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Abstract: Intricacy of the supply chains for deteriorating products, involving multiple retailers with
unequal lot sizes and multiple deliveries is simplified in this article by optimizing the replenishment
cycle, investment in preservation technology, and number of deliveries. This study proposes a
multi-tier supply chain model consisting of a single manufacturer and multiple retailers. A single-
setup multiple deliveries (SSMD) policy is adopted considering the synchronized cycle time of
manufacturers with that of retailers and the delivery of unequal lot size for each retailer. Preservation
technology is used at retailers to minimize the effects of deterioration in a way that the magnitude of
decrease in deterioration reduces for additional investment in preservation technology. A centralized
supply chain model is proposed by defining a nonlinear mathematical model for maximizing total
profit through an analytical optimization technique and an algorithm. Numerical experiments are
exhibited to validate the applications of the provided model. The results exhibit that the proposed
preservation policy increases the product’s lifetime and the total profit by reducing the number
of shipments/transportation and increasing the lot size. The SSMD policy helps to reduce the
preservation cost and increase the total profit. Some managerial insights are provided for the decision
makers for applying the proposed model.

Keywords: supply chain management; production control; single-setup multiple-deliveries (SSMD);
advanced preservation policy; unequal lot size

1. Introduction

Products that deteriorate with time, for example, food products, tend to create more
waste in a shorter period. Carefully carried out surveys estimate that 1.3 billion tons of food
are being wasted each year, which is 33% of the total food produced in the world [1]. The
food products in different regions of a country or across the globe are retailed at multiple
retail stores while being supplied by a single manufacturer. The supply of food products
and their storage at retailers are key issues for food supply chains. The provision of food
products as fresh as prepared at a reduced price and better service level are challenges for
supply chain managers to sustain in an competitive business environment. For supplying
fresh food items to multiple locations, a vigilant delivery plan can be effective to consider
the retailers’ cycle time and deterioration of products. Considering these facts, a centralized
supply chain system comprising a single manufacturer and multiple retailers helps the
customers at various locations by providing them fresh food items at reduced prices.
Management of such centralized food supply chains, which deteriorate with time, can be
simplified by synchronizing the delivery time at retailers [2–10].

It is a multifarious assignment to devise a supply chain policy for deteriorating prod-
ucts, where a single manufacturer fulfills the demand for multiple retailers having different
stock levels/unequal lot sizes. The system becomes more complex when customer service
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is given a priority and shortages are not allowed. However, manufacturers can negotiate
with retailers to plan their replenishment periods in a way such that their inventory replen-
ishment cycle coincides. In a centralized system, this is more optimal to plan the same time
span of inventory replenishment at the retailers’ level. This helps manufacturers to handle
the deliveries and plan their transportation activities smoothly and in a synchronized
pattern [11].

To avoid losses by deterioration, manufacturers can adopt the policy of multiple ship-
ments/deliveries to the retailers. Smaller lot sizes and frequent inventory replenishments
are supportive policies in reducing the effects of deterioration, but these policies increase
the transportation cost. The losses due to deterioration can also be minimized by adopting
preservation policies for retailers. The preservation adopted for food products provides
retailers with more time for selling their products without facing serious deterioration that
contributes to the sales revenue and increases the profit. In the presence of preservation
for fresh food products at retailers, a larger amount of delivery may be planned, which
can reduce the number of shipments and transportation costs. The number of shipments,
delivery size, retailers’ cycle time, and amount of preservation effect several component
costs and sales revenue; therefore, estimating their optimal values plays a vital role in
reducing costs and maximizing profit. A reduced number of shipments increases the profit
by reducing the cost of transportation on one side; however on the other side, it decreases
the profit by increasing the inventory holding costs at the retailer and by causing more
items to deteriorate due to increased cycle time at the retailers’ level. Furthermore, the
behavior of sales at each retailer is not necessarily the same due to several geographic,
demographic, and marketing reasons. Therefore, customer demand at each retailer is
different. Thus, it is more realistic to design unequal replenishment quantities for each
retailer. This study satisfies the following research questions.

• What is the set of solutions to optimize deterioration using multiple deliveries and
preservation simultaneously?

• Does the SSMD policy affect investment in preservation?
• Does the investment in preservation have any effect on the number of deliveries/shipments

within an SSMD setup?
• How does the preservation effect quantitatively the lifetime/deterioration/freshness

of a fresh food product?
• What is the effect of SSMD policy on lot size and replenishment cycle?
• How do the preservation and SSMD policies affect total supply chain profit?

Besides, unlike the assumptions of Ben–Daya et al. [11] and Cárdenas–Barrón [12], the
ordering cost and inventory holding cost at each retailer cannot be the same due to several
factors related to the inventory management system. Therefore, this research considers
unequal ordering costs, inventory holding costs, and replenishment quantities for all the
retailers in a multi-retailer two-echelon supply chain system. Further, unlike several authors
who proposed an unchanged effect of preservation with time, this research suggests that
the effect of preservation decreases with time.

2. Literature Review

The literature review is classified into the following domains and the research gap is
concluded after investigating these literature domains.

2.1. Single Setup Multiple Deliveries (SSMD)

In the literature, several authors discussed supply chain models considering single-
setup multiple deliveries (SSMD) policies involving multiple retailers in a coordinated
supply chain system. SSMD policy was introduced by Goyal [13], who considered multiple
shipments/deliveries in a two-tier supply chain system with a single manufacturer and
single retailer. He extended the famous model of Banerjee [14], who considered lot-for-lot
model between a manufacturer and a retailer. Later, Lu [15] discussed a supply chain
system involving single-vendor and multiple retailers by considering single shipment to
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all the retailers, and Goyal [16] extended the model of Lu [15] by adding geometrically
increasing shipment size for the next deliveries. The state-of-the-art research on SSMD was
summed up by Thomas and Griffin [17], who provided a comprehensive literature review
for the supply chain models considering multiple retailers’ systems adopting a coordinated
approach. Research continued in this important domain and Hill [18] improved the models
by considering an increase in lot size by a fixed factor. Hill [19] also designed an algorithm
to solve SSMD models for globally optimal solutions.

Goyal and Nebebe [20] added to the literature by considering different lot sizes for
the first shipment while considering equal lot sizes for the each following shipment within
an SSMD setup. A collaborative SSMD policy for deteriorating products was proposed
by Yang and Wee [21] to prove that the cost was reduced significantly by adopting an
integrated/collaborative policy. Later, Khouja [22] extended the collaborative SSMD policy
by considering equal cycle times at all stages. Similarly, Wang and Sarker [23] introduced
an assembly-type Kanban system considering SSMD policy to prove that coordination
mechanisms among the supply chain players are more beneficial. Likewise, Siajadi et al. [24]
suggested that a collaborative strategy between supply chain players is more profitable
when considering SSMD policy. The SSMD policy was further adopted by Chan and
Kingsman [25] in a coordinated two-echelon supply chain system, where the cycle time of
the buyer is synchronized with that of the manufacturer. They proved that the supply chain
works better when these cycle times are in a synchronized pattern. Cárdenas–Barrón [12]
improved the model of Khouja [22] by considering multiple (more than three)-stage supply
chains involving multiple manufacturers, multiple assemblers, and multiple retailers. Ben–
Daya and Al-Nassar [26] extended the idea of Lu [15], assuming that shipments/deliveries
for retailers are prepared while the production process is running, considering the cycle time
of each stage as an integer multiplier of the cycle time of the adjacent downstream stage.

The research in the same field was continued by Darwish and Odah [27], who con-
sidered a two-echelon, vendor–buyer supply chain system, where the vendor manages
inventories (VMI) of multiple retailers within contractual specified bounds and is liable to
pay a penalty when inventory exceeds or falls short of the specified boundaries, considering
equal cycle time of all the retailers and capacity constraints. Roy et al. [28] proposed an
inventory model for imperfect quality, deteriorating products with equal lengths of re-
plenishment periods of each shipment, and allowing partially backlogged shortages at the
end of the planning period that were caused by capacity constraints. Ben–Daya et al. [11]
considered a vertically integrated, three-echelon supply chain system with a single supplier,
single manufacturer, and multiple retailers, allowing multiple shipments to the retailers
within a single cycle of the manufacturer. They obtained a near-optimal solution of the
model by using the derivative-free solution approach. Sajadieh et al. [29] modeled a three-
echelon supply chain system involving multiple suppliers, multiple manufacturers, and
multiple retailers, considering a stochastic lead time of delivery from manufacturers to
the retailers.

