential equations Accepted 31 January 2023

related to freshness and market needs are constructed, and the

optimal control theory is used to solve the optimal strategy under

centralized and decentralized decision-making, i.e., optimal selling f . L
. . . . Lo reshness; two-part pricing;

price and optimal preservatlon input. The equlllbrlum res.ults supply chain coordination;

under the two scenarios are also compared. The comparison finds differential game

that the decentralized scenario leads to low overall supply chain

profits, based on which a two-part pricing contract is proposed to JEL CODES

coordinate the supply chain operating companies. The results C61; C63; (73

show that freshness effectiveness directly impacts pricing, and the

centralized scenario does not necessarily lead to high prices for

fresh produce due to the ‘double marginal effect’. the two pricing

contracts can successfully coordinate the supply chain. The fresh-

ness effectiveness increases the supply chain coordination ability

of fresh produce suppliers, while operational inefficiencies, on the

contrary, decrease the coordination ability.
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1. Introduction

With the continuous improvement of residents’ eating habits and quality of life, the
selling price of agricultural products is no longer the only factor that residents pay
attention to when purchasing, and people pay more attention to its quality, which is
reflected in the fact that consumers are more inclined to buy agricultural products
with high freshness. Lu et al. (2019) believe that consumer utility is a function of the
freshness and price of agricultural products. Although there are differences in the ini-
tial awareness of the freshness of agricultural products by different consumers, con-
sumers are buying more products as the freshness of agricultural products decreases.
The utility obtained later is also reduced.
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Freshness is closely related to the quality of fresh produce and is an essential indi-
cator of its quality (Cai et al., 2010). There is no unified definition of the concept in
the academic field, and its meaning could be more transparent. Both enterprises nor
academia recognizes no specific norms regarding identification techniques and meth-
ods. In general, freshness can be reflected by the external appearance, color, and taste
of fresh produce (e.g., vegetables and fruits), which consumers can directly perceive.
For example, people tend to judge the freshness of vegetables such as cabbage based
on their appearance and color, aquatic products such as fish and shrimp based on
their freshness, and poultry products such as pork based on their color and taste.

Research shows that price is an essential factor influencing demand (Anderson
et al., 2013; Kalambokidis, 2012; Scobie, 1989), and the selling price and freshness of
fresh produce are the two key elements affecting its market demand (Chen et al,
2022; Lu et al., 2019; Luo et al., 2021). Lu et al. (2019) used the freshness factor to
characterize its quality 0(¢) = 0, Luo et al. (2021) added the natural attenuation
coefficient and preservation effort coefficient of fresh agricultural products to describe
their quality loss function 0(t) = pl—/, although scholars describe the freshness
of agricultural products from different perspectives, they all believe that the market
demand for fresh agricultural products depends on both its freshness and its price.
According to the research of Tsiros and Heilman (2005), Yan et al. (2020), and Liu
et al. (2021a), consumers’ purchase intention or behavior will decrease with the
decrease in the freshness of fresh agricultural products. Low consumer purchase inten-
tion is lower. Herbon et al. (2017) believe that consumers are sensitive to the freshness
of fresh agricultural products, but different consumers have different sensitivities to
freshness. Therefore, Cai et al. (2010) and Liu et al. (2021a) believe preservation efforts
can effectively prolong its freshness.

In practice, companies operating in the agricultural supply chain will sell products
with different freshness levels (Herbon, 2016; Xu et al., 2022) since fresh agricultural
products can be directly sensed by human sight and smell. As a result, consumers
have to purchase solid intentions or behaviors for obviously or relatively fresh vegeta-
bles, fruits, and fresh aquatic products and lose interest in fresh agricultural products
that are about to pass the preservation period (close to the processing period). At the
same selling price, the freshness of the product determines the consumer’s preference
for it (consumers are willing to pay for fresh produce). Cai et al. (2010) believe that
the freshness of agricultural products is proportional to the sales price. Consumers
are willing to pay higher prices for high-fresh produce. Therefore, to satisfy consum-
ers’ preference for the freshness of fresh agricultural products, supply chain operators
of fresh agricultural products need to pay higher costs for their preservation.

Based on the above background, this paper considers the fresh agricultural products
provided by fresh agricultural product supply chain operators for sale. Under the cir-
cumstance that the market demand depends on the freshness and price of fresh agricul-
tural products at the same time, the operating enterprise adopts the optimal/balanced
dynamic pricing and the level of fresh-keeping effort input (referred to as the input of
fresh-keeping in this paper) to maximize its profits. Some scholars have intensely dis-
cussed the pricing of fresh agricultural products supply chain and the input of fresh-
ness. However, they have ignored the delayed effect of freshness input on demand, and
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that freshness decays with freshness input and natural decay. That is, the dynamic effect
is ignored. Additionally, operational inefficiencies are not considered. Operational inef-
ficiency depicts that the unit production cost of fresh agricultural products will increase
with fresh-keeping input, resulting in lower operational efficiency for supply chain
operators. Furthermore, the coordination between enterprises operating in the dynamic
fresh agricultural product supply chain is rarely studied. In response to the above situ-
ation, this paper specifically discusses the following questions: (1) What are the optima-
l/equilibrium pricing and fresh-keeping input strategies under the two scenarios of
concentration and decentralization? (2) How do preservation inputs and operational
inefficiencies affect optimal/equilibrium strategies? (3) What kind of contract is
designed to coordinate the fresh produce supply chain perfectly?

This paper considers a secondary fresh agricultural product supply chain in a
dynamic environment to solve the above problems. Suppliers determine the wholesale
price and fresh-keeping input of fresh agricultural products, and retailers determine
the sales price of fresh agricultural products. First, the optimal/balanced dynamic
pricing and fresh-keeping input strategies for fresh agricultural products are given
under centralized and decentralized scenarios. They are second, comparing the equili-
bria under the centralized and decentralized scenarios. Third, two gradings (two pric-
ing) contracts are proposed to coordinate the supply chain of fresh agricultural
products. The primary research shows that the equilibrium strategy (freshness and
profit) under the centralized scenario is higher than that under the decentralized
scenario, and the selling price of agricultural products under the centralized scenario
may be lower or higher than that under the decentralized decision-making, which
mainly depends on Fresh agricultural product supply chain system parameters. Two
pricing contracts can perfectly coordinate the supply chain. Preservation effectiveness
improves fresh produce suppliers’ supply chain coordination ability, while operational
inefficiency weakens their coordination ability.

This paper uses the differential game approach to model and solve the related
problems. The application of differential games in the field of optimal control of sup-
ply chain management has apparent advantages. First, the differential game is unique
in that the phenomenon (description of the situation of the decision-maker of the
operating company facing the decision object) is described by differential equations
in the game between the decision-makers of the supply chain operating companies.
At any given moment, the control variable is the variable that the decision-maker
considers when making a decision. This variable plays a vital role in the decision, and
its change also affects the state variable. The state variable is the environment in
which the decision-maker is placed, ie., the scenario in which the decision-maker
makes the decision. For example, in the freshness model, the control variable is the
freshness input, and the freshness is the state variable.

Furthermore, in the objective generalized model, the supply chain profit function
maximization is the performance indicator of the decision-maker. The differential
game not only reflects the effect of freshness input on freshness but also can simulate
the dynamic change process of freshness with freshness input of fresh produce busi-
ness enterprises (mainly suppliers); secondly, the strategy solution reflects the behav-
ioral relationship among members, and the feedback equilibrium reflects that the



4 M. LUO ET AL.

optimal strategy derived by suppliers and retailers depends on the initial state (initial
value of freshness) and current time. Under the equilibrium strategy, the supplier
considers the dynamic change of freshness, adjusts its strategy under the retailer’s
decision, and finally realizes the coordination among operating companies.

The novelty of this method is reflected in the following aspects: (i) Since the fresh-
ness of agricultural products is affected by the level of preservation efforts and natural
decay, it is more appropriate to use dynamic equations to express the freshness of fresh
agricultural products, and this method is relatively novel. (ii) The supplier determines
the wholesale price and the retailer determines the sales price according to the freshness
of agricultural products to set dynamic prices, and the supplier and the retailer in the
pricing process. There is a conflict of interest between the supplier and the retailer in
the pricing process, and there is a game between the two. The game sequence follows:
the supplier announces the wholesale price of fresh agricultural products and freshness
input, and then the retailer decides the selling price. (iii) The two-part pricing contract
model designed by the supplier can perfectly coordinate the supply chain. The contribu-
tions of this paper are as follows. (i) Inform the development of pricing strategies for
fresh produce operations, such as penetration pricing or skimming pricing for retailers.
(ii) Provide a basis for suppliers to develop reasonable two-part pricing contracts. (iii)
Provide a basis for reconciling supplier and retailer margins. (iv) Provide a basis for
suppliers to develop freshness preservation input strategies, where suppliers aim to
maximize their profits and suppliers through freshness efforts to provide retailers with
products that feel fresher in order to obtain higher wholesale prices, so fresh produce
suppliers develop freshness input strategies to ensure the freshness of produce.

