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a b s t r a c t 

We study the inventory management decisions of a retailer selling a single perishable good in a determin- 

istic setting. We take into account consumers’ assessment of quality over the lifetime of the products, and 

assume that the demand rate is a linearly decreasing function of the age of the products. We analytically 

obtain the optimal cycle length of the retailer. Using our model, we obtain traditional non-perishable Eco- 

nomic Order Quantity (EOQ)-like lower and upper bounds on the cycle length and the profit, and show 

that they lead to near-optimal results for our typical examples, which are grocery items. We show that 

a perishable good acts similarly to a non-perishable good with unit holding cost equal to the ratio of 

contribution margin to lifetime. We also approximate the contribution margin the perishable good needs 

to have to maintain profitability parity with non-perishable goods. 

© 2016 Elsevier B.V. All rights reserved. 

1. Introduction 

In this paper we formulate and analyze an EOQ model with de- 

mand decreasing in the age of the product. The model is motivated 

by the increased consumer interest in fresh products in the grocery 

sector ( NPD, 2014 ). In fact this is not only an issue for fresh pro- 

duce but for packaged goods as well. Even though the consumer 

may not directly observe the freshness of packaged goods, health- 

conscious consumers are now paying closer attention to the sell-by 

date ( IFL, 2014 ). Thus, although the utility gained from consuming, 

for example, a can of fruit, is the same until its sell-by date, ratio- 

nal consumers prefer the one with more distant sell-by date be- 

cause they can store it for longer. As a result, for many kinds of 

perishable goods, the quality assessed by the consumer gradually 

decreases as items age. 

There are numerous models for perishable inventory that con- 

sider various structures of lifetime, demand rate, backlogging etc. 

See Bakker, Riezebos, and Teunter (2012) and Goyal and Giri 

(2001) for excellent reviews and Chern, Yang, Teng, and Papachris- 

tos (2008) ; Padmanabhan and Vrat (1995) , Ferguson, Jayaraman, 

and Souza (2007) , Moon, Giri, and Ko (2005) , Dye and Ouyang 

(2005) and Chang, Teng, and Goyal (2010) for recent studies in this 

field. We develop a deterministic EOQ style model for perishable 

∗ Corresponding author. 

E-mail addresses: greg.dobson@simon.rochester.edu (G. Dobson),

edieal.pinker@yale.edu (E.J. Pinker), ozlem.yildiz@simon.rochester.edu (O. Yildiz). 

goods that directly incorporates consumer behavior towards fresh- 

ness (see Weiss, 1982 and Pentico and Drake, 2009 for other stud- 

ies using deterministic EOQ models). As the perishable good de- 

teriorates, its quality, and thus its utility to consumers, decreases 

throughout its lifetime. At the end of its lifetime, the good spoils 

completely and has no utility for consumers. Based on this model, 

we derive a simple EOQ like approximation for the optimal order 

cycle length that is very accurate for parameter values relevant to 

fresh groceries. This approximation can serve as a building block 

for models of the fresh food supply chain and distribution systems. 

To the best of our knowledge, there are only a few papers in 

the perishable inventory literature that take into account the de- 

creasing utility of perishable goods throughout their lifetime. This 

is considered in Fujiwara and Perera (1993) for the first time. In 

order to include decreasing utility in their EOQ model, they in- 

troduce a penalty cost that increases over time and reaches the 

value of a fresh perishable product at the end of its lifetime. How- 

ever, they use a demand rate that is constant over the replenish- 

ment cycle, which does not consider consumers’ response to fresh- 

ness. Amorim, Costa, and Almada-Lobo (2014) studies production 

planning models for multiple perishable products whose demands 

are age dependent. Their mixed-integer programming model is 

complex; thus, they provide only computational results. Fresh- 

ness is directly captured in demand functions in Bai and Kendall 

(2008) , Bai, Burke, and Kendall (2008) and Piramuthu and Zhou 

(2013) as well in a shelf space allocation context. However, due 

to the complexity of the problems, they focus on algorithms that 

give good quality solutions and provide numerical results. 
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Such complex objective functions make it difficult to see the 

structural impact of perishability. Hence, we focus our attention 

on a deterministic setting where demand rate linearly decreases 

as the products age. These simplifications allow us to reach struc- 

tural results on the optimal cycle length and the profit, which 

are provided in Section 2 . In Section 3 we analytically compare 

our perishable good model to the traditional EOQ model through 

traditional EOQ-like approximations of the perishable good cycle 

lengths and profits. We conclude in Section 4 . 

2. A model for a perishable good 

We assume that D consumers come to the store every day, and 

are heterogeneous in their utility assessment of the product. We 

refer to D as the peak demand rate. We assume that each con- 

sumer has a threshold and if the perishable good is older than 

that threshold he will purchase nothing. For simplicity, we assume 

that consumers are uniformly distributed in their thresholds on [0, 

τ ], where τ is the lifetime of the product beyond which no con- 

sumer will buy. Thus, on a day t in the cycle where t is in [0, τ ], 

D (1 − t/τ ) consumers will buy and D ( t / τ ) will not. To simplify, we 

consider both time and demand to be continuous; and thus, we 

have the demand rate function given in (1) . 

d(t) = 

{ 

D 

(
1 − t 

τ

)
if 0 ≤ t ≤ τ, 

0 otherwise. 
(1) 

This simplified form of demand function is similar to those 

used in Chen, Min, Teng, and Li (2016) and Wu, Chang, Teng, and 

Al-khateeb (2015) . 

