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Abstract

Food supply, safety and quality have become major concerns worldwide. Agri-food supply chains
(ASC) possess special characteristics due to the perishability of their products and the high uncertainty
of supply and demand. Furthermore, different sources of CO, emissions exist in an ASC due to
storage, transportation, and disposal of fresh produce. Thus to ensure the sustainability of the supply
chain, planning decisions have to be made with consideration of both economic and environmental
aspects. This work studies the effect of changing the order quantity in a two-echelon agri-food supply
chain on costs, emissions, and service level. A discrete-event simulation model is developed to include
stochastic demand and lead-time, the amount of CO, emissions along the supply chain, service levels,
and product lifetime effects. Simulation results show that reducing the order quantities can reduce
costs and emissions by 27.42 % and 18.21 %; respectively, without sacrificing high service levels.
Also, relying on costs or service level as sole objectives of the supply chain without consideration of
emissions can result in greater economic and environmental inefficiencies in management of inventory
levels.
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1. INTRODUCTION

Agri-food supply chain (ASC) has increasingly attracted the attention of practitioners and
academics over the last decade. This is in part driven by the global increasing concern about
food supply and quality and the special characteristics this supply chain possesses mainly due
to the perishability of its products and the high uncertainties in supply and demand. Two
categories of ASC exist: fresh produce products and processed products [1]. This work is
concerned with the fresh produce ASC. Fresh produce ASC is differentiated from classical
supply chains by the following [1-3]: (i) limited life time of the products and their
deterioration over time, (ii) seasonality in production necessitating global sourcing, (iii)
special requirements in storage and transportation to preserve quality, and (iv) necessity to
comply to national and international regulations relating to food safety and environment. Due
to these characteristics ASC are global supply chains extending mostly between developing
and developed countries. Although there is a significant increase in the percentage of research
published during the period from 2008 to 2013 addressing ASC, only 40 % focuses on
developing countries [4].

Models for planning ASC in general are still lagging behind compared to manufacturing
supply chains; ASC of fresh produce are even more lagging behind due to the logistical
complexities added by their limited shelf life [5]. Models that promise reduced deterioration
of perishable products with limited shelf life need further development to support
transportation and inventory decisions [5]; specifically, mathematical models in inventory
management usually factor demand and transportation lead time as either deterministic values
or stochastic with almost no evidence of using real life values for these two factors [4]. For
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that, discrete-event simulation is considered one of the most important tools that is widely
used for the analysis and study of supply chains in general [6, 7] due to its ability to handle
the challenges imposed by the stochastic nature of demand and other logistical factors such as
transportation along with the ability of applying simulation models to real life problems.

Furthermore, environmental issues play a considerable role when managing an ASC [8].
When focusing on CO, emissions, ASC has various sources for these emissions, which are
spread over the supply chain starting from the agricultural phase through the production,
distribution and consumption phases. Main activities initiating carbon emissions during these
phases are the use of fertilizers, the energy use in production, transportation, and inventory, in
addition to the food wastes generated throughout the supply chain due to perished products.

Inventory management imposes a crucial factor in ASC operations. Holding low levels of
inventory causes potential economic losses in case of unsatisfied demand. On the other hand,
holding excessive inventory levels not only increases the holding costs, but will also lead to
additional costs due to possible perishability of goods. In addition, due to the nature of the
product held in inventory, controlled temperature environment is usually needed resulting in
CO, emissions due to cooling. Even perished amounts of product result in further CO,
emissions due to waste inflicting an additional environmental burden due to the waste of
energy and other resources. Unfortunately, current inventory models consider environmental
aspects and waste minimization as secondary objectives with more focus on consumer
satisfaction and revenue maximization [4]. Hence, most of the inventory models would be in
favour of holding more inventories in face of uncertain demand and lead time.

Thus, the purpose of this paper is to study the effect of changing the order quantity under
stochastic demand and lead time in a two-echelon agri-food supply chain on both economic
and environmental performance measures of an ASC of perishable goods with limited shelf-
life (referred to as simply ASC throughout the text).