The innovation points of this paper are as follows. (i) The core of the game
between fresh produce suppliers and retailers is pricing, and the pricing is based on
the freshness of the produce, which is a dynamic change process, so the game process
between suppliers and retailers is a dynamic change process. (ii) The two pricing con-
tracts use the Nash negotiation model to determine the value of the wholesale price.
(iii) Freshness effectiveness and operational inefficiency have an impact in terms of
pricing, freshness inputs, profitability, and equally in terms of fresh produce supply
chain coordination.

The game in this paper is a Stackelberg differential game, in which the fresh pro-
duce supplier plays the leading role in the supply chain, and the retailer plays the fol-
lowing role accordingly. The game sequence follows: the supplier first announces the
wholesale price of fresh produce w(t) and freshness input u(#), and then the retailer
decides the selling price of fresh produce p(t). The retailer decides the selling price
based on the freshness of the products the supplier provides. The supplier decides the
wholesale price and freshness input strategy based on the retailer’s selling price. The
freshness input determines the freshness of the produce, the freshness determines the
price, and the price determines the profit. The operating companies need to coordin-
ate before getting the profit they want. Freshness is a dynamic process; therefore, the
game between suppliers and retailers is dynamic. However, the differential game is
very suitable for modeling the related process.

For example, Liu et al. (2015) constructed a differential equation for dynamic
product quality level: Q(t) = I(t) — Q(t), Q(0) = Qp, where Q(f) is the product
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quality level and I(t) is the product innovation, and also constructed a differential
equation for product goodwill: G(t) = A(t) + 0Q(t) — 8G(t), G(0) = Gy, where G(t)
is the product goodwill and A(t) denotes the advertising rate, based on which the
optimal under centralized and decentralized scenarios were calculated Liu et al.
(2015) is related to this paper, but there are differences between this paper and this
paper, the difference is that there are similar ideas in constructing dynamic change
differential equations, and there are conflicts of interest between suppliers and
retailers, and the game process between them is a dynamic change process. The game
process is a dynamic change process; the difference is that this paper by Liu et al
(2015) is based on the current-value Hamiltonians method for calculation, while this
paper uses the HJB method. This paper also analyzes the effect of preservation effect-
iveness and operational inefficiency on pricing decisions in the numerical sensitivity
analysis, which Liu et al. (2015) need to analyze in this paper.

In summary, the most innovative aspect of this paper is that the effects of fresh-
ness preservation effectiveness and operational inefficiency on dynamic pricing and
coordination of operating companies are investigated.

In this paper, Sec. 1 describes the problem background; Sec. 2 model building,
describes the optimal fresh produce dynamic pricing problem of operating firms
under freshness and constructs the corresponding model; Sec. 3 solves the optimal
fresh produce dynamic pricing and fresh produce input strategy of operating firms
using optimal control theory for fresh produce supply chain operating firms’ preser-
vation inputs and operational inefficiencies; Sec. 4 equilibrium comparison under two
scenarios; Sec. 5 presents a two-part pricing fresh produce supply chain coordination;
Sec. 6 presents a numerical analysis; Sec. 7 summarizes and gives conclusions and
management inspirations.

2. Model building
2.1. Model fits

The symbols used are shown in Table 1.

2.2. Model description

This article considers a fresh produce supplier s and a fresh produce retailer r. The
secondary supply chain formed by the fresh agricultural product suppliers decides the

Table 1. Compliance description.

Conform to Meaning Conform to Meaning
g(t) Freshness (state variable) Jo Initial freshness value
u(t) Freshness input (control variable) Cs0, Cr0, C1 Supplier and retailer initial unit costs and

operational inefficiencies

w(t) Wholesale price (control variable) A Effective coefficient of fresh-keeping input
p(t) Sales price (control variable) o Freshness natural attenuation coefficient
¢(t),¢(t)  Supplier and retailer produce unit costs n Freshness input cost factor

D(t) Demand rate of fresh agricultural products p The time discount factor is the discount rate
Js, Jr Supplier and retailer profits a Fresh produce market potential

b Price elasticity 0 Freshness contribution rate coefficient
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input of freshness preservation u(t) and wholesale price w(t), fresh produce retailers
decide retail prices p(t), and g(¢) indicates the freshness of fresh produce.

As consumers tend to buy agricultural products with high freshness, suppliers of
fresh agricultural products have begun to invest in preservation actively. For example,
the innovation of fresh-keeping technology is invested in improving the freshness of
agricultural products to attract consumer demand (Liu et al., 2021b; Luo et al.,, 2022).
Since the advancement of preservation technology can continuously ensure the pres-
ervation of agricultural products, it is more realistic to describe the freshness of agri-
cultural products dynamically. On the other hand, agricultural products are perishable
products that will naturally decay over time, which is the decay of freshness. In short,
the freshness of agricultural products increases with not only the investment in fresh-
keeping but also the freshness of agricultural products when they reach the sales ter-
minal (supermarket, community convenience store). The longer the shelf life of the
sale, and the rotten with the natural decay, however, in the life cycle of fresh agricul-
tural products [0, T](T < cc), the evolution process of the freshness of fresh agricul-
tural products (including the time from production to sale) is expressed as:

g(t) = hu(t) — dg(t),g(0) = g (1)

Consumers’ preference for freshness increases their willingness to purchase high-fresh-
ness agricultural products, resulting in a positive relationship between freshness and
demand for fresh agricultural products. The higher the freshness or fresher, the higher the
demand. Therefore, the demand function for fresh agricultural products is expressed as:

D(t) = a— bp(t) + 0g(t) (2)

In order to obtain a positive equilibrium result, the parameters of Eq. (2) should
satisfy: a > bcy (Zhang et al.,, 2017). This means that when the retail price of fresh
produce is p(t), equal to the minimum production cost ¢y = cs + ¢y, and when the
freshness is zero, the demand is buoyant (Martin-Herran & Taboubi, 2015;
Bayramoglu et al., 2018). This linear demand function is ubiquitous in fresh produce
supply chain management, such as Groznika and Trkman (2012), Yang and Tang
(2019), Liu et al. (2021a), Liu et al. (2021b), Rani et al. (2022), and other pieces of
literature.

The input of fresh-keeping improves the freshness of agricultural products, but at
the same time, it also brings additional costs to agricultural products, such as product
handling or cost control (Deng et al., 2011; Wang & Li, 2012; Chen et al.,, 2022).
Specifically, the higher the freshness of agricultural products, the more fresh-keeping
technology investment is required, which makes fresh agricultural product suppliers
bear high unit production costs. Therefore, the variable unit cost of fresh produce
suppliers and retailers can be expressed as:

cs(t) = co +a1g(t), & (t) = co — c0 = cro (3)

In ¢y, ¢y is the initial unit cost of fresh produce suppliers and retailers. For the con-
venience of calculation, it is assumed that the variable unit cost of the retailer is the
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initial unit cost, and ¢y = ¢y + ¢y is the initial unit cost of fresh agricultural products.
c1 is the marginal cost of the fresh agricultural product supplier’s investment in fresh-
keeping to improve the freshness, called the supplier’s operational inefficiency coeffi-
cient. For example, Liu et al. (2021c) believed that the empty load rate of vehicles used
for fresh-keeping (cold chain) transportation of agricultural products is high when
returning. The phenomenon of resource idleness is serious. That is, supply and demand
matching efficiency is low, and the marginal cost of cold chain transportation is increased,
that is, the marginal cost of fresh-keeping. Zhang et al. (2016) used the operational ineffi-
ciency coefficient to characterize the variable unit cost of green products produced by
green manufacturers. However, more literature is needed to study the variable unit cost
of fresh produce in combination with operational inefficiencies. In order to obtain a posi-
tive equilibrium result, in (3) ¢; need to meet: 0 < ¢; < %, c; the larger the value, the less
efficient the fresh produce preservation process is.

This linearly increasing cost function is widely used by scholars in green products,
pharmaceuticals other industries, such as De Giovanni (2011), Zhang et al. (2016),
Papalexi et al. (2020), and Deng et al. (2022). However, the existing literature is rarely
used on the cost of agricultural products. However, when ¢; = 0 to, the operational
inefficiency of the operating enterprise does not exist, and the unit cost of fresh agri-
cultural products is a fixed constant, that is, the initial unit cost.

In the field of operation management, the input cost is assumed to be a quadratic
function (Karray, 2015; Liu et al,, 2015); that is, the supplier’s fresh-keeping input
cost function is expressed as:

Clu(t)) = u*(t) (4)

In m is the supplier’s input cost factor for preservation. Equation (4) is a quadratic
function relationship between the fresh-keeping cost and the fresh-keeping input of
the fresh agricultural product supply chain operation enterprise.