This dimension was further explored by Yang et al. [3], who proposed a closed-loop
supply chain system considering single manufacturers and multiple retailers and adopting
the SSMD policy for deteriorating products, the demand of which was price-sensitive.
Sana et al. [30] suggested a three-echelon supply chain model of multi-items involving
multiple suppliers, multiple manufacturers, and multiple retailers, considering multiple
shipments to the retailers for imperfect quality items at each tier of the supply chain that
were sent back to the upstream player of the supply chain at a lower price. They proved
that a collaborative system is more favorable as compared to the Stackelberg game struc-
ture. A three-echelon supply chain system was further investigated by Yang et al. [31] by
considering multiple suppliers, single manufacturers, and multiple retailers, and assuming
multiple deliveries to the retailers. Later, Jia et al. [32] improved the literature by con-
sidering the shortest shipment cycle within the SSMD setup to improve the performance
of the system. Considering a deteriorating product, Azadi et al. [6] suggested that the
shipment cycle is an important variable with the SSMD setup that helps reducing waste by
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curtailing deterioration. Similarly, Sarkar et al. [8] considered the SSMD policy to integrate
the replenishment cycle with the setup time, production time, and transportation time. Sim-
ilarly, Song et al. [33] suggested that the multi/omni-channel retailing is optimal for fresh
food products. Considering the discussed theories, this study adopts an SSMD policy in a
two-echelon supply chain system considering single manufacturers and multiple retailers
and considering unequal lot sizes at each retailer.

2.2. Product Deterioration

Deterioration is commonly realized as the spoilage of the products when they are
stored in infeasible conditions. However, a broader definition of deterioration refers to its
decreased consumable quantity or decreased market value that can be due to its spoilage,
evaporation, leakage, outdated model, etc. Several researchers investigated the deterio-
rating inventory models and provided optimal solutions. The rate of deterioration has
been modeled in several ways. Among the pioneer attempts of studying deteriorating
inventories is the work of Ghare and Schrader [34] and Sachan [35]. They proposed inven-
tory models by considering constant deterioration. Later, Chang and Dye [36] introduced
partial backlogging in an inventory model by considering a constant deterioration rate.

The assumption of a constant rate of deterioration was relaxed by Skouri et al. [37] by
considering the time-varying deterioration. Shah et al. [38] suggested that the deterioration
of the products starts after a specific time interval when these products are stored as an
inventory and considered the variable rate of deterioration. Wu et al. [39] considered the
variable rate of deterioration and proposed the idea of expiration time at which a product
completely deteriorates. Qin et al. [40] suggested that the rate of deterioration increases
with temperature as well as time. Iqbal and Sarkar [41] and Iqbal and Sarkar [42] suggested
that the rate deterioration depends on the products’ lifetime which is controllable.

The idea of a maximum lifetime-dependent deterioration rate was incorporated in
the research of Chen and Teng [43], Wang et al. [44], Wu et al. [39], and Shah et al. [45].
Feng et al. [46] considered that the freshness of perishable products depends on the time
and maximum lifetime of the products, which is related to the rate of deterioration. Like-
wise, Chen et al. [47] proposed the quality-based shipment consolidation policy for deterio-
rating products considering preservation. The effect of transportation and deterioration on
the environment was studied and carbon emissions were calculated by Daryanto et al. [48].
Iqbal et al. [49] proposed an idea of the rate of deterioration that depends on the vulner-
ability of a product with respect to its environment. Considering various ideas from the
literature, this study proposes that the deterioration rate has a direct relationship with
the vulnerability to deterioration of a specific product, and that the deterioration rate is a
function of a product’s lifetime.

2.3. Preservation Policies

The most used method to avoid losses done by deterioration of food products is preser-
vation. Preservation is of two types: preservatives and storage conditions. Preservation
conditions comprise temperature, humidity, aeration, sanitation, etc., which help to reduce
the rate of deterioration by diminishing the activities of the microbe causing spoilage of
the products. The effect of preservation technology on the rate of deterioration has been
discussed by several researchers. Hsu et al. [50] suggested that deterioration decreases
linearly with preservation investment. The same idea was adopted by Dye [51], who
informed that the deterioration rate decreases linearly with preservation investment. He
and Huang [52] proposed that the deterioration rate is an exponential function of preserva-
tion investment, inversely. Yang et al. [53] followed the idea that preservation investment
reduces the deterioration rate linearly.

Unlike previous citations, Shah et al. [45] suggested that a reduced deterioration rate
depends on preservation investment. Tsao [54] considered a novel idea of preservation
efforts and proposed that deterioration decreases quadratically related to the preservation
investment. Dye and Yang [55] considered a two-echelon supply chain system with SSMD
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policy for perishable products. They suggested that the deterioration rate decreases linearly
with the preservation investment. Giri et al. [56] and Mishra et al. [57] suggested that
the rate of deterioration decreases linearly with investment in preservation technology.
Khakzad and Gholamian [58] concluded that a greater number of inspection periods
decrease the average rate of deterioration. Having a critical look on the literature, it
is observed that, while proposing linear, quadratic, and exponential relations between
preservation investment and reduction in deterioration rate, the authors overlooked the
fact that preservation technology can minimize deterioration to a specific level. In practical
scenarios, the magnitude of decrease in the rate of deterioration reduces for an additional
preservation investment. An additional preservation investment beyond an optimal point
merely increases the cost, while the reduction in deterioration is negligible. Therefore,
this research provides the policy of preservation investment in way that the magnitude of
decrease in the rate of deterioration reduces with an additional preservation investment.
This policy is abbreviated as the MDRDRMIP policy. Table 1 exhibits the share of this
study to the literature. The term “conventional” in this table reflects that by applying
preservation, the reduction in the rate of deterioration remains the same with the passage
of time.

Table 1. Literature enrichment by this study.

Authors
Two-

Echelon
SCM

Multiple
Retailers

Unequal
Lot Size SSMD Preservation

Policy

Goyal [13] X X
Lu [15] X X

Goyal [16] X X X X
Hill [18] X X X

Goyal and Nebebe [20] X X X
Woo et al. [59] X X

Yang and Wee [21] X X
Khouja [22] X X

Wang and Sarker [23] X
Siajadi et al. [24] X X X

Chan and Kingsman [25] X X X
Ertogral et al. [60] X X

Ben-Daya and Al-Nassar [26] X X X
Darwish and Odah [27] X X X

Hsu et al. [50] Conventional
Ben-Daya et al. [11] X X

Dye [51] Conventional
Sana et al. [30] X X
Yang et al. [53] Conventional
Yang et al. [31] X X

Jia et al. [32] X
Dye and Yang [55] X X Conventional

Giri et al. [56] X Conventional
Azadi et al. [6] X X X
Sarkar et al. [8] X X X

This paper X X X X MDRDRMIP

Keeping in view the above discussion, this study defines policies for a two-echelon
supply chain system involving a single manufacturer and multiple retailers, where the
retailers’ demand is fulfilled in multiple shipments. The replenishment cycle at all the
retailers is same, whereas the lot size at each retailer is different. The products under
consideration are deteriorating in nature. Therefore, the MDRDRMIP policy is introduced
to control the rate of deterioration in a realistic situation as compared to Hsu et al. [50]
and Dye and Yang [55]. Finally, profit per unit time of the centralized/coordinated supply
chain is maximized by obtaining optimal values of the retailers’ replenishment cycle,
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number of deliveries/shipments to retailers by manufacturer in its cycle, and preservation
investment. This study is structured as follows: Section 3 defines the research problem
and model assumptions. Section 4 provides the mathematical model and explains the
solution procedure. Section 5 validates the provided mathematical model with the help of
numerical experiments and demonstrates important results through graphical illustrations.
Section 6 exhibits imperative managerial insights related the provided models and results.
Section 7 summarizes the study by concluding from the proposed model and experiments
and provides future extensions of this research.

