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Abstract
Random circulation losses of fresh products are also a great challenge that affects the decision-making
of farmers and enterprises as well as the revenue management of both parties. Considering a freshproduct supply chain (FSC) comprising a single enterprise and a single farmer with random circulation
losses, we explore the optimal ordering of the enterprise, optimal planting of the farmer, and risksharing mechanism of both participants. After modelling the optimal decision model of centralized
FSC, we solve the optimal global solutions that exist uniquely. Then, a risk-sharing contract, called a
wholesale price contract, is designed that can coordinate the decentralized FSC. Finally, a simulation
of sensitivity analysis using MATLAB soft is figured out to explore the influence of random risks on
the optimal solutions and the contract parameters. Furthermore, some conclusions and future
researches are given.
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1. INTRODUCTION
With the strengthening of agriculture supply-side reform, the trading quantity of fresh
products is steadily increasing. It is predicted that the volume of trading will reach CNY 2.31
billion by 2020, and the compound annual growth rate will reach 14.16 %. However, there
exist several circulation losses of fresh products during the transportation, special packing
procedures, environmental risk and so on [1, 2], such as the quality deterioration and the
physical quantity deterioration [3]. It is about 20 %-30 % that all fresh products are wasted in
whole FSC system [4], and the circulation loss of fruits and vegetables is about 15 %-30 % of
the total world production [5]. The circulation loss of fresh products is not only a significant
obstacle to improve the performance of FSC but also a severe problem faced by FSC
management.
Contrasting to the random yield, the circulation loss of fresh produce items usually occurs
after a farmer delivers products. Generally, the circulation loss of them can be managed by
applying the preservation-technology activities [1, 6-11], improving warehouse and
transportation processes [12, 13] or using risk-sharing contracts [14-23]. The investment in
such activities can reduce circulation loss rate and consequently can increase the available
quantity of fresh produce items, and the coordination in such contracts can enhance the
performance of the FSC system and its parties. Although investment in preservationtechnology activities reduces the circulation loss rates of fresh produce items, it cannot
eliminate the circulation loss of them. For any given technology level, the circulation loss will
still exist for fresh produce items. Therefore, the circulation loss is an inherent attribute of
FSC, and enterprises (especially those in traditional channels) need to consider the influence
of the circulation loss rate on their ordering or planting decisions.
https://doi.org/10.2507/IJSIMM19-1-CO5

169

Fang, Wang, Yuan, Gong, Cai, Wang: Modelling and Simulation of Fresh-Product Supply …
In this paper, we consider a two-echelon FSC with a single "enterprise + farmer" and
assume that the circulation loss of fresh produce items is an exogenous parameter and explore
the following two problems. How many the enterprise should order, and how much the farmer
should plant fresh products? And how should random risks be shared between the enterprise
and the farmer? The process of the game is as follows. The enterprise orders fresh products
from the farmer and sales them in the market. Constrained by the current technology level, the
farmer’s output of fresh products and the circulation loss of fresh products are random
variables. First, the optimal decision-making in the FSC is investigated by using mathematical
modelling. Then, a flexibly coordinated wholesale price contract mechanism is designed to
encourage the enterprise and farmer to share the random risks. Finally, a sensitivity analysis
of random risks is carried out through the MATLAB soft simulation to explore the influence
of random risks on the optimal solutions and contract parameters, and some conclusions are
discussed.

