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ABSTRACT 

This paper presents inventory models for fresh agriculture products with time-varying deterioration rate. Due to the 
particularity of fresh agriculture products, the demand rate is a function that depends on sale price and freshness. The 
deterioration rate increases with time and is assumed to be a time-varying function. In the models, the inventory cycle 
may be constant or variable. The optimal solutions of models are discussed for different freshness and the deteriora-
tion rate. The results of experiments show that the profit depends on the freshness and deterioration rate of products. 
With the increasing inventory cycle, the sale price and profit increase at first and then start decreasing. Furthermore, 
when the inventory cycle is variable, the total profit is a binary function of the sale price and inventory cycle. There 
exist unique sale price and inventory cycle such that the profit is optimal. The results also show that the optimal sale 
price and inventory cycle depend on the freshness and the deterioration rate of fresh agriculture products. 
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1.  INTRODUCTION 

Fresh agriculture products such as vegetables, fruits, 
and living animals are perishable goods. The study of 
inventory systems for fresh agriculture products can 
learn from perishable goods inventory. In recent years, 
many researchers have studied the deteriorating items 
inventory model. Ghare and Schrader (1963) established 
the classical no-shortage inventory model with the 
constant rate of decay at first. Resh et al. (1976) and 
Donaldson (1977) studied a model with linearly time-
varying demand. 

Classical deterministic inventory models assume 
the demand rate to be either constant or time-dependent. 
However, for fresh agriculture product, the demand rate 
may be influenced by the price and freshness. Pal et al. 
(2006) studied the inventory model for deteriorating 
items with the demand rate dependent on displayed 
stock level and product price. A production planning 
model for a deteriorating rate with stochastic demand 

and consumer choice was presented by Lodree and 
Uqochukwu (2008). Chen and Dan (2009) studied the 
inventory model for fresh agriculture products when the 
demand depends on freshness and price. 

In the study of deterministic inventory models, the 
inventory level depends on the demand rate and deteri-
oration rate. Balkhi and Benkherouf (1996) presented a 
production lot size inventory model for deteriorating 
items and arbitrary production and demand rates. An 
inventory replenishment policy for deteriorating items 
with shortages and partial backlogging was studied by 
Wang (2002). He et al. (2010) proposed an optimal 
production-inventory model for deteriorating items with 
multiple-market demand. Some optimal inventory reple-
nishment models for deteriorating items taking account 
of time discounting were developed by Chung and Lin 
(2001). Wu et al. (2006) presented an optimal repleni-
shment policies for non-instantaneous deteriorating items 
with stock-dependent demand. Some inventory models 
for perishable items with the inventory level dependent 
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on demand rate were presented by Duan et al. (2012). 
Lee and Dye (2012) developed an inventory model for 
deteriorating items under stock-dependent demand and 
controllable deterioration rate. Alamri (2011) presented 
a unified general inventory model for integrated produc-
tion of new items and remanufacturing of returned items 
for an infinite planning horizon. They considered a 
production environment that consisted of three shops. 
The first one was for remanufacturing returned items, 
the second was for manufacturing new items, while the 
third was for collecting returned items to be remanu-
factured in the first shop. The system was subject to 
joint production and remanufacturing options. Dye (2012) 
considered a deterministic economic order quantity (EOQ) 
model with generalized type demand, deterioration and 
unit purchase cost functions under two levels of trade 
credit policy. The objective was to find the optimal 
values of selling prices, replenishment number and 
replenishment scheme which maximized the total profit 
over the finite planning horizon. Sarkar (2012) dealt 
with an EOQ model for the finite replenishment rate 
where the demand and deterioration rate were both time-
dependent. In this model, the retailers were allowed a 
trade-credit offer by the suppliers to buy more items 
with different discount rates on the purchasing costs. 
During the credit period, the retailers could earn more 
by selling their products. The interest on purchasing cost 
was charged for the delay of payment by the retailers. 
Some of the items might deteriorate in the course of 
time. Sarkar and Sarkar (2013a) dealt with an inventory 
model for deteriorating items with inventory dependent 
demand function. They considered the time-varying 
deterioration rate. Based on the demand and inventory, 
the model was considered for three possible cases. They 
established the necessary and sufficient conditions for 
each case to show the existence and uniqueness of the 
optimal solution. Furthermore, a simple solution algori-
thm has been proposed to obtain the optimal repleni-
shment cycle time and ordering quantity such that the 
total profit per unit time was maximized. Sarkar and 
Sarkar (2013b) expanded an inventory model for deteri-
orating items with stock-dependent demand. This model 
provided the time-varying backlogging rate as well as 
the time-varying deterioration rate. The aim of this 
model was to determine the optimal cycle length of each 
product such that the expected total cost (holding, shor-
tage, ordering, deterioration, and opportunity cost) was 
minimized. Moreover, the necessary and sufficient con-
ditions were provided to show the existence and uni-
queness of the optimal solution. Sarkar et al. (2013) 
developed an EOQ model for the finite production rate 
and deteriorating items with time-dependent increasing 
demand. The component cost and the selling price were 
considered at a continuous rate of time. The objective of 
this model was to maximize the total profit over the 
finite planning horizon. Gumasta et al. (2012) mapped 
the transportation model with the inventory model with 
time-varying demand and two types of customers for 