The uniqueness of this work lies in the fact that the combined complexity effect of
stochasticity in demand and lead time and the perishability of the product are taken into
consideration. Furthermore, the work lays more emphasis on the effect of operating the ASC
on the environmental aspects represented by CO, emissions resulting from the different
operations and from waste of product due to its perishability. Finally, a real-life case study is
presented; where, actual data is used to drive a discrete-event simulation model and to study
the effect of changing the order size on inventory levels, costs associated with it, and CO,
emissions. The choice of simulation for modelling and solution allows for the incorporation of
stochastic parameters intrinsic to real life problems. It further allows for a detailed analysis of
system performance, thus giving insights to managerial decisions. The remainder of this paper
is structured as follows. Section 2 presents a literature review of environmental efficient
practices in managing perishable inventory items. In Section 3 the addressed problem is
defined and formulated. A case study of a real-life ASC is presented in Section 4; while, the
results and analysis of the developed discrete-event simulation model are presented in Section
5. Finally, conclusions are drawn and potential areas for future research are highlighted in
Section 6.

2. LITERATURE REVIEW

This section reviews inventory decisions for perishable agri-food supply chains and
concentrates on perishability and environmental impact of ASC operations. Inventory control
of perishable items has been extensively tackled in literature. A comprehensive review of
perishable inventory is presented in [9, 10]. Both reviews classified models for deteriorating
inventory according to product lifetime and demand characteristics; yet, both did not consider
environmental implications of perishable inventory items. Traditional inventory policies were
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applied to perishable food products and simulation was used to find the optimal settings of the
inventory models parameters while considering shelf-life constraints [11]. Simulation was
also used in evaluating order policies in a supply chain of fresh produce and including costs to
reflect losses in shelf life of products [12]. Although both models considered perishability
when determining order quantities, they focused on minimization of costs and other
performance measures with no regard to environmental impact of supply chain operations.

Environmental aspects of inventory management have been tackled in literature for non-
perishable products. However, considering environmental impact of perishable inventory is
scarce [13]. Classical economic order quantity incorporated environmental aspects of
managing inventory to arrive at an inventory policy for any type of product that satisfies the
traditional cost objective at a minimal environmental impact [14-17].

A number of papers have been published to cover the environmental footprint of inventory
of perishable items. Examples of research conducted in this field are [13, 18-22] which
consider general perishable products, with the exception of [22], which investigates a
perishable ASC. It is observed that all models account for classical costs elements combined
with the environmental impact of the supply chain. Different approaches were adopted to deal
jointly with the cost and emissions objectives such as integration of several objectives through
&-constraint method [13] or compromise programming [19, 20].

The environmental impact in all of the reviewed work is measured in quantities of CO,
only or total greenhouse gases (GHG) expressed as CO,¢q emitted from the different supply
chain activities. The common source of emissions considered in all reviewed research is
transportation; other sources such as cooling [18, 22] and recycling [20] were also considered.

As to the uncertainty aspects of the perishable inventory, stochastic demand is only
modelled in two cases [20, 22] either using stochastic programming or simulation modelling.
In order to ensure environmental sustainability, risks associated with product quality
deterioration through the supply chain are sought to be minimized in [19] along with the costs
and wastage objectives.

It 1s obvious that the environmental and stochastic aspects of perishable inventory have
hardly been jointly addressed in the literature of the ASC. Thus the current research
contributes to the ASC research by the following; (i) a simulation model of perishable
inventory replenishment policy in a two-echelon ASC is developed to analyse the effect of
changing the order quantity on inventory cost and emissions generated while satisfying a
desirable service level, (ii) three sources of emissions are considered; emissions resulting
from transportation, cooling and waste, (ii1) two sources of uncertainty are modelled, which
are demand and lead time thus approaching real life situation, and (iv) the simulation model
is applied to a real-life case study for an international two echelon supply chain using real
values for demand and lead time.

3. PROBLEM DEFINITION

3.1 Supply chain activities

Consider an ASC consisting of two echelons; a producer (i) and a distributor (j) of a single
fresh product. The activities at the producer are as follows: upon receipt of quantity (Qf) of
the fresh product with an initial lifetime of (M) periods, the product is inspected to check
whether it is damaged, of lower grade, or of smaller expected lifetime. Products failing to pass
the quality check are disposed of or sold at a lower price. Good products are processed and
then stored in a temperature controlled environment and are shipped to the distributor on daily
basis. As mentioned before, ASCs are global supply chains extending mostly between
developing and developed countries and thus usually both truck and water transportation are
needed to move the product from the producer country to the distributer country.
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After transportation, quantities arriving at the distributor (qu) are dispatched to the retailer
according to a first in first out (FIFO) policy. The residual life of the items stored at the
distributer is checked at the end of each period before sending these items to the retailer. A
minimum allowable residual life value (7) is required for the product in order to reach the
retailer with an acceptable remaining shelf life. Outdated items having a remaining life less
than (7) are considered perished and are disposed of.