2. MODELLING OF THE FSC
In this section, the optimal solutions and optimal profit of a centralized FSC are deduced, and
then the coordinated contract mechanism is designed to encourage both parties to share
random risks.
2.1 Model description
A two-echelon FSC with two participants called enterprise E and farmer F is considered, in
which the enterprise is the leader and the farmer is the follower. The game sequence is as
follows: the enterprise orders 𝑞 units of the fresh produce from the farmer; then, the farmer
plans to grow Q units of the fresh produce based on the orders of the enterprise. The market
demand X, the yield of the fresh produces U, and the circulation loss of the fresh products O
are all viewed as random variables. The game timing of both parties is shown in Fig. 1, and
the notation used in this paper is shown in Table I.
min UQ, q 

Q
Farmer

w

min  O min UQ, q  , X 

q
Enterp.

p

Market

Figure 1: Schematic diagram of a fresh produce supply chain under circulation loss.
Table I: Notations.
Notation Description
𝑈
𝐺(𝑢)
𝑔(𝑢)
𝑂
𝑀(𝑜)
𝑚(𝑜)
𝑋
𝐹(𝑥)
𝑓(𝑥)
𝑞
𝑄
𝑤
𝑝
𝑐𝐸
𝑐𝐹

Plant yield of the fresh products; this is a random variable
The cumulative distribution function of random variable 𝑈
The probability density function of random variable 𝑈
Fresh circulation output rate; this is a random variable
The cumulative distribution function of random variable 𝑂
The probability density function of random variable 𝑂
Market demand for fresh products; this is a random variable
The cumulative distribution function of random variable 𝑋
The probability density function of random variable 𝑋
Quantity the enterprise plans to order; this is a decision variable
The amount the farmer plans to plant; this is a decision variable
Per unit wholesale price of the fresh products; this is a contract parameter
The market price of fresh products
Per-unit circulation loss cost of the fresh produces
Per-unit planting cost of the fresh produces
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2.2 Optimal solutions and coordination of the FSC
The optimal solutions include the optimal amount the farmer should plant, the optimal amount
the enterprise should order and the optimal expected profit of the globally FSC. The expected
profit function of the centralized FSC is as follows:
𝛱𝐶 = 𝑝𝐸[𝑚𝑖𝑛(𝑂𝑚𝑖𝑛(𝑈𝑄, 𝑞), 𝑋)] − 𝑐𝐸 𝐸[𝑚𝑖𝑛(𝑈𝑄, 𝑞)] − 𝑐𝐹 𝑄
(1)
∗ ∗
Proposition 1. The optimal values (𝑄𝐶 , 𝑞𝐶 ) that can maximize 𝛱𝐶 exist and unique, which
satisfy:
1
̅ (𝑜)𝐹̅ (𝑜𝑞𝐶∗ )[1 − 𝛶(𝑜𝑞𝐶∗ )]𝑑𝑜 = 𝑐𝐸 ⁄𝑝
∫0 𝑀

∗
∗
{ 𝑞𝐶∗⁄𝑄𝐶∗ 1
̅ (𝑜)𝐹̅ (𝑜𝑢𝑄𝐶∗ ) [1 − 𝛶(𝑜𝑢𝑄𝐶∗ )]𝑑𝑜𝑑𝑢 − 𝑐𝐸 ∫𝑞𝐶⁄𝑄𝐶 𝑢𝑔(𝑢)𝑑𝑢 = 𝑐𝐹
∫0
∫0 𝑢𝑔(𝑢)𝑀
𝑝 0
𝑝

(2)

Substitution (𝑄𝐶∗ , 𝑞𝐶∗ ) into Eq. (1), the integrated optimal expected profit of the centralized
FSC which is regarded as Π𝐶∗ , can be obtained.
In the decentralized FSC, the expected profit functions of the enterprise and the farmer are
as follows:
𝑞 ⁄𝑄 1
̅ (𝑜)[𝐺̅ (𝑞⁄𝑄 )𝐹̅ (𝑜𝑞) + 𝑢𝑔(𝑢)𝐹̅ (𝑜𝑢𝑄)]𝑑𝑜𝑑𝑢 − (𝑤 + 𝑐𝐸 ) ∫𝑞⁄𝑄 𝐺̅ (𝑢)𝑑𝑢] 𝑄
𝜋𝐸 = [𝑝 ∫0 ∫0 𝑀
(3)
0
𝑞 ⁄𝑄