different perishable goods to simultaneously maximize 
the revenue and minimize the transportation and inven-
tory cost, and hence maximizing the net profit. 

Apparently, the deterioration rate increases with 
increasing time. In this paper, fresh agricultural products 
as a special category of perishable products are studied. 
The attenuation law of freshness is described with an 
exponential function, and the deterioration rate is assu-
med as a time-varying function. We present the inven-
tory models for fresh agriculture products with a time-
varying deterioration rate in order to provide the basis 
for the ordering of supermarkets. 

The rest of the paper is organized as follows. Sec-
tion 2 makes some assumptions and notations of fresh 
agriculture products inventory. In Section 3, the inven-
tory models for fresh agriculture product with time-
varying deterioration rate are presented. The models are 
solved and the results are analyzed in Section 4. Finally, 
Section 5 draws some conclusions and suggestions. 

2.  NOTATIONS AND ASSUMPTIONS 

The notations used in this paper are given as below. 
 
T : the length of the inventory cycle 
Q : the optimal ordering quantity 
A : the fixed cost per order 
c : the inventory holding cost per unit per unit time 
p : the sale price per unit 

1p : the purchase price per unit 
θ : the initial freshness of product 

( )I t : the level of inventory at time t, 0 t T≤ ≤  
( )tλ : the deterioration rate at time t, 0 t T≤ ≤  

 
Before introducing the inventory models for fresh 

agriculture products with a time-varying deterioration 
rate, we make the following assumptions. 
1) Consumers buy fresh agriculture products every day, 

shortage is not allowed, and the inventory cycle is T.  
2) Fresh agriculture products are necessities. The demand 

of fresh agriculture products depends on their price 
and freshness. In this paper, =D a bp−  represents the 
inverse relationship of demand and price, ( ) = ttθ θ  is 
the decay function of freshness with  0 < 1,θ<  and 

( )D t  is the demand rate function,  
 

( ) = ( ) , 0 .tD t a bp t Tθ− ≤ ≤   (1) 
 

3) Fresh agriculture products are perishable, the deteri-
oration rate changes with time. The deterioration 
rate is ( ) = ( > 0)t tλ α α  with 0 < ( ) < 1tλ . 

3.  MODEL FORMULATION 

By the assumptions in the previous section, the 
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inventory level for fresh agriculture products with time-
varying deterioration rate should satisfy the following 
differential equation:  

( ) = ( ) ( ), 0 .tdI t a bp tI t t T
dt

θ α− − − ≤ ≤  (2) 

Solving the differential equation with boundary condi-
tion ( ) = 0I T , we have  

 
2 2( )

2( ) = ( ) , 0 .
x tT x

t
I t a bp e dx t T

α

θ
−

− ≤ ≤∫  (3) 

 
The maximum inventory level per cycle, in other words, 
the optimal ordering quantity is  

 

 
2

2
0

= (0) = ( ) .
tT tQ I a bp e dt

α

θ− ∫  

 
The total number of inventory holding per cycle is  

 

 
2 2( )

2
0 0

= ( ) = ( ) .
x tT T T x

t
H I t dt a bp e dxdt

α

θ
−

−∫ ∫ ∫  

 
The total sale number per cycle is  

 
 

0
= ( ) .

T tS a bp dtθ−∫  

 
Therefore, the total profit per cycle is  

 
1

2
2

10 0

2 2( )
2

0

( , ) =

= ( ) ( )

( ) .

tT Tt t

x tT T x

t

C p T pS A p Q cH

p a bp dt A p a bp e dt

c a bp e dxdt

α

α

θ θ

θ
−

− − −

− − − −

− −

∫ ∫

∫ ∫

 (4) 

3.1 Model for Constant Inventory Cycle 

If T  is constant, the formula (4) is equivalent to 
  

10

2 2 2( )
2 2

0 0

( ) = ( ) ( )

( ) .