We model the retailer as maximizing the average long-run 

profit by deciding on the cycle length c , i.e., the time between in- 

ventory replenishments. We assume the demand rate function is 

known to the retailer and he incurs a holding cost of h dollars per 

unit time for each unit in stock. The contribution margin p is de- 

fined as the unit price less the purchasing cost of a good. Replen- 

ishments cost K dollars per cycle and are assumed to be instan- 

taneous. We assume that these parameters are constant over time, 

so the ending inventory level is zero for each order cycle. As all cy- 

cles are identical, we can focus our analysis on a single cycle that 

begins with a replenishment at time 0. 

Remark 1. Even when the retailer is not required to meet the en- 

tire demand throughout the cycle, he chooses to do so. We refer 

the reader to §EC1 of our e-companion paper for details. Because 

shortages are suboptimal in our deterministic setting, we only fo- 

cus on the case in which the retailer meets the demand through- 

out the cycle. 

We refer to goods that lead to positive optimal profits as eco- 

nomically viable goods . Throughout this paper, we focus our analy- 

sis on only economically viable goods.In addition, in §EC2 of our 

e-companion paper, we make clear why the retailer replenishes 

before the age of the product exceeds τ and always experiences 

a positive demand rate. Thus, all functions and the optimization 

problem are defined for cycle length, c , in the interval (0, τ ] in the 

rest of this section. The cumulative quantity of products sold by 

time t (referred to as the quantity sold by time t from here on), Q ( t , 

c ), and the order quantity, Q ( c , c ), are 

Q(t, c) = 

∫ t 

0 

d (u ) d u = D 

(
1 − t 

2 τ

)
t, t ∈ [0 , c] , 

Q(c, c) = D 

(
1 − c 

2 τ

)
c. (2) 

Because the retailer orders fresh products (with age zero) and does 

not have any products left at the beginning of each cycle, the cycle 

length c determines the age of the products on the shelf at a given 

Fig. 1. Demand rates observed over the cycle. 

time and the average quantity demanded in a cycle. For instance, 

with lifetime, τ , of 5 days and peak demand rate, D , of 10 per day, 

the retailer would observe the demand rate curves in Fig. 1 a (with 

c = 2 days) and 1 b (with c = 4 days). Inventory level at time t , I ( t , 

c ), and the total holding cost in a cycle of length c , H ( c ), are given 

as: 

I(t, c) = Q(c, c) − Q(t, c) = D (c − t) − D 

2 τ
(c 2 − t 2 ) , t ∈ [0 , c] , 

H(c) = 

∫ c 

0 

hI(t, c) dt = hc 2 D 

(
1 

2 

− c 

3 τ

)
. 

The retailer seeks to maximize the average long-run profit, i.e., av- 

erage revenue less average holding cost and average replenishment 

cost. The retailer’s average profit maximization problem is 

max 
0 <c≤τ

�(c) ≡ max 
0 <c≤τ

1 

c 
(pQ(c, c) − H(c) − K) 

≡ max 
0 <c≤τ

1 

c 

(
pDc 

(
1 − c 

2 τ

)
− hDc 2 

(
1 

2 

− c 

3 τ

)
− K 

)
. (3) 

Remark 2. The model developed above is the perishable good ver- 

sion of the traditional EOQ model, i.e., the EOQ model for the non- 

perishable items that have a constant demand rate over time (see 

Wilson (1934) for details). We use subscript n to refer to the non- 

perishable product through this paper. Recall that in the traditional 

EOQ model the average profit as a function of the cycle length, 

�n ( c ), the optimal cycle length, c ∗n , and the optimal profit, �n (c ∗n ) , 
are defined as 

�n (c) = 

1 

c 

(
pDc − hDc 2 

2 

− K 

)
, 

c ∗n = 

√ 

2 K 

hD 

, �n (c ∗n ) = pD −
√ 

2 KhD . (4) 

For a more detailed comparison of our perishable EOQ model 

and the traditional EOQ model, we refer the reader to §EC3. The 

retailer’s average profit function �( c ) as a function of cycle length 

c can have two different forms as illustrated in Figs. 2 a and 2 b for 

economically viable goods. Proposition 1 defines the optimal solu- 

tion to the retailer’s average profit maximization problem defined 

in (3) . 

Proposition 1. The optimal cycle length of the retailer, c ∗, is equal to 

the unique element of the set {
c | − 3 pD + 3 hDτ − 4 hDc 

6 τ
+ 

K 

c 2 
= 0 and 

c ∈ 

( 

0 , min 

{ 

τ, 
3 

√ 

3 τK 

Dh 

} 

] }
. (5) 

The proofs of our results are provided in e-companion of our 

paper. By Proposition 1 , there exists a unique optimal cycle length 

in the interval 

(
0 , min { τ, 3 

√ 

3 τK 
Dh 

} 
] 

. The retailer reorders before the 

age of the last unit sold in a cycle reaches τ , when the demand 
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