𝜋𝐹 = [𝑤 ∫0

𝐺̅ (𝑢)𝑑𝑢 − 𝑐𝐹 ] 𝑄

(4)

To seize the optimal expected profit Π𝐶∗ , the parties need to voluntarily share the risk
stemming from the randomness of the variables with a given wholesale price contract. The
wholesale price is the only parameter connecting the enterprise and the farmer according to
compare to Eqs. (3) and (4). Therefore, the wholesale price is designed as shown in
Proposition 2.
Proposition 2. The per-unit wholesale price w of the agricultural products is:
𝑤 = 𝛿 𝑐𝐹 ⁄𝜃 ∗ + (1 − 𝛿)(𝑝Θ∗ − 𝑐𝐸 )
(5)
∗

where 𝛿 ∈ (0,1), 𝜃 =

𝑞 ∗ ⁄𝑄 ∗
∫0 𝐶 𝐶 𝐺̅ (𝑢)𝑑𝑢

∗

, and Θ =

𝑞∗ ⁄𝑄∗𝐶 1
∗
∗
̅ (𝑜)[𝐺̅ (𝑞𝐶
⁄𝑄𝐶∗ )𝐹̅ (𝑜𝑞𝐶
)+𝑢𝑔(𝑢)𝐹̅ (𝑜𝑢𝑄𝐶∗ )]𝑑𝑜𝑑𝑢
∫0 𝑀
𝜃∗

∫0 𝐶

.

The wholesale price contract determined by Eq. (5) can coordinate the decentralized FSC.
At this time, the expected profit of the enterprise and the farmer is as 𝜋𝐸 = 𝛿Π𝐶∗ and
𝜋𝐹 = (1 − 𝛿)Π𝐶∗ , respectively.

3. SIMULATION OF THE FSC
The simulation sensitivity analysis is divided into two steps; the first step is a benchmark
analysis for global optimization solutions, and the second step is sensitivity analysis for three
risks.
3.1 Benchmark analysis
It is assumed that an enterprise processes wolfberry as raw material for medicinal wine and
assumed that 𝑋~𝑁(𝜇𝑋 , 𝜎𝑋2 ), 𝑈~𝑁(𝜇𝑈 , 𝜎𝑈2 ), and 𝑂~𝑁(𝜇𝑂 , 𝜎𝑂2 ), respectively. In addition, we
assume that 𝜇𝑋 = 50, 𝜎𝑋 = 5, 𝜇𝑈 = 0.7, 𝜎𝑈 = 0.2, 𝜇𝑂 = 0.8, and 𝜎𝑂 = 0.1. The unit planting cost
of the farmer 𝑐𝐹 equals 5, and the unit circulation loss cost of enterprise 𝑐𝐸 equals 3. The
market price of the processed products p equals 20. The opportunity cost of the enterprise and
the farmer are zero, and the accuracy of the numerical simulation is set at four decimal places.
The results of the simulation are shown in Table II.
The simulation results in Table II show that ① because the planting output, circulation
loss and market demand of wolfberry are random, the farmer plants 6.09 % more than the
enterprise orders. ② The expected order quantity of the enterprise (i.e. the expected
transaction quantity of wolfberry) is 𝑄𝐶∗ 𝜃 ∗ = 52.0593, which is 69.05 % of the farmers'
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planting quantity, and the expected sales volume of the enterprise is 𝑄𝐶∗ 𝜃 ∗ 𝛩∗ = 39.4870, which
is 52.37 % of the farmers' planting amount. These data show that uncertainty from the initial
planting of wolfberry to the final market results in nearly half of the losses. ③ When the perunit wholesale price of wolfberry is 7.2410, the enterprise obtains all the profit of the supply
chain system, which is 256.6429. When the per-unit wholesale price is 12.1707, the farmer
obtains the total profit of the supply chain system. Therefore, a reasonable wholesale price is
in the interval of (7.2410, 12.1707).
Table II: Benchmark analysis.