T t

t x tT T Tt x

t

C p p a bp dt A p a bp

e dt c a bp e dxdt
α α

θ

θ θ
−

− − − −

− −

∫

∫ ∫ ∫
  (5) 

 
Theorem 1. If T is constant, there exists a unique 

*p  
such that 

*( )C p  is the maximum of ( )C p .  
 

Proof. It is obvious that ( )C p  is a univariate function of 

,p  then  
 

 
10

2 2 2( )
2 2

0 0

( ) = ( 2 )

.

T t

t x tT T Tt x

t

dC p a bp dt p b
dp

e dt cb e dxdt
α α

θ

θ θ
−

− +

+

∫

∫ ∫ ∫
 

Since  

2

2 0

( ) = 2 < 0,
T td C p b dt

dp
θ− ∫  

formula (5) has a maximum. Let 
( ) = 0,dC p

dp
 there exists 

a unique 
*p  maximizing ( )C p  with  

2 2 2( )* 2 2
1 0 0

ln= .
2 2( 1)

t x tT T Tt x
T t

ap p e dt c e dxdt
b

α αθ θ θ
θ

−⎛ ⎞
+ +⎜ ⎟

− ⎝ ⎠
∫ ∫ ∫ (6) 

The proof is complete. 

3.2 Model for Variable Inventory Cycle 

Theorem 2. If T is variable, there exists a unique 
*( ,p  

*)T  such that 
* *( , )C p T  is the maximum of ( , )C p T .  

 
Proof. If T is variable, let  

2
2

10 0

2 2( )
2

0

( , ) = ( 2 )

= 0,

tT Tt t

x tT T x

t

C p T a bp dt p b e dt cb
p

e dxdt

α

α

θ θ

θ
−

∂
− + +

∂ ∫ ∫

∫ ∫
 

and  

2 2 2( )
2 2

1 0

( , ) = ( ) ( ) = 0,
T T tTTC p T a bp p p e c e dt

T

α α

θ
−∂

− − −
∂ ∫  

then we can get the stable point 0 0( , )p T . 
Let H ′  be the Hessian matrix of ( , ).C p T  Since 
 

2
0

( , )2 0 0 0

( , ) | = 2 < 0,
T t

p T
C p T b dt

p
θ∂

−
∂ ∫  

2 2
00 2

( , ) 0 0 12 0 0

2 2( )00 2
0 0 0

( , ) | = ( ) [

( ) (( ) 1)] < 0,

TT
p T

T tT

C p T a bp p ln p e
T

ln T c ln T e dt

α

α

θ θ

θ α θ α
−

∂
− −

∂

+ − + +∫
 

 
and  

2 2
00 0 2

( , ) 0 10 0

( , ) | = ( 2 )
TT T

p T
C p T a bp p b e

p T

α

θ θ∂
− +

∂ ∂
 

2 2( )000 2
0

,
T tTTcb e dt

α

θ
−

+ ∫  

we have  

( , )0 0
[ ] | > 0,p TH ′  

which implies that H ′  is negative definite, and there 
exists a unique vector 

* *
0 0( , ) = ( , )p T p T  such that maxi-

mizing ( , ).C p T  The proof is complete. 
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4.  MODEL SOLUTION AND ANALYSIS 

In this section, we will solve the models and an-
alyze the optimal when parameters are varying.  

4.1 Solving Model for Constant Inventory Cycle 

When inventory cycle T is constant, it is easy to 
obtain the optimal ordering quantity  

2
* * 2

0
= ( ) .

tT tQ a bp e dt
α

θ− ∫   (7) 

Tables 1–5 illustrate the results with different fre-
shness and deterioration rate vector when inventory 
cycle T is 8, 10, 15, 20 or 25. Set a = 50, b = 10, and 

= 0.1c . Because the purchase price is different with the 
changing of freshness, we assume 

2
1 = .p θ  

As shown in Tables 1–5, if the inventory cycle and 
freshness are the same, with the decreasing of deteri-
oration rate, the sale price is decreasing while the profit 
is increasing. As a result, the sale price and profit de-
pend on the deterioration rate of product. The deterio-
ration rate is smaller, the lost value is smaller, and the 
profit is higher. 