The convex cost function describes the diminishing marginal returns of the operat-
ing enterprise’s freshness input (Liu et al., 2021c; Luo et al., 2021; Nguyen & Ngo,
2021; Guo et al,, 2022), indicating that in order to achieve a certain level of freshness,
the operating enterprise needs to bear lower costs initially, but in order to achieve a
higher level of freshness. With a high level of freshness, fresh agricultural product
supply chain operators need to bear more costs.

In the life cycle of fresh produce [0, T], the supplier objective functional is:

T
Js = J e P! ((w(t) — € — clg(t)) (a — bp(t) + eg(t)) — guz(t)> dt (5)

0

The retailer’s target functional is:

Jn = J e ((p(t) — wlt) — cx) (a — bp(t) + Og(1)) ) e ©)

0

In p is the discount rate.
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Under the feedback information structure, the strategy of each operating enter-
prise in the fresh agricultural product supply chain is feedback; it shows that the
pricing of agricultural products and the input strategy of fresh-keeping are time-
consistent (the wholesale price of the supplier’s decision and the retail price of the
retailer’s decision are consistent in time with the decision of fresh-keeping), and
only depends on the state variable freshness g(t) of current produce freshness levels.
In the differential game under the life cycle of fresh agricultural products, it is a
common assumption to obtain the solution in the steady state, that is, the stable
value (Lu et al., 2019).

3. Model solving

In this section, the optimal strategies under both centralized and decentralized scen-
arios are studied with the help of game theory and the Hamilton-Jacobi-Bellman
(HJB) equations. First, the equilibrium strategy under the centralized scenario is
studied. The fresh agricultural product supply chain operators jointly decide the sell-
ing price and the fresh-keeping input strategy to maximize the overall supply chain
profit. Second, the optimal strategy under the decentralized scenario is analyzed; that
is, the supplier decides the wholesale price and preservation input strategy, retailer
decides the selling price.

3.1. Equilibrium strategies in concentrated scenarios

In the centralized scenario, suppliers and retailers in the fresh produce supply chain
reach a binding cooperation agreement, which provides a basis for decision-making
for both partners. Therefore, suppliers and retailers are integrated as a whole, from
the whole. The optimal price and fresh-keeping input strategy are formulated to
maximize the profit of the overall fresh agricultural product supply chain. Therefore,
in the life cycle of fresh produce [0, T], the total profit of the internal fresh produce
supply chain is at the discount rate p. For discounting, the corresponding dynamic
optimization problem is:

T
e JO ept<(P(t) —co — a1g(t)) (a — bp(t) + 6g(t)) — guz(t)>dt )

st glt) = () — 8g(1),8(0) = o

Solve the optimization problem of (7), and draw the following conclusions.

Proposition 1. Under the centralized scenario, the optimal selling price and fresh-keep-
ing input of suppliers and retailers in the fresh agricultural product supply chain are:

_a+bcy+ (04 bey)g

p°(g) 0

(8)

A
ut(g) = ﬁ(2A1g+A2) (9)
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In A, = PERE ) o nlecbalOoba) e fon(m(p +25)° — 202(0 — bey)?). In

addition, the freshness time curve of fresh agricultural products is:

g6(t) = g5 + (g0 —g5)e ™ (10)

4bn? (a—bco) (0—b & —(bn(p—29))° : .
In g& = (bpnn+éf;(§]i)l))$1(p—czlé)‘>)) , Ry = m > 0. g& for time t when trending

towards the fresh produce life T cycle, stable or steady-state value of freshness of
fresh produce under the concentration scenario.

Prove: The objective function of the supply chain of fresh agricultural products is:
J* = e P'VC(g). Among them, the optimal value function VC(g), based on the fresh-
ness evolution equation of fresh agricultural products, the HJB equation can be
obtained as:

c n, ove
pv (G):n;etx (p—co—clg)(a—bp—keg)—Eu +§(ku—8g)

Sure p and u To maximize the right-hand side of the HJB equation, we get:

p:a+bco+(9+bcl)g

b (11)
C

Substituting the above Eqgs. (11) and (12) into the right-hand side of the HJB equa-
tion, we get:

c (68— bey)’ g B ((a = beo)(0 — bey) /2 + b3(0VE/0g) ) g
VEETR b
N(a — bey)® + 2632 (6Vc/ag)2

4bn

(13)

+

Optimal value function V° is a quadratic function form because the optimal price
and fresh-keeping input problem is a linear quadratic adjustment problem, so the
optimal value function V° can be expressed as:

VE(g) = Aig” + Arg + As (14)

From the above formula (14), it can be obtained that about g. The first derivative
of is:

ove =2A10+A (15)
ag = 18 2
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Substitute the above Eqgs. (14) and (15) into Eq. (13) to get:

2 (463242 — 2 (2684, — (0 — bey)?/4) )2
pA1g” + pALg + pAs =

2bn
(40414222 —2n (8342 + (a = bar) (0 - ber)/2) )¢
2bn
bAPA + 1 ((a — beo)? /z)
+

2bm

Using the above formula (16) with the undetermined coefficient method, we can
obtain A; and A, as well as A; expression, A;. The expression is as follows:

(a — beo)*(pAy — &)

A - .
> abp(pA; + 22 (260c, — b2 — 07) + pt,))

In, Ay =n((p+8)*+ ).
According to the above formula, the total profit of the fresh agricultural product
supply chain can be calculated as follows:

J€ = A1l + Aago + As (17)

Substitute (9) into (1) to obtain the differential equation for the optimal freshness
of fresh agricultural products. Integrating this equation can get the curve of the fresh-
ness of agricultural products with time, as shown in the expression (10), where, in
the life cycle of fresh agricultural products within, if and only if R; > 0. Freshness
steady state value g< is globally stable, that is: 2bm(2bm3(p + 8) — A*(8 — be;)*) > 0.

It can be seen from proposition 1 that the sales price of fresh agricultural products
p(t) and fresh-keeping inputs u(t). About freshness (state variable) g(¢) increases lin-
early, indicating that when the freshness of agricultural products is high, the decision
makers of the operating enterprises will increase the sales price and increase the
investment in freshness preservation to benefit from consumers’ preference for high
freshness agricultural products.

Will g% substitute into formulas (8) and (9) can be derived in the life cycle of fresh
produce [0, T] homeostasis selling price p$ and fresh-keeping inputs u$, that is:

a+ becy + (0 + bey)gs A
Gttt PR 0 (g + )

p

About p$, u$, g% important parameters in (A, 0, ¢;), the sensitivity analysis has
the following conclusions.

Corollary 1. p$, u$, g% with important parameters X, 6, c, there are the following
. . ops us gl ops us gl ops us
relationships: 5t >0, >0, 5->0, 57>0, 57 >0, 57>0, 55<0, 5t <

ag¢
0, a—; < 0.
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From corollary 1, it can be concluded that in the life cycle of [0, T| fresh agricul-
tural products, homeostasis selling price, preservation inputs, and freshness vary with
A and O increases, and increases are positively correlated, following ¢; increase, and
decrease is a negative correlation. When the freshness is put into the effective coeffi-
cient A. When it is more significant, that is, when the contribution of fresh-keeping
input to freshness is more outstanding, the decision-makers of suppliers are stimu-
lated to invest more in fresh-keeping, resulting in the high freshness of agricultural
products, so that decision-makers can formulate higher (compared to ordinary agri-
cultural products) sales price. When parameter 6 when is more extensive, it means
that the freshness of agricultural products has a more effective contribution rate to
the demand. It can inspire decision-makers to set higher freshness inputs and retail
prices. However, when the parameter c; when is higher, when the operation ineffi-
ciency is high, the high fresh-keeping input will significantly increase the unit cost of
fresh agricultural products. Therefore, the decision-makers of the operating enterprise
will reduce the fresh-keeping input to reduce the cost of agricultural products.

Substitute Eq. (10) into Egs. (8) and (9) to obtain the optimal sales price of fresh
agricultural products and the time curve of suppliers’ fresh-keeping investment, such
as proposition 2.

Proposition 2. Under the centralized scenario, the optimal sales price and preservation
input time curve of suppliers and retailers in the fresh agricultural product supply chain are:

b 0+0b C 040
; :a+ Co+( + cl)gT+ + by (go_g%)elet (18)

C
P 26 2b
A A
uC(t) = = (24185 + As) + ﬁ2A1 (g0 — g&)e ™! (19)

Equation (18) shows two pricing methods for decision-makers in fresh agricultural
product supply chain operations: skimming pricing and penetration pricing (Yan et al,
2021; Lu et al.,, 2019). However, the pricing strategy chosen depends on the initial fresh-
ness value gy and steady-state freshness value g& relationship. When the initial freshness
value is higher than the steady state freshness value, gy > g%, the selling price of fresh
agricultural products is monotonically decreasing, that is, skimming pricing. Instead,
when gy < g%, the sales price of fresh agricultural products increases monotonically and
eventually reaches a fixed value in a steady state, that is, penetration pricing. The above
results show that when the initial freshness of fresh agricultural products is large enough,
the decision makers of the operating enterprise will set a high initial price (the price is
higher than that of agricultural products with low initial freshness) to earn more profits,
that is, the higher the initial freshness of agricultural products from the place of origin
to the point of sale, the higher the price is, and the more profit is obtained. It can be
seen from Eq. (10) that when gy > g% hour, (g — g%)e R along with R;. Therefore,
the freshness of agricultural products continues to decrease with time, so the operating
enterprises have to reduce the sales price, that is, sell at a lower price, however, when
the initial freshness of fresh produce is low. gy < g% hour, producers or farmers provide
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agricultural products with low initial freshness. However, the operating company has car-
ried out preservation treatment to make the agricultural products with low initial fresh-
ness fresher so that the freshness increases with the preservation treatment; therefore,
fresh produce supply chain operators can increase retail prices accordingly.