𝑞𝐶∗

𝑄𝐶∗

𝜃∗

𝛩∗

𝑤𝐿

𝑤𝑈

Π𝐶∗

71.0630

75.3937

0.6905

0.7585

7.2410

12.1707

256.6429

The sensitivity analysis of the changes in 𝜎𝑋 , 𝜎𝑈 and 𝜎𝑂 on the parameters shown in
Table II is discussed below.
3.2 Sensitivity analysis for demand risk
Assume that 𝜎𝑋 changes in the range from 3 to 7, namely, the standard deviation of the
random demand fluctuates within 40 % of the standard reference variance 𝜎𝑋 = 5. The
assignment of the other parameters is the same as that in Section 3.1. The corresponding
results of each optimal decision are shown in Fig. 2. Meanwhile, the relevant optimal
decisions are calculated when 𝜎𝑋 changes from 3 to 7 with one step length, as shown in Table
III.
With the gradual increase of the standard deviation of the demand, Fig. 2 a shows that the
planned ordering quantity 𝑞𝐶∗ of the enterprise also gradually increases by 3.66 %, while the
planned planting quantity 𝑄𝐶∗ of the farmer decreases by 1.81 %. Fig. 2 b shows that the
optimal expected profit Π𝐶∗ of the whole FSC reduces by 3.76 % due to the increase in the
standard deviation of the demand. Fig. 2 c shows that the ratio of the expected order quantity
of the enterprise to the planned planting quantity of the farmer 𝜃 ∗ increases with the increase
in the variance, and the rate of the expected sales volume of the product and the expected
order quantity 𝛩 ∗ decreases with an increase in the variance. This result shows that as market
risk increases, the amount of wolfberry ordered by the enterprise is closer to the planned
output of wolfberry, but the sales volume decreases due to the risk. Fig. 2 d shows the
changing trend of the critical values of the wholesale price parameters when the enterprise
and the farmer obtain the optimal profit of the supply chain; the profits of the enterprise and
farmer decrease with the risk increasing. This result shows that as the risk increases, the
enterprise (farmer) can capture the optimal profit of the supply chain system by setting
(demanding) a relatively low wholesale price. The above data can be calculated from the
results shown in Table III.
As shown in Table III, as the demand risk increases, the gap between the planned planting
amount of the farmer and the planned ordering amount of the enterprise gradually reduces
from 8.73 % to 2.99 %, and the satisfaction rate of the expected ordering amount of the
enterprise reduces from 74.66 % to 71.31 %. At the same time, the expected sales volume of
the enterprise decreases from 39.8794 to 38.9652, a decrease of 2.29 %. In addition, the price
negotiation space in which the farmer and enterprise can share the optimal profit of the supply
chain shifts from the range of (7.2824, 12.2873) to the field of (7.2215, 12.0862) due to the
increase in risk.
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Figure 2: Sensitivity analysis (reference variance, σ𝑋 = 5 with variation range ±40 %).
Table III: Sensitivity analysis (σ𝑋 ∈ [3, 7] with one step length).
σ𝑋
3.0000
4.0000
5.0000
6.0000
7.0000