 
Table 1. The results when θ  and α  changing and = 8T  

θ  α  *p  *Q  *C  
0.90 
0.90 
0.90 
0.85 
0.85 
0.85 
0.80 
0.80 
0.80 
0.75 
0.75 
0.75 
0.70 
0.70 
0.70 

0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 

2.71 
2.70 
2.69 
2.80 
2.79 
2.78 
2.85 
2.83 
2.82 
2.85 
2.84 
2.83 
2.83 
2.82 
2.82 

175.55 
130.09 
126.00 
106.56 
102.96 
100.26 
85.96 
83.53 
81.71 
71.06 
69.38 
68.11 
59.90 
58.71 
57.81 

185.55 
185.37 
190.40 
164.73 
169.01 
172.20 
148.59 
151.34 
153.42 
132.89 
134.69 
136.04 
118.61 
119.78 
120.65 

 
Table 2. The results when θ  and α  changing and = 10T  

θ  α  *p  *Q  *C  
0.90 
0.90 
0.90 
0.85 
0.85 
0.85 
0.80 
0.80 
0.80 
0.75 
0.75 
0.75 
0.70 
0.70 
0.70 

0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 

2.80 
2.78 
2.76 
2.90 
2.87 
2.86 
2.93 
2.91 
2.89 
2.91 
2.89 
2.88 
2.87 
2.86 
2.85 

155.71 
146.58 
140.04 
116.37 
110.98 
107.06 
91.05 
87.65 
85.17 
73.86 
71.62 
69.98 
61.46 
59.96 
58.84 

189.26 
201.69 
210.59 
172.87 
180.20 
185.49 
153.72 
158.19 
161.43 
135.95 
138.67 
140.66 
120.38 
122.02 
123.23 

Table 3. The results when θ  and α  changing and = 15T  

θ  α  *p  *Q  *C  
0.90 
0.90 
0.90 
0.85 
0.85 
0.85 
0.80 
0.80 
0.80 
0.75 
0.75 
0.75 
0.70 
0.70 
0.70 

0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 

3.09 
3.00 
2.94 
3.14 
3.06 
3.01 
3.08 
3.02 
2.99 
3.00 
2.96 
2.94 
2.92 
2.90 
2.88 

191.98 
172.02 
158.82 
130.28 
120.55 
113.96 
97.45 
91.92 
88.15 
77.03 
73.69 
71.41 
63.00 
60.96 
59.54 

177.01 
214.25 
238.13 
168.63 
187.70 
200.02 
152.04 
162.02 
168.54 
135.43 
140.61 
144.06 
120.30 
122.98 
124.80 

 
Table 4. The results when θ  and α  changing and = 20T  

θ  α  *p  *Q  *C  
0.90 
0.90 
0.90 
0.85 
0.85 
0.85 
0.80 
0.80 
0.80 
0.75 
0.75 
0.75 
0.70 
0.70 
0.70 

0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 

3.49 
3.22 
3.10 
3.37 
3.19 
3.10 
3.19 
3.09 
3.03 
3.04 
2.99 
2.96 
2.94 
2.91 
2.89 

208.16 
182.94 
164.71 
136.22 
123.73 
115.35 
100.55 
93.27 
88.70 
78.39 
74.26 
71.65 
63.51 
61.17 
59.63 

117.51 
199.51 
246.01 
143.81 
181.58 
202.65 
142.80 
159.78 
169.45 
132.36 
139.89 
144.38 
119.38 
122.77 
124.91 

 
Table 5. The results when θ  and α  changing and = 24T  

θ  α  *p  *Q  *C  
0.90 
0.90 
0.90 
0.85 
0.85 
0.85 
0.80 
0.80 
0.80 
0.75 
0.75 
0.75 
0.70 
0.70 
0.70 

0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 

3.98 
3.41 
3.18 
3.58 
3.27 
3.14 
3.26 
3.12 
3.05 
3.06 
3.00 
2.96 
2.94 
2.91 
2.89 

187.00 
184.78 
165.37 
136.48 
124.66 
115.42 
102.27 
93.77 
88.78 
79.09 
74.44 
71.68 
63.70 
61.22 
59.65 

43.98 
174.90 
245.16 
113.71 
173.31 
202.08 
133.61 
157.43 
169.27 
130.01 
139.31 
144.33 
118.86 
122.64 
124.90 

 
When the inventory cycle and deterioration rate are 

constant with the decreasing of deterioration rate, the 
sale price and profit increase at first and then start 
decreasing. From these results, we can conclude that the 
supplier must set appropriate prices depending on the 
deterioration rate of product in order to obtain the ma-
ximum profit. 
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In order to illustrate the relationship between the 
freshness, the deterioration rate and the inventory cycle 
of products and profit better, Figures 1–3 present the 

 

 
Figure 1. The profit when θ  and T changing and = 0.01α . 