In addition, the monotonicity of the optimal preservation input time curve is the
same as the sales price. That is, when g, > g%, the fresh-keeping input continuously
decreases or decreases to a steady state with time. Otherwise, the fresh-keeping input
increases to a steady state with time.

When the initial freshness of the product reaches a steady state, go = g%, the sales

a+bc0+(6+bcl)g$
2b

u®(t) :%(2A1g$ + A), the constant does not change. It can be seen from Eq. (10)

price is maintained, p©(t) = constant and freshness input is maintained

that the freshness of fresh agricultural products is maintained at g%. The freshness
level is equivalent to the optimal solution under static conditions without any proc-
essing of agricultural products.

Also, especially parameter ¢;, the operational inefficiency coefficient pair g& has an
extraordinary impact and essential impact on the pricing strategy of the operating
enterprise, and its impact is as follows.

Corollary 2. Due to the operational inefficiency, factor c, exists 0 < ¢ <2 Within
the mnge, the steady-state freshness of agricultural products must meet the

022 (a—bcy)
0 <gf < 2on 2B (p15) )

02 (a—bco)
L When g > o 5 (oro) 7%

a € (0, 9) In the range of values, fresh agricultural product supply chain operators

the operational inefficiency coefficient is at any

choose the skimming przcmg strategy.

2. When 0 < gy < m there is a threshold ¢, this threshold enables a
shift in pricing strategy, i.e, when c¢; € (0,¢y) fresh agricultural product supply
chain operators adopt penetration pricing, when c¢; € (¢y, b) the pricing strategy of
fresh agricultural product supply chain operators has shifted from penetration pric-
ing to skimming pricing, where the threshold ¢, satisfy g = %.

Proof. From proposition 2, we know that the monotonicity of the sales price of

fresh agricultural products depends on the initial value g, and steady state value g&

relationship between the two, where R; > 0. When g > g%, (g0 —g%)e ™! along

with R; increase and decrease continuously, and the sales price is monotonically
decreasing with time, that is, the enterprise adopts the skimming pricing strategy;
when gy < g% the sales price increases concerning time, that is, the enterprise adopts
the penetration pricing strategy.
To ensure g5 > 0, operational inefficiency factor ¢; should satisfy 0 < ¢; < %, it
022 (a—bcy)
26m(2bnd(p+3)—1%0%) ©

Therefore, when gy > % hour, gy > g%, that is, the initial freshness

value is greater than the freshness value in the steady state, and the operating com-
pany will choose the skimming pricing strategy.

follows that, 0 < g% <
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A (a—bey)(0—b¢)

T (2bmd(p5) 326 there is a threshold ¢; sat-

However, when g5 <

. W2 (a—beo)(0—bE1)
isfy go = 2bn(zhn5(;+a)fxlzez) :

When operational inefficiency factor ¢; less than threshold ¢;, which is 0 < ¢; <
¢; hour, gy > g%, fresh agricultural product supply chain operators will choose skim-
ming pricing; when the operating inefficiency coefficient ¢; greater than the threshold
¢ and less than the upper limit of the interval (—2 which is ¢; < ¢; < % hour, g < g%,
operating companies will choose penetration pricing.

From corollary 2, it can be concluded that the operational inefficiency coefficient
c1. Different values will lead companies to choose different pricing strategies. When
the initial value of freshness of agricultural products is considerable, ¢; exists 0 <
a < %. Scope changes impact pricing strategy changes, regardless of how ¢; changes.
Operating businesses always adopt a skimming pricing strategy. However, when the
initial value of freshness of agricultural products is small, with the operation ineffi-
ciency coefficient c;. As the value increases, the operating enterprise adopts penetra-
tion pricing at first (after simple freshness treatment reaches a particular freshness
value) and then adopts skimming pricing (as the freshness decreases), indicates the
high operational inefficiency of the operating enterprise (the coefficient of operational
inefficiency is ¢; large). This leads to low investment in preservation and freshness
and low sales prices. In addition, the higher the initial freshness, the higher the
switching threshold of the pricing strategy of fresh agricultural product supply chain
operators. ¢; smaller (limited switching) indicates a lower operational inefficiency
when the initial freshness of produce is higher (operational inefficiency coefficient is
c; small). It can change the pricing strategy of the operating company. Therefore, in
this scenario, the company will consider the direct impact of operational inefficiency
in pricing; that is, the operating company’s pricing strategy is ¢; more sensitive.

3.3.1. Equilibrium strategies in decentralized scenarios

First, it is assumed that fresh produce suppliers and retailers are rational and aim to
maximize their profits. According to the dynamic equations of (1, 5), and (6), the
fresh produce supply chain operating companies are considered to discount p at a
discount rate during the fresh produce life cycle [0, T]. Therefore, the corresponding
optimization problems at this time are:

T
wf-r;if%.) JO ept<(w(t) —co —aig(t)) (a— bp(t) + 0g(t)) — zuz(t)) it

1;1(@))( ,[o e_pt<(p(t) —w(t) — (co — c0)) (a — bp(t) + eg(t)))dt

st g(t) = hu(t) — 5g(t),g(0) = g

(20)

Equation (20) is a differential game model involving two players (fresh agricultural
product supply chain and retailer), which includes three control variables, the sales
price p(t), wholesale prices w(t), supplier fresh-keeping input u(t) and a state vari-
able called freshness ¢(t).
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In (20), the model in the formula is the Stackelberg differential game model.
Among them, fresh produce suppliers play a leading role in the supply chain, while
retailers play a corresponding role as followers. The order of the game between the
two is as follows: the supplier first announces the wholesale price of fresh agricultural
products w(t) and fresh-keeping inputs u(t). The retailer then determines the fresh
produce sales price p(t). Using the reverse induction method, the decision-making
problem of fresh agricultural product retailers is solved first, and then the decision-
making problems of fresh agricultural product suppliers are solved.

The following conclusions are drawn about the equilibrium strategies of fresh pro-
duce retailers and suppliers.

Proposition 3. Under the decentralized scenario, the equilibrium fresh agricultural
product sales price, the wholesale price, and fresh-keeping input are:

_ 3a+b(co+ cro) + (30 4 bey)g

P 21
P () b (1)
WP(g) = a+ bcg + (04 bey)g (22)
2b
D A
u(g) = 5(231g + B) (23)
In B; = %, B, = %> & = \/bn(bn(p +28)* = 23(0 — bey)?).
In addition, the freshness time curve of fresh agricultural products is:
g(t) =g7 + (g0 —gr)e™ (24)
b2 (a—b(co+c)) (8—bey 3—(bm(p—63))° . .
Ingf = z(Qpnigz)((ngbn)gé,ﬁ&)), R, = m > 0. gk is time t when trending

towards the fresh produce life T cycle.

Prove: The objective functions of fresh produce suppliers and retailers are: J§ =
e PVP(g), J; = e PVE(g). Among them, VP(g) and VY(g) representing the optimal
value function of fresh agricultural product suppliers and retailers, first solve the
retailer’s pricing problem, and based on the freshness evolution equation of fresh
agricultural products, the HJB equation can be obtained as:

ovP
pVE = mpax{@ — W (60 = Go))(a — bp + 0g) 2 (s - 6g>} 25)

Retailers aim to maximize profits, but the solution p is the selling price that maxi-
mizes the profit, so the response function of the fresh agricultural product retailer
can be obtained as follows:

P_a+b(w+(c(>—cso))+9g

2b (26)
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Based on the retailer’s (26) reaction function, the HJB equation for the fresh pro-
duce supplier is:

n ., aVSD

pVe = max {(w —co —ag)(a—bp+0g) — S U +§(Mt - Bg)} (27)

The supplier’s goal is to maximize profits, so solve the right-hand side of (27) w
and u, available:

_a+beo+ (0+bey)g

2
w b (28)
rovP

u=-——5 (29)
n og
Substitute the above formula (28) into the formula (26) to get:
3a 4+ b(2cy — ¢ 30+ b
o= a+ b(2co — c) + (30 4 bey)g (30)

4b

Substitute the above Eqs. (28)-(30) into the HJB Egs. (25) and (27) of the supplier
and retailer, and assume that the quadratic, V2, V2 the optimal value function is:

V? = Blg2 + Bzg+ B3

31
VP = Eig* + E;g + E;s 3D

The six riccati equations are solved using the undetermined coefficient method,
and the corresponding six parameters are obtained. B;, E;,i = 1,2,3, among them, the
parameters B; and B, have been given in proposition 3.3, and the other four parame-
ters are as follows:

2p(a —bey)(a — beg)E, + Zb((bch/Z)?\.z(G —bey)’ + A4)

B; = S
16bp(bpn + &;)

>

n(o — 1961)2

E =
! 16&,

>

_ N(0 — bey)As
16bE, (&, + bnp) ’

E,

Er — As +A; + Ag
P 32bpE,(bpn + &)
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In Ay =an((p+8)*+ &)+ bn(beo(co — co/2) — aco)((p+28)° +8%), As=
Ex(a—b(co + o)) + (1/2bmp + 28,)(M(a — b(co + ¢r0)) (AM(0 — bcr))?), A =
(a — blco + ¢r0))*((1/26%)(bn(p +28) — &,)* + 2(p + 28)(p + 3)), A; = (1/2b)

(@ —b(co +¢r0)) (bn(p+28) — )«U?@np+iﬁﬂkw—bﬂﬂz@nw—b@v+awﬂ+

(a—bc))*(MO—bcy))* | (MMO—bcy))* (a—b(co+cr))(a—bco)(p+28)
N(a—0b(co+c0))(3p+49)), Ag= 2np i, +4 3bnpiL,) LA,y

The profits of fresh agricultural product suppliers, retailers, and the overall supply
chain are as follows:

J? = Big; + Bogo + B3 (32)
Jr = Eig + Exgo + Es (33)
D _ 1D D __ 2
J” =Jg +Jg = (Bi + Ei1)gy + (B, + E2)go + B3 + E3 (34)

Similarly, the time curve of the freshness of fresh agricultural products is shown in
the expression (24), where the life cycle of fresh agricultural products is [0, T], if and
only if R, > 0, the steady state value of freshness g& is globally stable, that is, the
parameters satisfy: bn(8bdnp — A*(0 — bey)®) > 0

It can be clearly seen from proposition 3 that in the life cycle of fresh agricultural
products [0, T] inside, balance the selling price of fresh agricultural products p(t),
wholesale prices w(t) and fresh-keeping inputs u(t), it’s all about freshness (state
variables) g(t), it is a linear increase, indicating that the higher the freshness of agri-
cultural products, the more motivated suppliers to increase their investment in fresh-
keeping, and set higher wholesale prices so that retailers also set higher retail prices.

However, in the life cycle of fresh produce [0, T] inside, for any fresh produce
freshness g, (PP(g)) =229, (wP(g)) = &b, (PP(g)) > (wP(g))' > 0 establishment
of the capital, it shows that the impact of freshness on sales price and wholesale price
is more significant than that of the latter. This is because the freshness of fresh agri-
cultural products has a positive (first-order derivative greater than 0) impact on the
sales price and wholesale price. The wholesale price of agricultural products also posi-
tively impacts the sales price (as shown by the expression (3-26). Therefore, retail
prices are doubly affected by the freshness of fresh produce: on the one hand, fresh-
ness g on sale price p has a direct impact; on the other hand, freshness g by affecting
wholesale prices w to influence the selling price p.

Same, will g2 substitute into (21-23), it can be concluded that in the life cycle of
fresh agricultural products [0, T] homeostasis equilibrium selling price P2, wholesale
prices, fresh-keeping input 42, which is about the essential parameters (A, 0, c,
cro> €1). The sensitivity analysis of, indicates steady-state fresh agricultural product
sales prices, fresh-keeping inputs, freshness with A and 0 increases and increases are
positively correlated, ¢y, cr, ¢; increase and decrease is a negative correlation. This
conclusion is similar that in the concentration scenario.

Substitute (24) into (21, 22), and (23), we can get the life cycle of fresh agricultural
products [0, T]. The time curve of the internal equilibrium selling price, wholesale
price, and fresh-keeping input is as follows.
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Proposition 4. The equilibrium fresh agricultural product sales price, the wholesale
price, and fresh-keeping input under the decentralized scenario are:

_ 3a+4b(2c) — co) + (30 + bey)g? N 30 + by (g gD)e—sz
— 0~ &T

(1) 4b 4b (35)
+ bey 0+bc)g? 0+b
WD(t) _ a Cs0 + ( Cl)gT + + C1 (gO _ g]l?)e_RZt (36)
2b 2b
A A
uP(t) = = (2BigR +B,) + ﬁ2B1 (g0 —gP)e ! (37)

In a similar concentration scenario, fresh produce suppliers and retailer decision-
makers face two pricing strategies: skimming and penetration pricing (Lu et al,
2019). Furthermore, any choice pricing strategy relies on the initial produce freshness
value g, and steady-state produce freshness value gP relationship between the two.
When the initial produce freshness value g, when is higher, the operational ineffi-
ciency of the supplier does not affect the pricing strategy of agricultural product sales,
that is, if the initial agricultural product freshness value gy is high, the freshness
investment of suppliers does not improve the freshness of agricultural products, but
increases the marginal cost of agricultural products, but the freshness will naturally
decline with time. For this fresh agricultural product, suppliers and retailers choose
skimming pricing. However, when the initial produce freshness value g, when lower,
there is a threshold (the threshold of operational inefficiency that can cause a shift in
pricing strategy). Fresh produce suppliers and retailers choose penetration pricing
when it is less than this threshold. When it is more significant than this threshold,
fresh produce suppliers and retailers choose to skim pricing.

4, Equilibrium comparison between two scenarios

This section compares the steady-state fresh agricultural product sales price, freshness,
preservation input, and channel profit under the two scenarios and draws the follow-
ing conclusions.

Inference 3 The steady-state fresh agricultural product sales prices in the two scen-
arios have the following relationships:

)Lze e*bCl .
1. when Z%) < bd(p — 23) time, then p2 > p§.
2. when %M = b3(p — 20) time, then p? = p§.

3. when w > bd(p — 23) time, then p2 < pf.
Definition { = K00-ba) for the effectiveness of fresh-keeping, the benefits of fresh-
keeping inputs (the benefits that suppliers’ fresh-keeping inputs bring to enterprises
operating in the supply chain of fresh agricultural products). Inference 3 shows that
when the preservation effectiveness is below or below a certain threshold
(bd(p — 28))hour, the optimal selling price of fresh agricultural products under the
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centralized scenario is lower or lower than the selling price under the decentralized
scenario, mainly due to the double marginal effect. However, when the preservation
effectiveness is above or more significant than this threshold, the high freshness of
agricultural products attracts and expands the market demand of consumers, resulting
in high prices. As a result, the sales price of fresh agricultural products in the com-
plete scenario is higher than that in the decentralized scenario. This scenario will
likely arise when consumers strongly desire to buy (and are willing to pay for) high-
freshness produce. The results reflect when fresh produce life cycle [0, T|, when there
are dynamic pricing (sales price and wholesale price) and non-pricing decision varia-
bles (preservation input), the ‘double marginal effect’ does not necessarily lead to
high prices for fresh produce.

The following conclusions can be drawn by comparing the preservation input and
freshness channel profit under the two scenarios.

Inference 4. Under the two scenarios, the steady-state fresh agricultural product
preservation input, freshness, and channel profit have the following relationship:
ug > up, g > gp, JO > .

It can be seen from inference 4 that the input, freshness overall profit of the sup-
ply chain, that is, the channel profit, are higher than the corresponding equilibrium
in the decentralized scenario under the centralized scenario. The dispersion scenario
leads to a double marginal effect, triggering channel conflict. However, this problem
does not arise in the centralized scenario since all decisions are made from a profit
maximization perspective of the overall supply chain (suppliers and retailers com-
bined, two parts of an organization).

5. Coordination of supply chain of fresh agricultural products two-part
tariffs contract

According to the equilibrium comparison of the above two scenarios, it is found that
the decentralized scenario leads to a low overall profit of the supply chain, which has
inspired some scholars to discuss such a question: how to coordinate the dynamic fresh
agricultural product supply chain to make the overall profit reach the overall profit
level under the centralized scenario. When fresh produce suppliers decide wholesale
prices and retailers decide retail prices, scholars such as Bhardwaj and Balasubramanian
(2005), Jeuland and Shugan (2008), and Inderst and Shaffer (2019) found that suppliers
can coordinate the supply chain through two wholesale prices, that is, two pricing con-
tracts. This section also selects a two-part pricing contract (TPTC). It uses this contract
to test whether it can also coordinate the dynamic fresh agricultural product supply
chain, assuming that the fresh agricultural product wholesale price is:

k
w(g) =co + g+ 5 (38)

In k> 0 is a positive constant. It can be seen from (38) that this transfer price is
determined by fixed costs ¢y and variable costs ¢;g +% composition, while the vari-
able cost depends on the freshness state variable g.
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Substitute (38) into (5) and (6) to obtain the profits of suppliers and retailers,
namely channel members, which are:

T
Js = J e ™ <k - Tzluz(t)>dt (39)

0

T
Ja = J e ((p(t) — co — a1g) (a — bp(t) + 0g(1)) — k)t (40)

0

It can be seen from the above formula that k plays a role in profit sharing in the
profit of channel members. In order to achieve the profit in the entire scenario, the
retailer provides two pricing contracts, and the situation is as follows: fresh produce
suppliers at marginal cost ¢y + ¢1¢ price (cost price) sold to retailers, and charge
retailers per unit of produce at the end of the selling season k fixed fee. k ability to
distribute profits between fresh produce suppliers and retailers. However, k profit dis-
tribution can achieve the same effect as a revenue-sharing contract (Lu et al., 2019;
Phouratsamaya et al., 2021).