3. Problem Definition, Notation and Assumptions

The considered research problem is comprehensively defined in this section with
useful assumptions. The notation to explain the mathematical models is also exhibited in
this section.

3.1. Problem Definition

This study investigates a supply chain comprising of a single manufacturer and n
number of retailers considering deteriorating products. The manufacturer produces and
delivers products to retailers in multiple deliveries. The transportation cost is considered
within the setup cost of the manufacturer. Other costs at the manufacturer level include
the cost of material, production, and inventory stock. In a real-world situation, retailers of
a particular product are located at different regions geographically and demographically.
They receive the products from the manufacturer as per the scheduled replenishment
period shared by all the retailers. The demand at each retailer is different due to several
factors related to the region, population, advertisement, etc. Therefore, each retailer receives
different lot sizes from manufacturer depending on their demands.

The products under consideration are deteriorating in nature and they start dete-
riorating when delivered to retailers. In order to minimize the effects of deterioration,
several preservation techniques are used in form of cold storage, humidity, sanitation, etc.
Preservation reduces the rate of deterioration, yet some products deteriorate during the
cycle. Therefore, retailers demand from the manufacturer the amount of the product which
fulfills customers’ demand and compensates the deteriorated quantity during the retailers’
cycle. Thus, the manufacturer’s demand is the sum of the demand of n number of retailers
and the anticipated deteriorated quantity at all the retailers. The manufacturer purchases
the raw material and produces exactly the same number of items as are demanded by
all the retailers, thus creating no shortages. The manufacturer plans its production in a
way that the rate of production depends on the rate of demand. As the rate of demand
remains constant, therefore the rate of production also remains constant during the cycle.
The manufacturer supplies the finished products to n number of retailers in m number of
deliveries. Therefore, the manufacturer’s production time is m times the joint cycle time T
of the retailers. The ordering cost and inventory holding cost at each retailer is different due
to the difference in their location, salary structures, management system, etc. Other costs at
the retailers include the purchasing cost and cost of preservation investment. The system is
considered as a centralized supply chain, and therefore, the purchasing cost of retailer is
the same as the manufacturer’s selling price. The selling price of each retailer is different
due to different cost structures at each retailer. Figure 1 illustrates the configuration of the
supply chain system under consideration.
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Figure 1. Problem structure (single manufacturer and multiple retailers).

3.2. Assumptions

• A single manufacturer supplies fresh products to the multi-retailers to constitute a
supply chain system.

• The manufacturer supplies the produced items to retailers in multiple deliveries,
which is known as a single setup multi-delivery (SSMD) policy. Therefore, the cycle
time of the manufacturer is the integer multiple of the retailers’ cycle time. This integer
is the number of deliveries/shipments to the retailers per cycle of the manufacturer.

• Shipments/deliveries for retailers are prepared from a production batch while the
production is continued [26].

• The cycle time of all the retailers is equal, i.e., the inventory is replenished at all the
retailers at the same point of time [11].

• The customer demand at all the retailers is known, constant, and different.
• As the demand at each retailer is different, therefore, this model assumes an unequal

lot size for each retailer.
• The ordering cost and cost of inventory carrying are different for each retailer.
• The products under consideration are deteriorating in nature, and deteriorate at a con-

stant rate. Practically, the products start deteriorating after being replenished at the re-
tailer. This study includes this fact by considering no deterioration at the manufacturer.

• The rate of deterioration is curtailed using preservation technology. The magnitude of
decrease in deterioration decreases with the additional preservation investment, as is
explained in Section 4 and demonstrated by Equation (1) and Figure 2b.

• The rate of production depends on the demand rate [40], i.e., assuming where the
production rate and the demand rate at the manufacturer are.

• The inventory holding cost at the manufacturer is less than the inventory holding cost
at the retailers, i.e.

• There are no shortages, i.e., all the customers are satisfied to fulfill their demand.
• The supply chain is vertically integrated, such that the optimal value of profit is

obtained as a centralized system.
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Figure 2. (a) Reduced effect of additional investment in preservation technology on lifetime.
(b) Reduced effect of additional investment in preservation technology on deterioration.

4. Model Formulation and Solution

This is a natural phenomenon that the products with longer lifetimes deteriorate at
slower rates. For example, the rate of deterioration of harvested grains is less as compared
to the rate of the deterioration of fruits and vegetables. Therefore, this study assumes that
the lifetime of a product governs its rate of deterioration. In a comparison with different
types of products, the longer the lifetime of a product, the shorter its rate of deterioration
will be.

Hence:
θ =

α

L
, α ≤ L,

where α is the degree of vulnerability of a product to deterioration, which depends on the
type of product and the ambient conditions where the product is stored. The greater the
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value of α, the more likely it is vulnerable to deterioration. For some products, the value of
α is close to zero, which means those products do not deteriorate. For example, the value
of α approaches zero for vinegar and chocolate syrup. Therefore, they do not deteriorate
quickly in normal circumstances. In contrast, the value of α is high for ice cream without
cold storage.

Preservation increases the lifetime of the products. The quality of preservation tech-
nology is increased by investing more in this technology. However, practically, this increase
in investment increases the lifetime and decreases the deterioration rate to a specific level.
By investing in preservation technology beyond that level, the increase in lifetime and
decrease in deterioration is practically negligible. Therefore, the preservation investment
is modeled in such a way that increases the lifetime, while the magnitude of increase
decreases with greater preservation investment. This fact is exhibited mathematically in
the below equation.

L̂ = (1 + xpγ)L; γ < 1

The same fact is illustrated in Figure 2a. We considered a product assuming these
parameters α = 0.4, x = 2, γ = 0.2, L = 0.5, and plotted a graph for the product’s lifetime
L̂ against different values of preservation investment p.

The value of x is the degree of effectiveness of preservation cost on the lifetime of
the products. The value of x depends on the right choice of preservation conditions for a
specific product.

The intensity of the deterioration changes with a product’s lifetime which is a function
of preservation. The decreased deterioration rate is exhibited below.

θ̂ =
α

(1 + xpγ)L
(1)

The value of γ is proposed to be less than one to represent the effect of preservation on
lifetime and deterioration in a real-world situation. In contrast to many researchers, who
proposed the effect of preservation investment on the deterioration in a conventional way,
this study proposes that the magnitude of the decrease in deterioration keeps decreasing
with additional preservation investment, and after a specific amount of investment, the de-
crease in deterioration will be negligible, no matter how much preservation cost is invested.
This is illustrated in the Figure 2b. We considered the same product assuming the same
parameters as we assumed for lifetime graph, i.e., α = 0.4, x = 2, γ = 0.2, L = 0.5, and
plot a graph for rate of deterioration θ̂ against different values of preservation investment p.

Figure 2b shows that, for the first unit of preservation investment, the rate of decrease
in deterioration is 0.8−0.27

1−0 = 0.53, for the second unit of preservation investment the
rate of decrease in deterioration is 0.27−0.24

2−1 = 0.03, and for the third unit of preservation
investment the decrease in deterioration is 0.24−0.23

3−2 = 0.01. Therefore, the suggested
formula for the rate of deterioration with effects of preservation investment is closer to
the real-world situations, as the magnitude of the decrease in deterioration decreases with
additional preservation investment.

4.1. Retailers’ Model

The proposed system considers n number of retailers, who receive the finished prod-
ucts from a common manufacturer. The rate of demand at retailer i is dri. As the products
under consideration are deteriorating in nature, which deteriorate at a constant rate θ̂,
therefore, a fraction of the retailer’s inventory deteriorates during the retailers’ inventory
cycle. The inventory of the products at a retailer depletes due to the cumulative effect of
demand and deterioration. The behavior of the inventory level for retailer i for one cycle is
illustrated in Figure 3a. The stock is fully exhausted at the end of planning horizon at time
T and next delivery is received.
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Figure 3. (a) Behavior of inventory level per cycle at i–th retailer. (b) Behavior of inventory level per
manufacturer’s cycle.