3.2 Sources of emissions

There are different sources of emissions resulting from the agri-food supply chain. In this
work, CO; emissions resulting from cooling, transportation, and perished product disposal are
considered. Due to perishable nature of the product it should be kept at temperature controlled
environment during storage at the producer and the distributor resulting in cooling emissions
at both echelons. During transportation, the product should also be cooled, resulting in even
more cooling emissions in addition to transportation emissions; as shown in Figure 1. Finally,
emissions are also generated when disposing of perished products.

Transportation and

Producer, i Cooling Emissions Distributor, j Cooling
/\/\ / Emissions
Cooling Perished
Emissions Product Flow /v Products
J/ i Demand | . \\/
Y™ ] Disposal
Emissions

Figure 1: Product and information flow in a two-echelon supply chain [based on [23]].
3.3 Problem statement

Based on the previous description, the problem is to determine the order quantity that the
producer has to place per period ¢ (Qf) in order to meet the variable distributer demand. This
order quantity has to be greater than the distributer demand (Df) due to the losses
encountered throughout the supply chain and due to the variable producer-distributer lead
time resulting from the different modes of transportation employed. The excess quantity that
the producer has to order is expressed as a percentage () of the demand, Djt as in Eq. (1).

Qf=D!(1+a) Vi, j (1)

The objective is to determine the effect of changing the « percentage and; hence, the order
quantities, on the total supply chain costs, carbon emissions, and service level (SL) while
using stochastic demand and lead-time. Further model assumptions are as follows:

No quantities are lost during transportation.

Ordering and unit transportation costs are constant.

No backorders are allowed. Unsatisfied demand is lost.

Selling price of each unit is constant and independent of product age.
No shortages at producer.

Warehouses capacity is unlimited.
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3.4 Supply chain costs

Total supply chain costs per period ¢ in Eq. (2) include the following elements: processing
costs incurred at the producer and the distributer, shortage, and transportation costs. Costs
incurred at the producer per unit product include: processing (cp;), holding (h;), and disposal
(cw;) costs for a fraction (f) failing to satisfy quality requirements. The total transportation
cost (CT;;) includes both truck and water transportation. Costs incurred at the distributer per
unit product include: processing (cp;), holding (h;), disposal of perished items (cw;), and
shortage costs (cy) that are incurred due shortages (S f) at any period ¢. The quantities on hand

at the distributor with a residual life (r) at the end of period ¢ are represented by the vector
(xjt,r); where, the status of these quantities is updated at the end of each period after satisfying

the period’s demand and disposal of outdated quantities (Ojt) with a residual life (r < 7).

TC' = qf(cp; + h; + cw;B) + qf;CTyj + qfjcpj + hy Xioy X[, + cw;Of + ¢S} ()

Since, the type of product flowing through the supply chain is food, the cost of disposing
the product goes beyond its purchasing cost. The cost of disposing any quantity is composed
of the sum of all costs incorporated until the stage of disposal in addition to waste processing
cost. In such a way the disposal of products is penalized, which is necessary due to the nature
and value of the product in food supply chains.

3.5 Carbon gas emissions

Three sources of emissions are considered in this model; these are cooling emissions from
stored and transported items, E,. in Eq. (3); emissions resulting from transportation by truck
and water, Erp in Eq. (4); and emissions resulting from disposal of waste products, E; in Eq.
(5). CO; emissions resulting from cooling (e.), truck transportation (er), water transportation
(ew), and disposal (e;) are measured in kilogram weight of CO, emitted throughout the chain
per unit of product.