Under this coordination mechanism, the fresh produce supplier is the leader or
master of the Stackelberg game. First, the supplier announces the wholesale w price
for ¢y +clg—|—%, which is (¢, c1,k), and decides on fresh-keeping investment to
maximize the profit of the overall supply chain of fresh agricultural products; second,
retailers, as followers or followers, determine retail price p to maximize self-interest.
Through the reverse solution method, first, solve the problem of fresh agricultural
product retailers, that is, to decide the retail price, and then solve the equilibrium
wholesale price and fresh-keeping input of fresh agricultural product suppliers. The
following conclusions can be drawn.

Proposition 5. The supplier uses two pricing contracts to coordinate the supply chain
of fresh agricultural products, so that the profit in the decentralized scenario can reach
the optimal profit in the centralized scenario.

Proof. Let VI and V[ represent the optimal value function of fresh produce suppli-
ers and retailers, the retailer’s HJB equation is:

ovt
pvg = mpax ((p —Co — clg)(a —bp+6g) —k+ a—gR(ku — 6g)> (41)

The retailer’s goal is to maximize profit, but solving the right-hand side of the
maximization Eq. (41) yields the equilibrium price as:

¢ a+bcy+ (0+be)g
P= 2b

(42)

Based on the dynamic evolution equation of freshness of fresh agricultural prod-
ucts such as formula (1), the maximization problem of fresh agricultural products
suppliers is:
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T
maxJ e P <(p —c—cag)(a—bp+0g) — guz) dt (43)

0

Its corresponding HJB equation is:

T _ n o, 0V§
pVy = max (p—cso—clg)(a—bp—keg)—Eu +E(ku—8g) (44)

Substitute (42) into (44) and maximize the right-hand side of (44) to get:
Uy = ——> (45)

However, the quadratic optimal value function VI, V! can be expressed as:

VI=Fg+Fg+F (46)
Vi=1Lg+Lg+1

Similarly, it can be concluded that: F; = Ay, F, = A,, F; = A3,

n(o — bCl)z
L =—F71-—/—,
4§,

bM2(0 — bey) (Ag 4 abA? (0 + 2bc,))

L = L
& (bpn + &)

>

L(k) = 364 (Ao + A 4 Ap) 4+ Az + Ay — 07 (Ars + Ajg) — Ay — Aig — Ay — Ay
5(k) =
2p%, (bpn + &)’
(Aa1 + Ax)bn‘k

2p%, (bpn + €,)°

In
Ag = b(co + c0)A2(0 — ber)* + (a — beo) (bn(p + 28)° + pE,)),
Ao = 12(40 — be))A'0* 3,
Ay =20(p 4 28)*(2((p + 8)* — pd) — Mccq(acy +20¢))),
Ay = 2cm2 ¢ (0o ((p + 48)* + 4p?) — 4ac; ((p +8)> — pd)),
Az = 2abn (a(p +28)* ((p + 8)” — pd) + Op*A*(3ac; + 0(dco — ),
Ay = 3b0c,oA* (2abmd(p + 8) — 2020¢,0 — n0a*p?),
Ars = 2n(p 4 28)* (2acon ((p + 8)* — pd) — A*0cyceo(1 + 2a6)),
Ars =12 (0* (o ((p+43)” +4p?) + 8612702 ) +acim (16c0((p+3)” — pd) +3ac1p?)),
A7 = 2M0(0—2bc; ) (a— (3co — 2¢0)),
Arg = b2 (a2 —2m(a—co) ((p+28)° — 8(p +8)) — b2} (3o — 2¢x0))s
Ao =2(40 — be) ) b°EA 2,
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Ayy = b0’ (co ((p+48)* +4p2) 4 cop?(5¢0 — 2¢y)),
Ay =4pg, (2nb2 ((P +25)2 —3(p+ 6)) —3b0%(0 - bCl)z)’
Agy =460 (A0 —bey)* —bnO(0 —2bc; ) ((p+43)” +4p*) —2n3b* ((p+28)° +(3/2)p?))-
Therefore, p7 = p€, g7 =g, uT = uC, the equilibrium strategy is equivalent to
the concentration scenario.
Similarly, the profits of fresh produce suppliers and retailers are shown in Egs.
(47) and (48), and the coefficients are:

n((p+26)(bn(p +28) — &) — M(0 - bcl)z)
Li=A -1, =- 473& N

bn2(0 — bey)(3a — b(4cy — cx0))A2(0 — bey)°

& (bpn + il)z
bn2(0 — bey)2pE, (a — bey) + 2bm (bey — 2a002) (p + 25)*

& (bpn + §1>2

Ly=A -1, =

>

Ly(k) =A; — L(k)=A+ %, the expression A is omitted here due to its
A complexity.

However, Zaccour (2008) and Zhang et al. (2016) scholars pointed out that an
exogenous two-part pricing contract cannot coordinate the supply chain under the
nash game and stackelberg game. Lambertini,(2014), Tan et al. (2021), and Scholars
from Kumar et al. (2021) found that when two pricing contracts use some endogen-
ous function forms (which differ from exogenous forms), they can coordinate the
supply chain. Therefore, Liu et al. (2021c) pointed out that in order to coordinate the
supply chain, it is necessary to make the steady-state equilibrium under the decentral-
ized scenario reach the equilibrium level under the centralized scenario, that is, the
equilibrium level under the decentralized scenario is equal to the equilibrium level
under the centralized scenario. This paper is different from theirs. This model
assumes that in addition to setting the wholesale price of fresh agricultural products,
the supplier also decides other non-price variables (the input of agricultural products
preservation) to maximize the profit of the overall supply chain.

In contrast, the retailer decides the selling price of fresh agricultural products to
maximize the profit of the whole supply chain. To maximize their profits, that is,
suppliers aim at maximizing overall profits, while retailers aim to maximize their
profits. Based on this model structure, when two-part pricing is defined as a func-
tion of the freshness of fresh produce, it can satisfactorily coordinate the supply
chain at each point in time during the fresh produce life cycle [0, T], not just at a
steady state.

Therefore, the equilibrium price and fresh-keeping input in this coordination scen-
ario are equal to those in the centralized scenario, namely p’(t) = p¢(t), u’(t) =
u“(t). The equilibrium price and fresh-keeping input under the coordination scenario
are consistent with the conclusion of corollary 1. In the life cycle of fresh agricultural
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products [0, T], homeostasis selling price, preservation inputs, and freshness vary
with A and 0 increases and increases are positively correlated, following c¢; increase
and decrease is a negative correlation.

However, the equilibrium profits of fresh produce suppliers and retailers are:

J§ (k) = Ligg + Lago + L(k) (47)

Ji(k) = g2 + Lgo + I;(k) (48)

The total profit of the fresh agricultural product supply chain under the coordin-
ation scenario is JT = JI (k) +JL (k) =J¢, which is independent of the parameter.
Total profit and k. It does not matter. However, the profits of fresh produce suppliers
and retailers alike depend on, that is, two-channel members (operating companies) pass
the parameter k share the total profit of the fresh agricultural product supply chain.
Therefore, an interesting question arises: how to set a suitable k to distribute the profits
of the fresh produce supply chain. Discuss next k the problem. Only channel members
are willing to participate in this game only when operating firms’ profits are higher
than those in the decentralized scenario. Then the parameters k should satisfy:

_qT bn?(Ay + Ay (k — k1)
Me=s - ]S - 2p&; (bpn + él) =0 (49)

b (Ag + A (ky — k)
Al = JF (K =
e =Je) =i = e P+ 5 G0

In k; = Zpé‘wbpr:l&;)zi;]s( , ky = 205, (bbTJ(rAil)Jr(AZ; }‘3), AJs and AJr are the add-
itional profit for fresh produce suppliers and retailers under two pricing contracts.
Nevertheless, satisfied AJs + AJg = AJs;r. Therefore, k is more significant. The
greater the additional profit shared by the suppliers of fresh agricultural products, the
greater the AJs = ]S( ) — ]S —%ﬁﬂg)kl)>0 is more prominent, and vice
versa.