The governing differential equation for the inventory at retailer i is as given below,
which shows that the rate of change of inventory from 0 to T is the negative rate of demand
and deterioration, as the items are taken out of inventory.

dIo
ri(t)
dt

= −dri − θ̂ Io
ri, 0 ≤ t ≤ T

The above expression is the slope of the function of on-hand inventory at retailer i.
The value of the function Io

ri(t), at any time t, is calculated from the given slope by
using the inventory condition Io

ri(t) = 0 at t = T, as:

Io
ri(t) =

dri

θ̂

(
eθ̂(T−t) − 1

)
, 0 ≤ t ≤ T

The common operations at a retailer, which incur some cost, comprise ordering and
purchasing the products from the manufacturer, and carrying out the inventory of those
products. A special operation for the deteriorating products under consideration is main-
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taining the preservation conditions. Several costs, which are considered at the retailers’
level, are explained, and calculated below.

4.1.1. Ordering Cost

There are several activities, which are performed while ordering and receiving a
replenishment lot by a retailer from the manufacturer, such as the preparation of purchase
orders, transportation, receiving, inspection, handling the products and placing them in
storage, and auditing, etc. The costs incurred to perform these activities are cumulatively
termed as the ordering costs, which is considered per order of the product. As this study
considers a single cycle of retailer i, therefore, ordering cost per cycle at retailer i is given as
in the below equation.

Ordering cost per cycle = Ari

4.1.2. Purchasing Cost

The retailers purchase at a fixed cost per unit, which satisfies the customer demand
during the complete cycle. The cost of acquisition of one unit of the product by the i-th
retailer is the purchasing cost per unit PCri, which is used to compute the purchasing cost
per cycle. The stock of the product at a retailer does not deplete only due to the customer
demand, but also due to the effects of deterioration. Therefore, a retailer orders/purchases
the amount of the product that fulfills the customer demand during the complete cycle
by recompensing the effects of deterioration. Thus, the ordering/purchasing quantity per
cycle of retailer i is the sum of customer demand per cycle and the number of items that
would deteriorate in a cycle. The demand per cycle of retailer i is calculated below.

Dri =

T∫
0

dridt = driT

Similarly, the number of items that deteriorate at retailer i during one cycle are com-
puted as below.

Ndi = θ̂

T∫
0

Io
ri(t)dt =

dri

θ̂

(
eθ̂T − θ̂T − 1

)
The retailer i will purchase an amount from the manufacturer that will fulfill the

customer’s demand and will also compensate for the losses due to deterioration, such
that there will be no shortages. Therefore, the purchasing quantity of the retailer i is as
given below.

PQri = Dri + Ndi (2)

Thus, the purchasing cost of the product per cycle for retailer i is calculated and
expressed in the following equation.

Purchasing cost per cycle = PCriPQri

4.1.3. Inventory Holding Cost

The retailers carry stock of the products to fulfill the demand of their customers during
the planning horizon. Storing the products as inventory incurs some costs, such as rent of
the storage place, temperature balance, lighting, record keeping, taxes, etc., the cumulation
of which is termed as the inventory holding cost. For the retailer i, hri is the cost of holding
one unit of the product per unit time.
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The stock of inventory that is carried by the retailer i during one cycle [0, T], on which
the inventory holding cost is considered, is calculated, and expressed in the below equation.

Iri =

T∫
0

Io
ri(t)dt =

dri

θ̂2

(
eθ̂T − θ̂T − 1

)
Using the above expression, the cost of the inventory carrying per cycle of retailer i is

provided as following.

Inventory holding cost per cycle = hri Iri

4.1.4. Preservation Cost

At a retailer, the rate of deterioration is curtailed by applying special inventory condi-
tions that are called the preservation conditions. The requirement of preservation conditions
depends on the type of the product. The most used preservation conditions include cold
storage, air velocity, relative humidity, atmospheric composition, and sanitation. The cost of
preservation p per unit per unit time is the cost expended to maintain the optimum level of
such conditions, which reduce the deterioration rate by increasing lifetime of the products.
The cost of preservation per cycle at retailer i is calculated in the equation as below.

Cost of preservation per cycle = pIri

4.1.5. Total Cost per Unit Time

The total cost at retailer i is the sum of its ordering cost, purchasing cost, inventory
holding cost, and preservation cost, which is given per unit time in the below equation.

Total cost (TCri) =
1
T
(Ari + PCriPQri + hri Iri + pIri)

4.1.6. Sales Revenue per Unit Time

A retailer sells its product at a fixed selling price per unit SPri. The selling price at each
retailer is considered as different due to their different setup, cost structure, and location,
which causes varied costs for each retailer. The sales revenue of the retailer i per unit time
is expressed in the below equation.

SRri = SPridri

4.1.7. Retailers’ Profit per Unit Time

A retailer earns profit by selling its products during the planning horizon. The profit
of the retailer i is given below.

TPri = SRri − TCri

The total profit per unit time of n retailers is calculated as below.

TPr =
n

∑
i=1

(SRri − TCri) (3)

4.2. Manufacturer’s Model

The manufacturer plans its activities to produce the products after the retailers order
their purchase quantity. It produces exactly that amount of the product, which is demanded
by all the retailers. Thus, the demand that the manufacturer faces for one cycle of retailers is
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the sum of demands of all the retailers. Therefore, the manufacturer’s demand per retailers’
cycle is given below.

Manufacturer′s demand per retailers′ cycle =
n

∑
i=1

PQri =
n

∑
i=1

(Dri + Ndi)

This model assumes that there are m number of deliveries/shipments to the retailers
per the manufacturer’s cycle, and therefore the manufacturer’s demand per cycle is m times
the retailers’ purchase quantity per cycle that is provided as follows.

Dm = m
n

∑
i=1

(Dri + Ndi)

Similarly, the manufacturer’s cycle time is m times the cycle time of a retailer. Thus,
mT is the cycle time of the manufacturer. By using the demand per manufacturer’s cycle
and its cycle time, the rate of demand per unit time at the manufacturer is calculated and
exhibited as given below.

dm =
Dm

mT
=

n
∑

i=1
(Dri + Ndi)

T
The manufacturer produces the products as per demand and the production rate is

proportional to the demand rate, which is given below.

P = kdm =

k
n
∑

i=1
(Dri + Ndi)

T

There are no shortages, and the production rate is always higher than the demand rate,
i.e., k > 1. The manufacturer plans its schedule in a way such that production is run from 0
to t1 and retailers’ orders are fulfilled during the complete manufacturing cycle from 0 to
mT in multiple shipments/deliveries m. In order to simplify the calculations, this study
considers a continuous flow system as is modeled by Yang et al. [3]. From 0 to t1 the rate of
inventory replenishment is P− dm, while from t1 to mT, the rate of inventory depletion
is −dm. The inventory level rises while the production cycle is continuing, and it begins
to deplete at time t1 when production is completed. The inventory stock is completely
depleted at the end of the planning horizon at time mT, as shown in Figure 3b.

The differential equations governing the inventory level at the manufacturer are
expressed below. Equation (4) shows the combined effect of the rate of production and
demand during the interval (0, t1). The cumulative effect of production and demand on
the rate of change in inventory level is positive because the production rate is higher as
compared to the rate of demand. Therefore, the inventory stock is replenished during
production time. The inventory stock starts depleting when the production time is over.
Equation (5) depicts the effect of the demand on the rate of change in the inventory level
during the interval (t1, mT).

dIa
m(t)
dt

= P− dm = (k− 1)dm, 0 ≤ t ≤ t1 (4)

dIb
m(t)
dt

= −dm, t1 ≤ t ≤ mT (5)

Equations (4) and (5) calculate the slope of the functions of the on-hand inventory at
the manufacturer during the intervals (0, t1) and (t1, mT), respectively. The value of the
functions Ia

m(t) and Ib
m(t) is calculated by using the below inventory conditions.