E. = ec(Qit + qitj + xjt,r 3)
Erg = erqj; + e, qj; (4)
Ed = €4 OJt (5)

3.6 Service level

The third performance indicator is the service level in Eq. (6) is expressed as the fill rate,
which is the amount of demand (D]-t) fulfilled from the quantity on hand during each period z.

pt_st
’D—;’ > SL Vij,andt (6)

Shortage quantities at each period (Sjt) are represented in Eq. (7) as the maximum of zero

and the difference between the retailer’s demand and the sum of all quantities on hand at the
distributor with a residual life of (7) or greater.

st=(Df—xM.xt)"  vjandt @)

jr
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4. CASE STUDY

The proposed model has been applied to an actual agri-food supply chain extending between
Egypt (producer) and Netherlands (distributor). One type of fruit, oranges, is considered to
flow through the network. According to the Food and Agriculture Organization of the United
Nations (FAO), Egypt is the 7™ worldwide exporter of oranges [24]. This fact emphasizes the
economic importance and size of the product being dealt with.

4.1 Operational data

Demand by retailers in Europe is collected by the distributor in the Netherlands each week.
The distributor then reports the weekly demand to the producer in Egypt. Quantities arrive at
the producer from suppliers batched in pallets daily. Oranges are sent to a washing facility
and are then dried and inspected. Based on their quality level, oranges are classified in one of
three categories; defective to be disposed of, lower quality to be sold in open market, and
good products to be stored in a temperature controlled room to be further shipped to the
distributor. The producer applies stringent quality control to ensure the quality of the products
to meet consumer’s requirements. Historical data for one year have been collected, and
analysed to identify the percentage of defective and low quality products. It was observed that
on the average 3 % and 7 % of the quantities arriving from the supplier are disposed of and
sold to open market, respectively.

Multi-modal transportation is used in the current supply chain, where temperature
controlled containers are loaded on trucks until the port. Sea freight to the distributor is then
used. At the destination port, trucks are again used to transport the temperature controlled
containers to the distributor’s facility. When arriving at the distributor, pallets are stored in a
temperature controlled warehouse and their quality is checked on daily basis. Products having
a remaining shelf life less than 10 days are disposed of.

The supply chain is operating on a no backorder policy and any unmet demand is
considered as lost sales. In addition, due to the risks associated with demand and lead time
uncertainties and the risk associated with the quality of oranges at the producer and the
distributor; normally, excess amounts are ordered weekly by the producer. Based on historical
records of demand and order quantities, this excess quantity ordered in the actual ASC is on
average 30 % of the stated demand.

4.2 Numerical data

A number of probability distributions representing the demand, transportation, and the
operations performed at both producer and distributor are used. These distributions are based
on actual historical data collected at the facilities and fitted using Stat::Fit®. Furthermore,
deterministic data representing the different model parameters have been collected and/or
calculated for the current study. Table I lists these deterministic parameters; where, all
monetary values are expressed in producer’s currency (EGP). Waste cost at producer and
distributor include all costs incurred until disposal in addition to 10 % of the unit purchasing
cost to account for waste processing. Fixed costs do not affect the decision on the order
quantity. Thus fixed ordering cost and sales price to open market are neglected. The latter is
constant, since a constant percentage of products (7 %) is sold to open market. Shortage cost
is calculated as lost profit cost, which is the difference between the selling price and unit
production cost. Holding cost at both distributor and producer is mainly electricity cost used
for cooling.
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Table I: Model parameters values.

Parameter | Value Parameter | Value
ep; 300 EGP/ton cp; 125 EGP/ton
cw; 2,850 EGP/ton h; 216 EGP/ton
h; 192 EGP/ton ec 0.3273 kg of CO,/hr/ton of product
Cs 3,280 EGP/ton er 92.275 kg of CO,/ton shipped
CT; 130 EGP/ton ew 154.32 kg of COy/ton shipped
cw; 3,720 EGP/ton €4 620 kg of CO,/ton of product

As to emission factors, three sources of emissions are considered in the model; emissions
from electricity used in cooling, truck and water transportation, and emissions from disposal
of oranges. For the first source the emission factor is calculated by dividing the annual total
CO; quantity generated by electricity generation in Egypt (86 Mton [25]) by the total power
generated by all thermal power plants in Egypt in the same year of 2011 (129 GWh [26]).
This results in an emission factor of 6.648 x 10 ton of CO,/kWh. Finally, water and road
transportation emissions are adopted from [27] and waste disposal emissions from [28].