The following conclusions are drawn regarding the feasible areas of the two pricing

contracts in the supply chain of fresh agricultural products.

Proposition 6. When k; < k < k, hour, fresh produce suppliers and retailers are will-
ing to fulfill two pricing contracts, namely:

ky ka

T T T
cso +a1g +—a—pr—|—9gT<W <ot C1g +—a—pr+6gT'

Proof. According to formula (49), we can get:

ngé + ngo + L3(k) - Blgg — Bzgo — B3 > 0,
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That is:

bnzk(A21 + Azz)
2pE, (bpn + €,)°

> —(Ligy + Lago + A) + Bigg + Bago + B3 = J4 (k) — J¢,

Therefore, k satisfy k > el bbp;q&‘z]) Jr(f:;)]g @ Similarly, according to formula (50),

2p&, (bpn+£)* U5 (0)—JP)

we can get k < (Ao TAn) .
D D
However, let k; = 2= (bbp]??fzf Jr(izz)] HUIY ky = 25 (bbp;]?fn) JF(AH()) m,simpler verifica-

tion J§ (0) < 0, J§ > 0, therefore, k; > 0 and

ky —ky =JE(0) +JE(0) = J2 = JR
=] —JP>0 '

D __ _
However, k should satisfy 205, bpn“(fzf &“22)]5( <k<?® é1(ban(r§21) +(A22(>) ) )

According to the above analysis, the contract form in proposition 6 can satisfactor-
ily coordinate the supply chain and make fresh produce suppliers and retailers willing
to accept this contract. In particular, suppliers can adjust wholesale prices by w,
which is ¢y + ¢1¢ + k very flexible and convenient distribution of profits.

However, when there is no more information or information asymmetry, it is
impossible to accurately obtain the wholesale price value (Lau, 2008; Zhang et al,
2016). The Nash negotiation model effectively solves this problem (Nagarajan &
Bassok, 2008). Choose the method proposed by Xie and Wei (2009), and Zhang et al.
(2016): manufacturers or suppliers, and retailers have different preferences for extra
profit (the value of extra profit that each channel member is willing to accept), the
utility function of each channel member represents this preference. Assume that the
utility functions of fresh produce suppliers and retailers are u;(AJ;) = (AJ;)> and
u,(AJr) = (AJr)*, in ¢, and ¢,, representing the risk appetite coefficient of fresh pro-
duce suppliers and retailers. The more significant the coefficient, the more risk-averse
the operating company is. However, the Nash negotiation model is as follows, that is,
the optimization problem is:

ArJSn,aA)}R us(A]s) r(A]R) (A]S)SS(A]R) (51)

st AJs+ AJg = AJsyr, AJs > 0,AJr > 0

Equation (51) is AJs = gjfg, AJsir and AJg = gsifgy AJs,r; this solution explains the
distribution of additional profits and risk preference coefficients for fresh produce
suppliers and retailers (g, G,) is proportional to, that is, the greater the risk appetite
coefficient, the more extra profit it distributes; however, the profit distribution par-

ameter is: k = :fé +2 g’ , so the wholesale price of agricultural products is:

wh =co+c T+L co+ag + ! sh + sk
OO T T egT g a—bp" +0¢" \g,+¢ ¢ +g)
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When fresh produce supply chain operators have the same preference for add-
itional profits, that is, the channel members share the additional profit equally, that
is, share profit equally. Otherwise, when ¢, > ¢, hour, suppliers can set a high whole-
sale price of fresh produce to get more profit and vice versa.

6. Numerical analysis

The theoretical results proposed in this paper are numerically simulated using Matlab
software to verify their effectiveness. Mainly studied the effectiveness of preservation
€ and operational inefficiency factor ¢; effects on equilibrium outcomes and pricing
strategies, also explores the impact on the coordination of fresh produce supply
chains. The benchmark parameter assignments in the model are mainly drawn from
the research of Yang and Tang (2019), Liu et al. (2021c), and Yan and Han (2022).
The specific values are shown in Table 2.

6.1. Freshness effectiveness { impact on equilibrium outcome

This section studies the effectiveness of preservation { impact on equilibrium out-
comes, i.e., in the life cycle of fresh produce [0, T] inside T = 5, preservation effect-
iveness in centralized and decentralized scenarios ( impacts the steady-state
equilibrium of the fresh agricultural product supply chain. First, maintain the effect-
ive coefficient of fresh-keeping input A, input cost coefficient of preservation 1, and
price elasticity coefficient. Operational inefficiency factor ¢;. The values of other
parameters, remain unchanged, and secondly, adjust the freshness contribution rate

Table 2. Parameter values.

Parameter a b 0 A p S Cs0 Cro Q n 9o
Value 20 2 1 1 0.1 0.4 0.6 0.4 0.4 2 0.98
Note: Under this parameter, { = 0.1.

nr - = =Centralized decision |
—Decentralized decision - o

Price

Figure 1. { influence on the selling price of fresh agricultural products.
Source: Data from Yang & Tang (2019), Liu et al. (2021a, 2021b, 2021c).
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51 - = -Centralized decision S
— Decentralized decision .~

Fresh input

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Figure 2. { influence on the input of fresh agricultural products.
Source: Data from Yang & Tang (2019), Liu et al. (2021a, 2021b, 2021c).
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Figure 3. { influence on the freshness of fresh agricultural products.
Source: Data from Yang & Tang (2019), Liu et al. (2021a, 2021b, 2021¢).

coefficient 0 make it increase from 0.1 to 0.7 at a rate of 0.1, ie., 0=
1,1.15,1.28,1.38,1.48,1.57, 1.65. Finally, the effectiveness of fresh-keeping was plotted
€ a graph of the impact on equilibrium price, freshness input, freshness, and channel
profit. As shown in Figures 1-4. (The data in Figures 1-13 are obtained by assigning
the parameters to the relevant models).

It can be clearly seen from Figures 1-4 that when the coefficient of effectiveness of
preservation ( increases, the equilibrium in both the centralized and decentralized scen-
arios increases, this shows that whether it is a centralized or decentralized channel when
fresh agricultural product supply chain operators face high fresh-keeping effectiveness,
will increase investment in preservation, thereby improving the freshness of agricultural
products, setting higher sales prices (consumers are willing to pay higher fees for agricul-
tural products with high freshness), and obtaining more profits.
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Figure 4. { influence on the channel profit of fresh agricultural products.
Source: Data from Yang & Tang (2019), Liu et al. (2021a, 2021b, 2021¢).

As shown in Figure 1, when the preservation effectiveness is below the threshold {
hour, the sales price of fresh agricultural products in the complete scenario is lower
than that in the decentralized scenario. When the fresh-keeping effectiveness coefti-
cient is higher than this threshold, the sales price in the centralized scenario is higher
than in the decentralized scenario. This conclusion thoroughly verifies inference 3.
However, this shows that the concentration scenario sometimes leads to low sales pri-
ces. Under the centralized channel, substantial fresh-keeping inputs will produce high
freshness of agricultural products so that operating companies can set higher sales
prices. As shown in Figure 1, for example, when shandong shouguang agricultural
products comprehensive wholesale market co., Itd. (supplier) has an effective coeffi-
cient of freshness effort level input of 1, the selling price of the company’s fresh agri-
cultural products in the centralized scenario of yonghui supermarket (retailer) is 6.30,
while the selling price in the decentralized scenario is 8.13; when shandong shou-
guang agricultural products comprehensive wholesale market co. The above examples
are sufficient to show that different values of the parameters affect the optimal solu-
tion of the selling price of the operating companies.

Compared with the decentralized scenario, the freshness preservation input, fresh-
ness, and profit are higher in the centralized scenario (as shown in Figures 2-4),
which thoroughly verifies inference 4. Furthermore, with the increase in the effective-
ness of fresh-keeping, the gap in fresh-keeping input, freshness, and channel profit
under the two scenarios becomes larger and larger, indicating that when the effective-
ness of fresh-keeping is greater, the balance of the fresh agricultural product supply
chain increases in the centralized scenario faster.

6.2. Operational inefficiencies c; influence on the pricing strategy of fresh
agricultural products

According to inference 2 and the benchmark parameter values in Table 2, 0 < ¢; < %
can be drawn, ¢; value 0 < ¢; < 0.5. g% value 0 < g& < 24.87 due to gt < 24.87,
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Figure 5. Influence on the pricing strategy of fresh agricultural products ¢;.

however after gy — (bémii‘;@i%ﬁaﬂé)) =0 threshold can be solved ¢; = 0.456.

Figure 5 ¢; pick shows 0, 0.1, 0.2, 0.3, 0.456, 0.6, 0.8 equilibrium price in time interval
under different value scenarios [0,12] (in the life cycle of fresh produce [0, T] within)
changes.