Ia
m(t) = 0 at t = 0

Ib
m(t) = 0 at t = mT
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Ia
m(t) = (k− 1)dmt, 0 ≤ t ≤ t1

Ib
m(t) = dm(mT − t), t1 ≤ t ≤ mT

From Figure 4, it can be observed that, for an instant, the level of inventory for both
the intervals is the same when t = t1. Therefore:

(k− 1)dmt1 = dm(mT − t1)

⇒ t1 = mT
k

Figure 4. Cont.
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Figure 4. (a) Total profit per unit time versus investment in preservation technology. (b) Total
profit per unit time versus number of replenishments per manufacturer’s cycle. (c) Total profit per
unit time versus retailers’ cycle time. (d) Total profit per unit time versus retailers’ cycle time and
number of shipments/deliveries to retailers per manufacturer’s cycle. (e) Total profit per unit time
versus investment in preservation technology and number of shipments/deliveries to retailers per
manufacturer’s cycle. (f) Total profit per unit time versus investment in preservation technology and
retailers’ cycle time.
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Thus, t1 is a dependent variable, the value of which is decided by the values of the
retailers’ cycle time T, number of deliveries/shipments m to retailers, and the constant for
the rate of production k.

The usual operations, which are carried out at the manufacturer and which incur some
cost include the purchasing of raw material, production setup, manufacturing/production
process, and inventory of the finished products. Several costs which are considered by
manufacturer are explained and calculated below.

4.2.1. Setup Cost

The activities, such as the preparation of production machines, supply of raw materials,
and arrangement of storing finished products, are related to the production setup activities.
The cost incurred to perform these activities is termed as the production setup cost. The
production setup cost per cycle of the manufacturer is exhibited as follows.

Setup cost per manufacturer′s cycle = Cset

4.2.2. Material Purchasing Cost

In the manufacturing industry, usually the cost of materials is the highest among other
costs. The selection of qualitative raw material is important to produce a product of the
required quality. The requirement of materials depends on the type of product. For some
products only one type of raw material is used, while for other products more than one type
of raw material is used. The cost incurred by all types of materials that are used to produce
one unit of the product is designated as the material cost per unit Cmt. As the production
system is assumed to be perfect, therefore, the material is purchased as per production
quantity. The production quantity produced per manufacturer’s cycle is expressed in
Equation (6). The total material cost per manufacturer’s cycle is expressed below.

Material purchasing cost per manufacturer′s cycle = CmtNp

where Np is the number of items produced per manufacturer’s cycle and is expressed below.

Np =

t1∫
0

Pdt = m
n

∑
i=1

(Dri + Ndi) (6)

4.2.3. Production Cost

The production process is the value addition phase within a supply chain, which
converts the raw material into finished products through available resources. Several
operations are involved in the production process, which acquires some costs, including
labor cost, cost of maintenance, utility costs, etc., the cumulation of which is named the
production cost. The production cost is considered per unit of the produced items, as Cp.
The production cost per manufacturer’s cycle is computed as given below.

Production cost per manufacturer′s cycle = CpNp,

where Np is the number of items produced per cycle, as provided in Equation (6).

4.2.4. Inventory Holding Cost

The produced items at the manufacturer are stored as the inventory, which fulfills
the demand of the retailers. As a greater number of items are produced as compared to
those demanded during the production cycle, the inventory level thus increases during
production time and gradually decreases when production is stopped, until it completely



Sustainability 2022, 14, 6782 17 of 30

depletes at the end of the manufacturer’s cycle. The manufacturer’s held inventory per
cycle (Im), which incurs inventory holding cost, is given below.

Im =

t1∫
0

Ia
m(t)dt +

mT∫
t1

Ib
m(t)dt =

dm

2

(
k− 1

k
(mT)2

)

The total inventory holding cost per manufacturer’s cycle is provided below.

Inventory holding cost per manufacturer′s cycle = hm Im

4.2.5. Total Cost per Unit Time

The total cost at the manufacturer is the aggregate of setup cost, material cost, produc-
tion cost, and inventory holding cost, as is provided in the following equation.

Manufacturer′s total cost per unit time (TCm) =
1

mT
(
Cset + CmtNp + CpNp + hm Im

)
4.2.6. Sales Revenue per Unit Time

The manufacturer’s sale per unit time is dm units which are sold at a price SPm per
unit. The manufacturer’s revenue per unit time is calculated as follows.

SRm = SPmdm

As the manufacturer sells its product to the retailers, the selling price of manufacture
is the same as the purchasing cost of the retailers. Therefore,

SPm = PCri.

4.2.7. Manufacturer’s Profit per Unit Time

The total profit per unit time of manufacturer TPm is expressed below which is calcu-
lated by using the value of the revenue and cost.

TPm = SRm − TCm (7)

4.2.8. Total Profit per Unit Time of the Supply Chain

The supply chain’s total profit per unit time TP in a centralized system is computed
by adding the profit per unit time of all the retailers TPr and that of the manufacturer TPm.
Adding Equations (3) and (7), and simplifying the results, the total profit per unit of time is
obtained as follows.

TP(m, p, T) = TPr + TPm =
n

∑
i=1

{
SRri −

1
T
(Ari + hri Iri + pIri)

}
− 1

mT
(
Cset + CmtNp + CpNp + hm Im

)
=

n
∑

i=1

[
SPridri − 1

T

{
Ari + (hri + p)dri

(
(1+xpγ)L

α

)2
(

e
αT

(1+xpγ)L − αT
(1+xpγ)L − 1

)}]

− 1
mT


Cset +

(
Cmt + Cp

)
m

n
∑

i=1

{
driT + dri

(1+xpγ)L
α

(
e

αT
(1+xpγ)L − αT

(1+xpγ)L − 1
)}

+hm
1

2T

(
k−1

k (mT)2
) n

∑
i=1

{
driT + dri(1+xpγ)L

α

(
e

αT
(1+xpγ)L − αT

(1+xpγ)L − 1
)}


(8)

The objective of this study is to maximize the total profit per unit time TP by finding
the optimal values of the decision variables. The value of the decision variable T (retailer’s
cycle time) and p (cost of preservation per unit per unit time) belongs to the set of positive
real numbers and the value of m (number of replenishments/deliveries to the retailers per
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manufacturer’s cycle) belonging to the set of positive integers. The objective is defined
mathematically as demonstrated below.

Maximize TP(m, p, T)

subject to:
m, p, T ≥ 0,

m is an integer.

5. Solution Methodology

As is defined for the objective of this study, the values of T and p are positive real
numbers, while the value of m is a positive integer. The optimal values of T and p are
determined by using an analytical method, which is explained below. In order to find
the optimal value of m, an algorithm is provided, which obtains its optimal integer value
by calculating the optimal real values of T and p. The proposed solution methodology is
expressed as follows.

The optimal value of the retailer’s cycle time is calculated by differentiating the profit
function TP with respect to the retailers’ cycle time T, as expressed below.

∂TP
∂T = 0

1
2kmT∗2



mT
{

hmmT∗ − k
(
2Cmt + hmmT∗ + 2Cp

)} n
∑

i=1

{
dri +

n
∑

i=1

(
e

αT∗
(1+xpγ)L − 1

)
dri

}
+ 2kCset

+2kmT∗2
n
∑

i=1


1

T∗2

(
Ari + (hri + p)

n
∑

i=1

(
1
α2 (1 + xpγ)2L2

(
e

αT∗
(1+xpγ)L − αT∗

(1+xpγ)L − 1
)

dri

))
− 1

T∗

(
(hri + p)

n
∑

i=1

(
1
α

(
e

αT∗
(1+xpγ)L − 1

)
(1 + xpγ)Ldri

))


+2km
(
Cmt + Cp

) n
∑

i=1

{
Tdri +

n
∑

i=1

(
1
α (1 + xpγ)L

(
e

αT∗
(1+xpγ)L − αT∗

(1+xpγ)L − 1
)

dri

)}


= 0

(9)

T∗ is the optimal value of cycle time of a retailer if it satisfies the above equation.
The optimal value of preservation investment is calculated by differentiating the profit

function TP with respect to the preservation investment p, as expressed below.