𝑞𝐶∗
69.8819
70.2756
71.0630
71.6535
72.4409

𝑄𝐶∗
75.9843
75.7874
75.3937
75.0000
74.6063

𝜃∗
0.6866
0.6873
0.6905
0.6910
0.6924

𝛩∗
0.7644
0.7627
0.7585
0.7571
0.7543

𝑤𝐿
7.2824
7.2744
7.2410
7.2355
7.2215

𝑤𝑈
12.2873
12.2539
12.1707
12.1419
12.0862

Π𝐶∗
261.1044
259.3877
256.6429
254.2873
251.2912

3.3 Sensitivity analysis for output risk
Assume that σ𝑈 changes in the range from 0.16 to 0.24, the standard deviation of wolfberry
output is within 20 % of the standard reference deviation of σ𝑈 = 0.2. And the values of the
other parameters are the same as those in Section 3.1. The corresponding results for each
optimal decision are shown in Fig. 3. Meanwhile, we set the step length as 0.02 to calculate
the optimal choices when σ𝑈 changes from 0.16 to 0.24. The results are shown in Table IV.
Fig. 3 a shows that the enterprise's planned order quantity 𝑞𝐶∗ is not affected by the output
risk, but the farmer's planned planting quantity 𝑄𝐶∗ decreases by 6.57 % due to the increase in
risk. Fig. 3 b shows that the optimal expected profit Π𝐶∗ of the supply chain system reduces by
9.84 % as the output risk of wolfberry increases. Fig. 3 c shows that both the ratio of the
expected order quantity of the enterprise to the planned planting quantity of the farmer 𝜃 and
the ratio of the expected sales volume of the product to the expected order quantity 𝛩 decrease
as the output risk increases. This result shows that both the expected order quantity of
wolfberry and the expected sales volume of the products are reduced due to risk. Fig. 3 d
shows the changing trend of the critical values of the wholesale price parameters when the
enterprise and the farmer obtain the optimal profit of the supply chain. This figure shows that
the per-unit wholesale price the enterprise needs to pay to capture the total profit of the supply
chain increases as the output risk increases. The per-unit wholesale price the enterprise pays
to obtain all the profit of the supply chain increases as the output risk increases, while the perunit wholesale price the farmer demands so it can receive all the profit of the supply chain
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decreases as the output risk increases. The above data can be calculated from the results
shown in Table IV.
As shown in Table IV, as the output risk increases, the error between the planned planting
amount of the farmer and the planned ordering amount of the enterprise gradually decreases
from 9.70 % to 2.49 %, and the satisfaction rate of the expected ordering amount of the
enterprise also decreases from 74.06 % to 70.34 %. At the same time, the expected sales
volume of the enterprise decreases from 41.1113 to 37.8997, which is a decrease of 7.81 %. In
addition, the price negotiation space in which the farmer and the enterprise can share the
optimal profit of the supply chain changes from the range of (7.2125, 12.2167) to the range of
(7.2856, 12.1636) due to the increase in risk.

Figure 3: Sensitivity analysis (reference variance, σ𝑈 = 0.2 with variation range ±20 %).
Table IV: Sensitivity analysis (σ𝑈 ∈ [0.16, 0.24] with step length is equalled to 0.02).
σ𝑈
0.1600
0.1800
0.2000
0.2200
0.2400