5. SIMULATION, RESULTS, AND ANALYSIS

A simulation model for the ASC presented in the previous section is developed in the
ExtendSim v9.0 simulation environment. The purpose of the model is to study and analyse the
effect of changing the (&) percentage on the supply chain costs, emissions, and service level.
The model is developed with the flexibility of changing the (&) value and collecting the
required outputs for the different experiments without the need to alter the model.

5.1 Performance metrics

In order to evaluate the system performance when using different order quantities, a number
performance metrics are used for the evaluation. Values for these measures are reported daily
and are averaged over considerably long simulation runs and for more than one replication (as
will be indicated in the simulation setup). The measures reported by the simulation
experiments fall into three categories: costs, emissions, and service level. The developed
simulation models report the average total values of costs and emissions as well as their
constituent elements (i.e. holding, production, waste, shortage, and transportation costs; and
cooling, transportation, and waste emissions).

5.2 Simulation setup

The simulation parameters are typically the warm up period, the replication length, and the
number of replications. Selecting the simulation parameters is vital to obtaining accurate
simulation results. To remove any initialization bias, the warm up period has been determined
by the Welch’s method and set at 100 days. All three performance indicators have been
investigated and the one requiring the longest time to reach steady state has been used to
determine the warm-up period. In order to ensure that a sufficient amount of data has been
generated in an experiment, a run length of 2 years (equivalent to 728 days) is selected and 15
replications for each experiment are performed. Thus the reported values for each experiment
are averages of 10,920 data points. Number of replications was determined using the
confidence interval method based on a confidence interval of 95 %. Again this choice has
been made by considering all three performance indicators. Finally, common random numbers
are used in all experiments to control the variability in the results and to ensure that the results
reflect the effect of changing the order quantity while reducing the effect of the randomness in
the model.
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5.3 Base model results and analysis

A summary of the results obtained for the base case describing the currently applied
replenishment policy is given in Table II. Due to the conservative policy of ordering 30 %
more than the required quantities to cope with demand variability, the large amounts of on
hand and perished quantities (reflected in average holding and perished cost per day) indicate
the presence of inefficiencies in the current system. However, a high service level is achieved
(99.86 %), which is confirmed by the negligible amount of daily shortage cost. Before
proceeding further with the analysis, the results obtained from the base model in terms of
quantities sold, perished, transported, etc. were confirmed by the supply chain manager.

Table II: Summary of results for the base case.

Cost Item EGP/Day | Emissions Kg of CO,
Holding Cost 44,215.26 Cooling 5,704.59
Perished Cost 25,607.69 Disposal 4,478.46
Transportation Cost 5,685.67 Transportation 10,621.65
Production Cost 5,302.41 Total Emissions 20,804.70
Shortage Cost 172.79

Total Costs 80,983.82 | Service Level | 99.86 %

5.4 Effect of changing the order quantity

To understand the effect of varying the order quantity on the different performance measures;
cost, emissions, and service level, the (&) percentage is varied from 5 % to 30 %.

Fig. 2 shows that both total emissions and costs, behave similarly with respect to the
excess percentage of order quantity; where, decreasing () results in decreasing both costs
and emissions. Yet, total costs behave differently for lower values of (&); where, total costs
tends to stabilise. This is due to the fact that reduced order quantities would result in more
shortage; and, hence an increase in shortage cost as shown in Fig. 3.
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g 80 —aA— Total Cost 2038 o

o T:' s —@— Total Emissions 9 ?:' "Li
o =70 18 = DOD
= 65 17 X
3 60 16 P
< 55 15 2
2 50 14 é’
= 45 13 b
40 12 ©

0% 5% 10% 15% 20% 25% 30% 35% 2

Percentage excess order quantity, a (%)

Figure 2: Effect on changing excess percentage (o) on total costs and emissions.