 
 

 
Figure 2. The profit when θ  and T  changing and = 0.005.α  

 

 
Figure 3. The profit when θ  and T  changing and = 0.001.α  

changes in profit with freshness when the inventory 
cycles are different. As shown in the figures, when the 
deterioration rates are the same, with the increasing of 
freshness, the profit is increasing generally. But profit 
also depends on the deterioration rate and inventory 
cycle. If the deterioration rate is small, the profit incre-
ases with increasing inventory cycle. When the deterio-
ration rate is bigger, with the increasing inventory cycle, 
the profit decreasing, and the profit decreasing with the 
increasing of freshness. Therefore, the inventory cycle 
of products depends on the deterioration rate. 

In the inventory model of fresh agriculture products, 
the price is also an important factor. Figures 4–6 show 
the relationship between the freshness, the deterioration 
rate and the inventory cycle of products and sale price. 
The figures show that the sale price is increasing while 
the inventory cycle is increasing when deterioration 
rates are the same. If the inventory cycle is smaller, with 
the increasing of freshness, the sale price increases at 
first and then starts decreasing. With the increasing of 
deterioration rate, the growth rate of sale price increases 
while the freshness and inventory cycle are increasing. 

 

 
Figure 4. The sale price when θ  and T  changing and = 0.01.α  

 

 
Figure 5. The sale price when θ  and T  changing and = 0.005.α  
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Figure 6. The sale price when θ  and T  changing and = 0.001.α  

 
In summary, in the case where the freshness and 

the deterioration rate are the same, if the inventory cycle 
increases, the sale price increases, and the profit incre-
ases at first but then starts decreasing. Thus, in order to 
obtain the higher profit, the supplier must select the 
inventory cycle and the sale price based on the freshness 
and deterioration rate of products.  

4.2 Solving Model for Variable Inventory Cycle 

According to the conclusions of the previous sec-
tion, the supplier must select the inventory cycle and the 
sale price opportunely to obtain higher profit. The re-
sults are listed in Table 6 when freshness and deteriora-
tion rate coefficient change, where = 50, = 10, = 0.1a b c  
and 

2
1 = .p θ  With the decreasing deterioration rate, the 

inventory cycle and maximum profit are increasing. In 
fact, the inventory cycle depends on the deterioration 
rate of products. Figures 7, 8 illustrate the conclusion 
better. 

 
Table 6. The results when θ  and α  changing 

θ  α  *T  *p  *Q  *C  
0.90 
0.90 
0.90 
0.85 
0.85 
0.85 
0.80 
0.80 
0.80 
0.75 
0.75 
0.75 
0.70 
0.70 
0.70 

0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 
0.01 
0.005 
0.001 

10.15 
12.75 
18.5 
10.9 
13.55 
19.5 
11.25 
13.9 
20 

11.5 
14.5 
20.3 
11.7 
15 

20.5 

2.81 
2.90 
3.05 
2.94 
3.01 
3.09 
2.97 
3.00 
3.03 
2.95 
2.96 
2.96 
2.90 
2.90 
2.89 

157.07 
162.87 
163.75 
119.79 
118.77 
115.30 
93.25 
91.38 
88.70 
75.18 
73.60 
71.65 
62.22 
60.96 
59.64 

189.67
212.81
245.00
174.31
187.58
202.62
154.21
162.06
169.45
136.52
140.63
144.37
120.70
122.98
124.91

 
Figure 7. The inventory cycle when θ  and α  changing. 

 

 
Figure 8. The profit when θ  and α  changing. 

5.  CONCLUSION 

This paper presented inventory models for fresh 
agriculture products with a time-varying deterioration 
rate. In the actual situation of the problem, the demand 
rate depended on the sale price and freshness, and the 
deterioration rate was a time-varying function. When the 
inventory cycle was constant, the total profit was a 
univariate function of the sale price per unit. There 
existed a unique sale price satisfying the function which 
made it possible to obtain the optimal profit. The results 
of experiments showed that the profit depended on the 
freshness and deterioration rate of products. With the 
increasing inventory cycle, the sale price and profit in-
creased at first and then started decreasing. Therefore, 
the selection of inventory cycle was important. Further-
more, when the inventory cycle was variable, the total 
profit was a binary function of the sale price and inven-
tory cycle. There existed unique sale price and inventory 
cycle such that the profit was optimal. The results of our 
experiments led us to conclude that the optimal inven-
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tory cycle and sale price were based on the freshness 
and deterioration rate of products. 
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