It can be seen from Figure 5 that when ¢; = 0.456 hour, optimal fresh produce
sales price over the entire time range [0,12] remain unchanged. Therefore, ¢; is
regarded as the switching point of the operating enterprise’s pricing strategy. When
the sale price of agricultural products decreases over time until the price stabilizes
(c1 = 0.6,¢c; = 0.8), the operating company chooses to use a skimming pricing strat-
egy. When agricultural product sales increase over time until the price stabilizes
(¢t =0,¢c0 =0.1,¢0 = 0.2,¢; = 0.3), operating companies will choose to use penetra-
tion pricing strategies. However, when ¢; = 0 hour, i.e., no operational inefficiencies
(high freshness does not come with marginal cost) hour, stable sales prices are high.
When ¢; = 0 increases to ¢; = 0.1, the price gap between the two changes consider-
ably, but when ¢; = 0.1 increase to ¢; = 0.2 in ¢; = 0.3 hour, the change in the price
gap between the three is small, which fully shows that the existence of operational
inefficiency has dramatically reduced the sales price of agricultural products. From
the perspective of fresh agricultural product operating companies, low operational
inefficiency (what the company pursues) enables the operating company to obtain
more marginal profits through penetration pricing. At the same time, the operating
company can increase investment in fresh-keeping to improve the freshness of agri-
cultural products. To attract more demand from consumers. However, when the
operational inefficiency is high, the operating company loses the enthusiasm to invest
in fresh-keeping efforts, resulting in the lower freshness of agricultural products (low
freshness so that consumers have low purchasing intentions), but in order to ensure
higher profit margins, the operating company chooses to use a skimming pricing
strategy.

Research suggests switching points for operating firms’ pricing strategy ¢; mainly
affected by the initial freshness value of agricultural products g effect, as shown in
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Figure 6. Initial freshness value Switch point for pricing strategy ¢; impact.

Figure 6. It can be seen from Figure 6 that the pricing strategy switching point ¢,
with initial freshness value g, is less. However, when g, = 1 hour, down to the switch
point (the switch point ¢; and gy = 0.98 value) below, it shows that when the initial
freshness value is high, a lower operational inefficiency (c; = 0.456) enables fresh
produce operators to switch from penetration pricing to skimming pricing.

6.3. Other parameters influence on the pricing strategy of fresh agricultural
products

Figures 7 and 8 show that the selling prices under the centralized and decentralized
scenarios keep decreasing as p and § increase. As shown in Figure 9, the selling price
of fresh produce under the centralized scenario is lower than that under the decen-
tralized scenario when A is below the threshold A = 2.15. When X is above this
threshold, the selling price under the centralized scenario is higher than that under
the decentralized scenario; however, this illustrates that the centralized scenario does
not necessarily lead to a low selling price.

6.4. Freshness effectiveness ( the impact on the coordination of fresh
agricultural product supply chain

As shown in Figure 10, Figure 10 depicts the effectiveness of preservation { on coord-
ination parameters k impact. Curve k; and k, Figure 10 is divided into upper, middle,
and lower regions (region 1-sw-rl, region 2-sw-rw, region 3-sl-rw), when k in zone 1
and zone 2, J (k) > JP, k when in zone 2 and zone 3, J§ (k) > J5. Currently, region
1-sw-1l is the supplier win-retailer loss area, region 2-sw-rw is the win-win area, and
region 3-sl-rw is the supplier loss-retailer win area.

Figure 10 shows that when k in zone 2, the two pricing systems can successfully
coordinate the supply chain and benefit every fresh produce operating company.
When the effective coefficient of freshness keeps increasing C, regions 2 and 3 keep
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Figure 7. Effect of p on sales price.
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Figure 8. Effect of 5 on sales price.

growing, while region 1 keeps shrinking. This means a significant coefficient of fresh-
ness effectiveness, making it easier for suppliers and retailers to negotiate a win-win
situation C, improved agility for fresh produce suppliers to coordinate supply chains.
As shown in Figures 11 and 12, with the increase in preservation effectiveness, the
profits of suppliers and retailers under the decentralized scenario and the two-part
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Figure 10. The impact on the coordination of fresh agricultural product supply chain C.

pricing contract continue to rise, indicating that when the preservation effectiveness
is greater, the supply under the two-part pricing contract increases. The upward trend
in the profits of merchants and retailers is more evident than that in the decentralized
scenario. Therefore, the two pricing contracts can effectively coordinate the supply
chain of fresh agricultural products. As shown in Figures 4 and 5, when the freshness
effectiveness coefficient of shandong shouguang agricultural products wholesale mar-
ket co., Itd (supplier) is 0.1, the company’s profit (supplier) under the two-part pric-
ing contract is 229.67. The profit under the decentralized scenario is 205.03, with a
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Figure 11. The effect of fresh-keeping effectiveness on supplier profits.

difference of 24.64, i.e., the profit obtained by the company (supplier) under the two-
part pricing contract is 24.64 more than that under the decentralized 24.64 more
profit under the two pricing contracts than under the decentralized scenario, while
the profit of yonghui supermarket (retailer) is 119.67 under the two pricing contracts
and 94.84 under the decentralized scenario, with a difference of 24.83 profit, i.e., the
profit of yonghui supermarket (retailer) is 24.83 more profit under the two pricing
contracts than under the decentralized scenario; when shandong shouguang agricul-
tural products comprehensive wholesale market co. (supplier) has a freshness effect-
iveness factor of 0.5, the company’s (supplier) profit under the two-part pricing
contract is 285.38, and the profit under the decentralized scenario is 232.21, i.e., the
company’s (supplier) profit under the two-part pricing contract is 53.17 more than
the profit under the decentralized scenario. In contrast, the profit of yonghui super-
market (retailer) under the two-part pricing contract is. The above example illustrates
that the two-part pricing contract enables the supplier and retailer to improve pareto.

6.5. The impact of operational inefficiencies on fresh produce supply chain
coordination c;

As shown in Figure 13, Figure 13 depicts the ¢; coefficient of coordination k impact.
As in Figure 10, this map is divided into three regions: upper, middle, and lower:
region 1-sw-rl, region 2-sw-rw, and region 3-sl-rw.

It is clear from Figure 13 that when operational inefficiencies ¢; when increasing
continuously, area 1 keeps increasing, while area 1 and area 2 keep shrinking. The
results of this study show that when fresh agricultural products operating enterprises
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Figure 13. Impact on the coordination of fresh agricultural product supply chain ¢;.

are operating inefficiently ¢; when higher, it is difficult to coordinate the supply chain

satisfactorily.

7. Conclusion

Fresh agricultural products have their characteristics of decreasing freshness with
time. Based on this, this paper mainly studies the dynamic pricing and fresh-keeping
input decisions of operating companies considering operational inefficiency under the
freshness of fresh agricultural products and designs a supplier with two wholesale pri-
ces, that is, two pricing contracts to coordinate the supply chain. The research results
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show that the sales price of fresh agricultural products in the complete scenario is
not necessarily lower than that in the decentralized scenario; when the initial fresh-
ness is high, there is an operational inefficiency threshold (¢; = 0.456), which can
make the pricing strategy of fresh agricultural product operators switch from penetra-
tion pricing to skimming pricing; when the supplier designs the two pricing as a
function of the freshness of the produce, it can coordinate the supply chain satisfac-
torily; the ability of fresh produce suppliers to coordinate supply chains increases
with preservation effectiveness { increasing and increasing, with operational ineffi-
ciencies ¢; of increasing and decreasing. The management implications of this paper
are as follows: first, to provide reference or guidance for fresh agricultural product
operators to formulate sales price strategies when low operational inefficiency (fresh
agricultural products suppliers bring high marginal costs for freshness preservation,
for example, when a fresh-keeping (cold chain) transport vehicle has a high unloaded
rate during the return journey), the operating enterprise can obtain more profits by
increasing the sales price, when there is high operational inefficiency (low marginal
costs for suppliers to keep fresh), the operating firm can profit by lowering the selling
price. Second, provide theoretical support or a basis for fresh agricultural product
suppliers to formulate reasonable wholesale price contracts. Designing two pricing
functions as a function of freshness, suppliers of fresh agricultural products can make
the total profit of the supply chain in the decentralized scenario reach the maximum
profit in the centralized scenario. The profits in the two scenarios are equal and can
also improve the retailer’s profit. Third, a coordinated contract between fresh produce
suppliers and retailers can be negotiated to improve their profit margins to achieve a
‘win-win’ situation.

In this paper, only fresh produce suppliers are considered for fresh produce preser-
vation. However, future work may consider introducing retailers for fresh produce
preservation or joint preservation between suppliers and retailers. In addition, the
paper does not consider other costs of suppliers and retailers, such as the manage-
ment costs of suppliers and the sales, inventory, and management costs of retailers,
etc. However, the costs of suppliers and retailers can be considered in future work.
Finally, the government will subsidize the operating companies with funds to encour-
age suppliers to increase freshness input. The article does not consider government
subsidies; however, future work can be considered to introduce the study of dynamic
pricing and freshness input strategy under government funds (price) subsidy is also
of practical significance.
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