𝑞𝐶∗
71.0630
71.0630
71.0630
71.0630
71.0630

𝑄𝐶∗
77.9528
76.7717
75.3937
74.2126
72.8346

𝜃∗
0.6932
0.6914
0.6905
0.6877
0.6863

𝛩∗
0.7608
0.7600
0.7585
0.7588
0.7582

𝑤𝐿
7.2125
7.2321
7.2410
7.2706
7.2856

𝑤𝑈
12.2167
12.1996
12.1707
12.1757
12.1636

Π𝐶∗
270.4253
263.6617
256.6429
250.3412
243.8250

3.4 Sensitivity analysis for processing risk
Assume that σ𝑂 changes in the range from 0.08 to 0.12; that is, the standard deviation of
wolfberry circulation loss risk fluctuates within 20 % of the standard reference deviation of
σ𝑂 = 0.1. And the assignment of the other parameters is the same as that in Section 3.1. The
corresponding results of each optimal decision are shown in Fig. 4; meanwhile, the step
length is set as 0.02, and the relevant optimal decisions are determined when σ𝑂 changes from
0.16 to 0.24. The results are shown in Table V.
Fig. 4 a shows that the planned order quantity of the enterprise 𝑞𝐶∗ increases by 2.53 % as
the processing risk increases, and the planned planting quantity of the farmer 𝑄𝐶∗ decreases by
1.81 % as the processing risk increases. Fig. 4 b shows that the optimal expected profit Π𝐶∗ of
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the supply chain system decreases by 3.21 % with the increase in the wolfberry output risk.
Fig. 4 c shows that the ratio of the expected order quantity of the enterprise to the planned
planting quantity of the farmer 𝜃 ∗ increases with the increase in the processing risk, and the
proportion of the expected sales volume of the products to the expected order quantity 𝛩∗
decreases with the increase in the processing risk. This result shows that due to the increase in
the processing risk, the expected amount of wolfberry is closer to the planned planting
amount, but the expected sales volume of the products is reduced due to the risk. Fig. 4 d
shows the changing trend of the critical values of the wholesale price parameters when the
enterprise and the farmer obtain the optimal profit of the supply chain. The figure shows that
the per-unit wholesale price paid (demanded) by the enterprise (the farmer) to capture the
total profit of the supply chain decreases as the processing risk increases. The above data can
be calculated from the results shown in Table V.
As shown in Table V, due to the increase in the processing risk, the gap between the
planned planting amount of the farmer and the planned ordering amount of the enterprise
gradually decreases from 8.71 % to 4.11 %, and the satisfaction rate of the expected ordering
amount of the enterprise also decreases from 74.66 % to 72.11 %. At the same time, the
expected sales volume of the enterprise decreases by 2.11 % from 39.9263 to 39.0844. In
addition, the price negotiation space in which the farmer and the enterprise can share the
optimal profit of the supply chain is moved from the range of (7.2802, 12.2618) to the range
of (7.2188, 12.0876) due to the increase in the processing risk.

Figure 3: Sensitivity analysis (reference variance, σ𝑂 = 0.1 with variation range ±20 %).
Table V: Sensitivity analysis (σ𝑂 ∈ [0.08, 0.12] with step length is equalled as 0.02).
σ𝑂
0.0800
0.0900
0.1000
0.1100
0.1200

𝑞𝐶∗
70.0787
70.4724
71.0630
71.4567
71.8504

𝑄𝐶∗
76.1811
75.7874
75.3937
75.1969
74.8031

𝜃∗
0.6868
0.6882
0.6905
0.6912
0.6926

𝛩∗
0.7631
0.7614
0.7585
0.7566
0.7544
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𝑤𝐿
7.2802
7.2651
7.2410
7.2337
7.2188

𝑤𝑈
12.2618
12.2278
12.1707
12.1326
12.0876

Π𝐶∗
260.6425
258.8450
256.6429
254.6318
252.2644
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4. CONCLUSION
This paper considers a two-echelon fresh-product supply chain and investigates the optimal
solutions and risk-sharing decisions of participants when the output, circulation and market
demand are all uncertainties. The main contributions of this paper can be summarized as
follows:
First, there is a unique optimal decision that will maximize the expected profit of the
global FSC; that is, both the optimal order quantity of the enterprise and the optimum planting
quantity of the farmer exist, and they are unique. Second, a wholesale price contract with
random output, circulation and demand risks can coordinate the fresh produce supply chain,
and the enterprise and farmer can distribute the optimal expected profit of the system and
share these random risks. Finally, according to the results of the simulation and the sensitivity
analysis, the optimal order quantity of the enterprise increases as the demand risk and
processing risk increase but remains unchanged as the output risk increases. As long as the
random risk increases, the optimal planting quantity of the fresh products and the optimal
profit of the system will decrease.
Future studies will consider the following question: How can the circulation risk be
reduced or the circulation risk transferred to the third-party logistics provider through freshkeeping technology? When considering the price as an endogenous variable and the loss of
fresh products during circulation and in the market, how will the optimal decision making of
the enterprise, the farmer and supply chain be affected? When the enterprise, the farmer or
both are faced with unsystematic risk and have a particular risk propensity, how will the risk
affect the supply chain management strategies? These are future research directions
considered by the research group.
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