Further investigation of the relationship between total costs and total emissions is shown
in Fig. 4. The figure shows that reduction of the order quantity will result in reduction of both
total emissions and total costs with the same proportion as clearly indicated by the linear
portion of the graph. However, when further reducing the order quantities, emissions decrease
at a higher rate and total costs starts to stabilise due to the effect of shortage cost. Thus, if the
traditional cost reduction is considered as the sole objective for this problem, one would be
reluctant to further reduce the order quantities and; hence, missing an opportunity for further
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improving the environmental performance of the supply chain. Service level performance is
depicted in Fig. 5; where, service level increases with the increase of the excess order
quantity. A sharp increase is observed for a values ranging from 5 % to 19 %. Beyond 19 %
no major changes occur and a service level of 99 % and higher is achieved.
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Percentage excess order quantity, o (%)

Figure 3: Change in costs elements with respect to a.
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Figure 4: Relationship between total costs and total emissions for different o values.
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Figure 5: Effect of changing excess percentage (c.) on service level.

Fig. 6 shows the relation between all three performance measures: costs, emissions, and
service level for the different o values. The graph shows that for a service level between
92.28 and 98 %, the costs and emissions show slow increases. For a service level above 98 %,
both costs and emissions increase at a higher rate. Increasing the service level beyond 99 %,
causes a sharp increase in costs and emissions, this is unjustifiable in terms of costs and/or
emissions. This indicates the inefficiencies in the supply chain under study and also shows
that a large amount of emissions and costs can be saved without sacrificing the high service

493



Galal, El-Kilany: Sustainable Agri-Food Supply Chain with Uncertain Demand and Lead Time

level. With reference to both Fig. 5 and Fig. 6, a 99.02 % service level is achievable with an
excess order quantity («) of 19 %, would result in a total cost of EGP 58,780 and total
emissions of 17,015 kg of CO,. Meaning that, reducing the order quantity will decrease the
total cost by 27.42 % and the total emissions by 18.21 % while only sacrificing 0.84 % of the
current service level.
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Figure 6: Relationship between total costs, emissions, and service level for different o values.

It is also noteworthy to mention that increasing the excess quantity increases the disposal
costs, as more products are perished. Using an () value of 19 % would result in a disposal
cost of EGP 12,802 compared to a disposal cost of EGP 25,607 at an («) value of 30 %, which
is almost 50 % reduction in perished costs and; consequently, reduction in perished quantities
and disposal emissions by similar amounts. Thus, the recommended replenishment policy not
only reduces costs and emissions, but also meets the target of decreasing the amount perished
which is critical to the studied perishable food supply chain.

6. CONCLUSIONS

This work studied the management of inventory in a perishable good supply chain with
stochastic demand and lead time and with consideration of the environmental aspects of
operating the supply chain. The objective is to study the effect of changing the order quantity
on total supply chain cost, emissions, and service level. To this end, the problem under study
has been well defined, formulated, and solved using simulation. Formulation presented differs
from commonly used formulation of the perishable inventory systems by relating the order
quantity to customer demand directly. This simplifies the application and interpretation of the
model in real life cases. The model also helps in the consideration of important features
inherent to perishable good supply chains, namely product limited life time and product
quality, in addition to the stochastic nature of the demand and lead time. Three sources of
emissions have also been modelled; multi-modal transportation emissions, cooling emissions,
and disposal emissions.

The simulation model has been run using stochastic data derived from real life values
based on case study of an agri-food supply chain consisting of two echelons and extending
between two countries. The results reveal that the incorporation of carbon emissions in the
decision making process does not negatively impact the service level. Although a slight
reduction in service level occurred, other critical system performance measures improved
considerably. Thus, there is no contradiction or extra cost for incorporating environmental
objective, as some decision makers presume especially in developing countries. In fact, the
consideration of carbon emissions in the decision making process reduced the average total
cost for the selected case scenario by 27.42 % from the base case (with a 50 % reduction in
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perished costs and quantities) and reduced the total emissions by 18.21 % while reducing
service level by only 0.84 %.

Agri-food supply chains typically extend between developed and developing countries,
complicating thus the decision making process due to the considerable differences in
environmental legislation and in perceiving environmental impact importance by supply chain
actors. One of the problems facing developing countries is the limited availability and
accuracy of environmental data. The other is the lack or limited existence of environmental
legislation, which makes it difficult to include emissions as another objective for the model or
even set upper limits for emissions when modelled as constraints.

Areas to be considered for future research include the study of different environmental
management policy as cap and trade systems. Further sources of emissions as the impact of
packaging material may also be considered.
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