∂TP
∂p = 0

n
∑

i=1



− 1
T



n
∑

i=1

(
1
α2 (1 + xpγ)2L2

(
e

αT
(1+xp∗γ)L − αT∗

(1+xp∗γ)L − 1
)

dri

)
+(hri + p)

n
∑

i=1

(
γdri
α2

(
xLp∗γ−1

(
2
(

e
αT

(1+xp∗γ)L − 1
)
(1 + xp∗γ)L− αT

(
e

αT
(1+xp∗γ)L + 1

))))


− k(2Cmt+hmmT+2Cp)−hmmT
2kT

n
∑

i=1

 xγdri
αp∗(x+p∗−γ)

 (1 + xp∗γ)L
(

e
αT

(1+xp∗γ)L − 1
)

−αTe
αT

(1+xp∗γ)L





= 0

(10)

p∗ is the optimal value of preservation investment at the retailers’ level if it satisfies
the above expression.

Equations (9) and (10) show that the values of T and p depend on each other. Therefore,
a closed-form solution cannot be obtained. The values of these variables are determined by
using an algorithm. Following the procedure defined in the algorithm, profit per unit time
is maximized by finding the optimal values of T, p, and m.
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5.1. Solution Algorithm

Step 1 Start with m = 1 and input appropriate values of other parameters.
Step 2 For the first iterative value of T, start with p = 0 and perform the following steps.

(i) Compute the value of T that satisfies Equation (9).
(ii) Using the value of T, calculated in step (i), compute the value of p that satisfies

Equation (10).
(iii) Using the value of p, calculated in Step (ii), repeat Step (i) and Step (ii) for n

times, until no further change occurs in the value of Ti and pi, where i denotes the
i-th iteration.

Step 3 For the i-th iteration, using the pair of variables (Ti, pi, m), compute TP(Ti, pi, m)
from Equation (8).

Step 4 Set TP(T∗m, p∗m, m) = maxn
i=1TP(Ti, pi, m), then (T∗m, p∗m, m) is the optimal solution

for given value of m.
Step 5 Set m = m + 1, repeat Step 2 to Step 4 to attain TP(T∗m, p∗m, m).
Step 6 If TP(T∗m, p∗m, m) ≥ TP

(
T∗m−1, p∗m−1, m− 1

)
, go to Step 5, otherwise go to Step 7.

Step 7 Set (T∗m, p∗m, m) =
(
T∗m−1, p∗m−1, m− 1

)
, then (T∗m, p∗m, m) is a set of optimal solutions.

5.2. Numerical Experiments

In order to demonstrate the practical implication of the suggested model, some nu-
merical experiments were carried out. Three different examples were provided considering
seven retailers and a single manufacturer. Unlike Example 2, Example 1 does not consider
preservation investment. The results from both examples were compared. Example 3
is a special case of Example 2, where the single setup single delivery (SSSD) policy was
adopted, and the results were compared. The NMaximize tool of Mathematica 9 was used
for searching for the global optimal solution for the decision variables. The optimization
process is explained by Iqbal and Kang [61].

5.2.1. Input Parameters

The parameters related to this study are exhibited in Table 2.

Table 2. Values of input parameters for Examples 1, 2, and 3.

Ari = $(30, 25, 28, 30, 27, 28, 29)/order
SPri = $(200, 180, 160, 190, 170, 175, 185)/unit
dri = (100, 110, 105, 95, 115, 102, 108)units/month
hri = $(0.4, 0.6, 0.5, 0.45, 0.55, 0.52, 0.48)/unit/month
Cmt = $10/unit Cp = $5/unit hm = $0.3/unit/month L = 0.5 months
x = 2 γ = 0.2 k = 4

5.2.2. Results and Discussion

This section provides the optimum solution for the numerical experiments and various
insights inferred from those results.

Example 1. Single manufacturer, seven retailers, without application of preservation technology.

For this example, we considered a setup of a single manufacturer and seven retailers.
The optimum values of the number of shipments/deliveries and the retailer’s cycle were
computed without considering any preservation investment. By using the optimal results,
the value of the total profit per unit time was calculated. The optimum results are exhibited
in Table 3a.
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Table 3. (a) Optimal solution for Example 1. (b) Optimal replenishment quantities per delivery at
each retailer for Example 1. (c) Optimal solution for Example 2. (d) Optimal replenishment quantities
per delivery at each retailer for Example 2.

(a)

TP∗

$118, 783/month
T∗

0.19 month
m∗

8/manufacturer′s cycle

(b)

PQ∗r1
22 units

PQ∗r2
24 units

PQ∗r3
23 units

PQ∗r4
20 units

PQ∗r5
25 units

PQ∗r6
22 units

PQ∗r7
23 units

(c)

TP∗

$119, 475/month
T∗

0.31 month
m∗

5/manufacturer′s cycle
p∗

$0.58/unit/month

(d)

PQ∗r1
32 units

PQ∗r2
35 units

PQ∗r3
34 units

PQ∗r4
31 units

PQ∗r5
37 units

PQ∗r6
33 units

PQ∗r7
35 units

From the optimal value of the retailers’ cycle time, the optimal replenishment quantity
per delivery PQri for each retailer was calculated by using Equation (2), and the results are
exhibited in Table 3b.

Table 3 shows that, in a centralized system of the proposed supply chain without
the application of preservation technology, the optimal value of cycle time for a retailer
is 0.19 months, which is approximately 6 days. The value of the number of deliver-
ies/shipments to the retailers per cycle of the manufacturer is 8. From these values,
the manufacturer’s cycle time is calculated as mT = 1.52 months, which is approximately
46 days. By using the values of parameters and decision variables, the maximum value of
the profit is obtained, which is $118,783/month.

Example 2. Single manufacturer, seven retailers, with application of preservation technology.

For this example, we considered a setup of a single manufacturer and seven retailers.
The optimum values of the number of shipments/deliveries, retailer’s cycle time, and
preservation investment were computed by considering preservation technology. By using
these optimal results, the value of total profit per unit time was calculated. The optimum
results are exhibited in Table 3c.

From the optimal value of cycle time, the optimal replenishment quantity per delivery
PQri for each retailer was calculated by using Equation (2), and the results are provided
in Table 3d.

Table 3d exhibits the optimal solution for Example 2. As compared to Example 1, this
experiment considered the application of preservation technology. The results show that
the optimal value of preservation investment was $0.58/unit/month. By applying the
preservation conditions, the lifetime of the product increased from 0.5 months (15 days)
to 1.4 months (42 days). As the lifetime of the product increased, retailers received larger
replenishment quantities and acquired the benefit of selling the product for a longer span
of time without facing serious deterioration. Therefore, the optimal value of retailers’
cycle time increased to 0.31 months, which is approximately 9 days. Likewise, due to
the increased cycle time by preservation technology, the number of shipments to retailers
per manufacturer’s cycle was reduced to 5 instead of 8. The manufacturer was benefited
by saving the cost of transportation with the reduced number of shipments/deliveries
to the retailers. The cycle time of the manufacturer is calculated as mT = 1.52 months,
which is approximately 46 days. The cycle time of the manufacturer is not affected because
preservation technology is applied only at the retailers’ level. The profit per unit time of
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the supply chain increased to $119,475/month, which was improved by approximately
0.6 percent. The optimality of these examples is depicted in Figure 4a–f.

The effect of variation in the value of total profit per unit time by varying the value of
preservation investment is illustrated in Figure 4a. The profit increased with the increase in
preservation investment until its optimal value, i.e., $0.58 per unit per unit time. Increasing
the preservation investment beyond the optimal point means the value of profit decreases.
This illustration verifies the assumption that additional preservation investment beyond
a specific level does not significantly affect the rate of deterioration, and it decreases the
profit by adding more to the preservation cost.

The number of shipments/deliveries to the retailers per cycle of the manufacturer indi-
rectly affects the value of profit per unit time. This effect is exhibited in Figure 4b. For the
specific numerical experiment (Example 2) the optimal number of deliveries per manufac-
turer’s cycle is 5. The number of deliveries more or less than 5 decreases the value of profit.
As the products are deteriorating, a smaller number of deliveries to retailers per manufacturer
cycle increases the retailers’ cycle time, which causes a greater number of products to deterio-
rate per cycle and hence decreases the profit. The number of deliveries more than the optimal
value causes more transportation and handling cost, which decreases the value of profit.

The effect of variation in retailers’ cycle time on the value of profit per unit time is
illustrated in Figure 4c. The inventory cycle time at the retailers’ level is an important
phenomenon for deteriorating products as a greater number of items deteriorates with time.
Figure 4c shows that the optimal value of retailers’ planning horizon is 0.31 months which
corresponds to the maximum of the graph showing a maximum profit of $119,475 per month.

Figure 4d illustrates the joint effect of variation in the retailers’ cycle time and the
number of deliveries to the retailers per manufacturer’s cycle on profit. The peak in the
figure shows the maximum profit that corresponds to the optimal values of cycle time
(0.31 months) and number of deliveries (5). Similarly, the dual effect of the variation in the
values of preservation investment and number of shipments/deliveries to the retailers per
manufacture’s cycle on the value of total supply chain profit per unit time is expounded in
Figure 4e. The zenith of the graph relates to the maximum profit, i.e., $119,475 per month,
which corresponds to the optimal value of preservation investment, i.e., $0.58 per unit per
unit time and retailers’ cycle time, i.e., 0.31 months.

Figure 4f illustrates the combine effect of variation in the values of preservation
investment and retailers’ planning horizon on profit. The peak of the graph corresponds
to the maximum value of the profit, i.e., $119,475 per month, which relates to the optimal
values of preservation investment, i.e., $0.58 per unit per unit time and that of retailers’
cycle time, i.e., 0.31 months.

Comparative Analysis of the Results from Examples 1 and 2

As observed from both the numerical experiments, the optimal values of the results
change when preservation technology is applied. To provide more insights into these
variations, a comparative analysis was performed for some critical results from both the
examples. The results of the comparative analysis are exhibited below in Table 4a.

The comparative analysis of the optimal results with and without preservation shows
that the application of preservation technology increases the lifetime of the product, re-
tailers’ cycle time, and total profit per unit time of the proposed supply chain, while the
number of shipments/deliveries to the retailers per manufacturer’s cycle are reduced.
These variations are illustrated in Figure 5a. An improved lifetime ensures that the food
products are delivered to the consumers as fresh. Similarly, an increased replenishment
cycle at the retailer provides them more time to sell the products without facing serious
deterioration which makes them earn more profit. The results show that without apply-
ing preservation technology, the profit and cycle time are decreased, while the number
of deliveries/shipments are increased. The decrease in optimal value of cycle time is a
significant insight for supply chains of deteriorating products. As the products are deterio-
rating, therefore, without preservation, the rate of deterioration increases, and products
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deteriorate quickly. Thus, at the retailers’ level, shorter spans of inventory replenishment
are more optimal as compared to longer spans. Due to the same reasons, the number of
deliveries/shipments from the manufacturer to the retailers are increased in order to avoid
losses due to deterioration. In the case of a fewer number of shipments, products stay as
inventory for a longer time and a greater number of products deteriorate at the retailer.
Therefore, it is more advantageous to reduce the delivery size and increase the number of
deliveries, so that a greater number of items could be sold before their expiration.

Table 4. (a) Comparative analysis of important results with and without preservation technology.
(b) Optimal replenishment quantities per delivery at each retailer.

(a)

Parameters Without
Preservation With Preservation Percent Variation

Lifetime (month/s) 0.5 1.4 180
Cycle time (month/s) 0.19 0.31 63
Number of shipments 8 5 −37.5

Profit/month ($/month) 118,783 119,475 0.58

(b)

PQ∗r1
195 units

PQ∗r2
214 units

PQ∗r3
204 units

PQ∗r4
185 units

PQ∗r5
224 units

PQ∗r6
199 units

PQ∗r7
210 units

The profit of the system increases with the application of preservation technology.
Moreover, the transportation cost can be saved with the reduced number of shipments
when preservation technology is applied, which will add a greater amount to the profit.
From an economic point of view, this analysis suggests that the retailers should adopt
preservation technology for the supply chains of deteriorating products that will not only
increase the profit but also allow the retailers to sell their products for a longer time without
facing significant deterioration.

Example 3. A special case of Example 2 by considering single shipment to retailers per manufac-
turer’s cycle, keeping the cycle time of retailers as per manufacturer’s cycle time.

In this case, Example 2 is modified to consider the single setup single delivery (SSSD)
policy. Therefore, the value of m is taken as 1 and the value of the retailers’ cycle time is
considered equal to that of the manufacturer, i.e., the value of T is taken as 1.52 months.
The solution is obtained for the optimal preservation investment and the maximum profit
per month is computed. The optimal investment in preservation p∗ is $0.66 per unit per
month, and the maximum value of profit TP∗ is $117,020 per month. The lot size for each
retailer is computed and exhibited in Table 4b.

There is a noticeable difference in the optimal values of preservation investment, lot
sizes, and profit per unit time for this case when compared to the results from Example 2.
The value of the profit per unit time decreased by 2.04% and that of the optimal preservation
investment increased by 12.65%. This is a remarkable variation, which is caused by the
results of increased deterioration. Adopting the SSSD policy, the inventory replenishment
schedule is delayed, and larger-sized lots of the product remain with retailers for longer
periods of time. Due to the decaying nature, a greater number of items deteriorate. Such
situations call for more preservation investment as is evident from the results. Likewise,
due to more deterioration and increased preservation investment, the profit per unit
time decreases. These variations are illustrated in Figure 5b. The comparative analysis
of the results from both the examples proves that the SSMD policy is a better choice
for deteriorating products in a multiple retailer centralized supply chain system, where
it increases the profit as well as continuing to deliver the food products fresher to the
consumers by increasing the lifetime and reducing deterioration.
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Figure 5. (a) Improvement in product’s lifetime, retailers’ cycle time, number of shipments, lot size,
and profit with investment in preservation technology. (b) Losses when SSSD policy is adopted
instead of SSMD policy. (c) Variation in profit per unit time by varying retailer 1′s ordering cost,
inventory holding cost, manufacturer’s setup cost, production cost, inventory holding cost, and
material cost.
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5.2.3. Sensitivity Analysis

To estimate the effects of variation in the value of the key cost parameters on the profit
value and decision variables, a sensitivity analysis was performed on Example 2. The
results of the sensitivity analysis are exhibited in Table 5.

Table 5. Sensitivity analysis of key cost parameters for Example 2.

Percentage Variation
in Parameters

Percentage Variation in Optimal Values of Decision Variables and Profit
m p T TP

Cmt

−50 −20 −31.21 14.52 3.23
−25 0 −15.69 5.48 1.61

25 0 14.83 −7.42 −1.60
50 20 29.83 −11.94 −3.20

Cp

−50 0 −15.69 5.48 1.61
−25 0 −7.93 1.61 0.80

25 0 7.24 −4.52 −0.80
50 0 14.83 −7.42 −1.60

Ar1

−50 0 −0.52 −4.68 0.04
−25 0 −0.34 −3.55 0.02

25 0 −0.34 10.32 −0.02
50 0 −0.17 1.94 −0.04

hr1

−50 0 −0.34 −1.61 0.00
−25 0 −0.34 −1.29 0.00

25 0 −0.34 −1.61 0.00
50 0 −0.34 −1.94 0.00

hm

−50 40 −0.69 −1.29 0.06
−25 20 −0.52 −1.61 0.03

25 −20 −0.17 −1.61 −0.03
50 −40 −0.17 −1.61 −0.05

Cset

−50 −20 −0.69 −1.61 0.06
−25 −20 −0.52 −1.61 0.03

25 20 −0.17 −1.61 −0.03
50 20 −0.17 −1.61 −0.05

The results of the sensitivity analysis are discussed below.

• The magnitude of variation in the value of profit is different from the variation in
different cost parameters. The effect of variation in the value of each cost parameter
on the value of profit is illustrated in Figure 5c.

• The cost of production and the cost of materials affect the profit the most, while the
variation in the value of inventory holding cost of retailer 1 has no effect on the value
of the profit. Other cost parameters including manufacturer’s setup cost and inventory
holding cost, and retailer’s ordering cost have an insignificant effect on the value of profit.

• Variations in production and material cost have a significant and inverse effect on the
value of the retailers’ cycle time. The cycle time varies directly with variations in the
retailer’s ordering cost. Retailers’ and manufacturers’ inventory holding costs and
setup costs of manufacture have no significant effect on the value of the cycle time.

• The investment in the preservation is affected directly by the variation in the cost param-
eters. This effect is significant for cost of material and production cost, while other cost
parameters do not have a considerable effect on the value of preservation investment.

• Variations in production cost, retailer’s ordering, and inventory holding cost have
no effect on the value of the number of deliveries/shipments to the retailers per
cycle of the manufacturer. Variations in the cost of material affect directly, while that
in the manufacturer’s inventory holding cost and setup cost affect the number of
shipments/deliveries inversely.
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6. Managerial Insights

This model is applicable for the industries comprising single production and multiple
retailers’ setup, the produce of which is deteriorating products. Managers of such setups
strive to reduce the costs and keep the freshness of the products at various stages of the
supply chain. This model can help those managers to achieve their objectives by providing
an optimum level of preservation and multiple shipment policies, thus benefiting all the
players of the supply chains, and satisfying their customers with the best quality.

6.1. Insight 1—Transportation/Delivery Reduction

The rate of deterioration improves when preservation is used at retailers. Investing
an optimum amount in preservation technology not only improves the profit but also
increases the lot size per shipment/delivery. In such situations, managers should consider
those delivery trucks, which can deliver larger shipments to the retailers. Moreover, as
the cycle time of all the retailers is fixed to be equal, the transportation activities should
be accomplished in a way such that the same delivery trucks deliver the consignments
to all the retailers in one loop, thus minimizing the route distance, such that the cost
of transportation be minimum. The reduced number of deliveries also helps to avoid
environmental pollution which affects the life of human beings positively. Moreover, the
location of the retailing points is considerable while transporting the fresh food products,
as suggested by Liu et al. [62].

6.2. Insight 2—Demand Improvement

This research assumed different demands at each retailer due to the behavior of
customers within a specific region and location of the retailer. Each retailer can increase the
demand at their stores by doing local advertisements and consumer analysis. Therefore,
retail managers should carry out such advertisement practices within their area, so that
the sales be increased, and profit is improved. Besides, the selling price is also a critical
factor that affects the demand for a product. Managers can use such innovative tools in
collaboration with the consumers to increase their sales. This not only increases sales but
also contributes to environmental sustainability. Such innovative and sustainable solutions
can be achieved by engaging buyers in green product development.

6.3. Insight 3—Profit Maximization

The prime objective of the companies is to earn more profit by utilizing their resources
efficiently. Therefore, the managers of supply chains attempt to reduce several costs to
maximize the total profit. It is inferred from the numerical results that the production and
material costs affect the profit significantly. Thus, reducing these costs can improve the
profit significantly. On the other side, a decrease in any of these costs affects the other costs.
For example, a decrease in material cost reduces the quality of raw material, which increases
the production cost by producing more waste items. Similarly, a reduced production cost
produces more defective items, which ultimately calls for consuming a higher amount of
raw material to complete the production order. Therefore, managers should improve these
costs by improving the supplier selection process as well as improving the production
system [63].

6.4. Insight 4—Preservation during Transportation

As products under consideration are deteriorating in nature, therefore, it may be
necessary to provide preservation technology during transportation in some cases, e.g.,
for products such as ice cream, etc. Thus, the managers should consider such costs within
the cost of transportation. As is demonstrated by the results, shorter cycles of inventory
replenishments are more optimal for such deteriorating products. This will help to keep
the food products fresh for the consumers.
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6.5. Insight 5—Environmental Protection

An important insight of this study is environmental sustainability. The products that
deteriorated without effective preservation policies have adverse effects on the environment.
As a large an amount of waste as 33% of the total food produced in the world is alarming,
significantly disturbing the environmental balance and ultimately affecting the life of
human beings. The ultimate target of zero pollution can only be achieved by eliminating
food waste by using effective preservation policies and improving eating habits.

7. Conclusions

This study proposed a supply chain model for deteriorating products, where a single
manufacturer delivers finished products to multiple retailers in multiple shipments by
considering SSMD policy and unequal lot size. The rate of deterioration is minimized at
retailers with the help of preservation technology. The preservation investment decreased
the rate of deterioration, but the magnitude of the decrease in deterioration decreased with
additional preservation investment. The proposed study addressed the effect of preserva-
tion technology on a product’s lifetime, rate of deterioration, retailers’ cycle time, number of
deliveries to the retailers per manufacturer’s cycle, and profit of the system. It was proved
that the optimum level of preservation technology significantly improved the profit and
lifetime of the product. Besides, due to the reduced rate of deterioration by preservation,
the optimum value of the lot size and that of the retailers’ replenishment cycle increased,
while the number of replenishment/deliveries decreased, which not only reduced the
cost of transportation, but also provided retailers with more time to sell their products
without facing serious deterioration. This research examined the effect of the number of
deliveries/replenishments on preservation investment and the profit of the system. The
results of the experiments proved that the optimum number of replenishments/deliveries
required less preservation investment, while generating more profit, as compared to a
single delivery system (SSSD policy). It can be comprehensively concluded that the SSMD
policy takes advantage over the SSSD policy and preservation investment is profitable for
fresh food products within such a setup.

Limitations and Future Research Directions

This study has been conducted comprehensively to study the effects of preserva-
tion, shipment cycle, and number of shipments within the SSMD setup considering un-
equal lot size. However, there are some limitations, which can be addressed as future
research avenues.

• This research considered variable ordering cost, inventory holding cost, and selling
price due to several demographical, geographical, and setup structure reasons, which
can be modeled to extend this research.

• As the demand at each retailer is assumed to be different due to several reasons, those
reasons can be considered and modeled to improve the customer demand, e.g., by
considering local advertisement-dependent demand for each retailer, as considered by
Palanivel and Uthayakumar [64].

• This research assumed a constant size of each replenishment for a single retailer, which
can be considered as different for each replenishment, as proposed by Goyal [16].

• The proposed model considered that uniform preservation investment though the lot
size is different at each retailer. This model can be extended by relating the amount of
preservation investment to the lot size.
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Abbreviations

Index
i i = 1, 2, . . . , n, .
Variables
m number of shipments/deliveries to retailers per manufacturer’s cycle (number)
T retailers’ cycle time (time units)
p preservation investment at retailers’ level ($/unit/unit time)
Retailers’ Parameters
dri customer′s demand at i− th retailer per unit time (units/unit time)
Dri customer per cycle (units/cycle)
Ndi number (units/cycle)
PQri purchasing (units/cycle)
Io
ri on at any time t, 0 ≤ t ≤ T (units)

Iri total (units/cycle)
Ari ordering ($/order)
PCri purchasing ($/unit)
hri inventory ($/unit/unit time)
TCri total ($/unit time)
SPri selling ($/unit)
SRri sales ($/unit time)
TPri total ($/unit time)
TPr total profit per unit time of all the retailers ($/unit time)
Manufacturer’s Parameters
dm demand per unit time (units/unit time)
Dm demand per cycle (units/cycle)
P rate of production (units/unit time)
Ia
m on− hand inventory at any time t, 0 ≤ t ≤ t1 (units)

Ib
m on− hand inventory at any time t, t1 ≤ t ≤ mT (units)

Im total inventory carried during one cycle (units/cycle)
Np number of items produced per cycle (units/cycle)
Cset setup cost per setup ($/setup)
Cmt material cost per unit ($/unit)
Cp production cost per unit ($/unit)
hm inventory holding cost per unit per unit time ($/unit/unit time)
TCm total cost per unit time ($/unit time)
SPm selling price per unit ($/unit)
SRm sales revenue per unit time ($/unit time)
TPm total profit per unit time ($/unit time)
Other Parameters
TP total profit per unit time of the supply chain as a centralized system ($/unit time)
L maximum lifetime of the product (time units)
θ rate of deterioration
α degree of vulnerability to deterioration
x degree of effectiveness of preservation cost
k scaling parameter within production and demand at manufacturer
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