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Abstract

Food supply chain management is a critical global issue due to its impact on food costs and, consequently, everyone's life.
This study aims to optimize the location of central markets for fruits and vegetables in Jordan, which has significant cost
implications for various stakeholders including farmers, investors, infrastructure providers, and society at large. Notably, this
research is pioneering as it is the first to address central market locations in Jordan. The study focuses on optimizing total costs
while satisfying constraints that reflect stakeholders' needs, employment opportunities, accessibility, congestion reduction, and
minimizing long-distance travel. The problem is formulated as a mixed integer linear program (MILP) and solved using
MATLAB. We conducted a comprehensive process that included problem formulation, data collection, MATLAB
programming, and solution determination. Key findings include specifying the optimal locations for the central markets, as
well as the quantities to be shipped from farms to each central market and from each central market to retailers. Additionally,
a roadmap for improving central market status based on budget and priorities was developed. The study proposes a balanced
trade-off between cost reduction and implementation feasibility. It suggests limiting the number of potential central markets to
six, resulting in a total cost of 79.52 million JD and achieving a 26.50% savings compared to the current situation. This research

provides a practical framework for policymakers to enhance the efficiency of food supply chains in Jordan.
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1. Introduction

Food industries are vital for economic growth and
employment generation [1,2]. Agriculture, as a major
source of national income, forms the backbone of Jordan's
economic, social, and environmental development. Since
the founding of the Hashemite Kingdom of Jordan in 1946,
the agriculture sector has been a crucial driver of these
dimensions, significantly contributing to the gross domestic
product (GDP) [3,4,5]. According to the Department of
Statistics (DOS, 2009), the field crops and other agricultural
crops sector ranks among the top nineteen economic sectors
out of eighty-one sub-sectors contributing to the GDP.
Jordan relies on agriculture to be the economic base of rural
development through the investment of available resources
[3,4]. As a result, efficient vegetable and fruit supply chains
are critical components for ensuring the national economy's
long-term growth.

Since the establishment of the Hashemite Kingdom of
Jordan, and in response to population growth caused by
factors such as migration from neighbouring countries and
an increased demand for agricultural commodities at
reasonable prices, the idea of establishing a central market

* Corresponding author e-mail: mabargha@ju.edu.jo.

for vegetables and fruit has emerged. There is currently one
central market in Al- Juwaideh; the investment in this
project costs 25 million JD, which is equivalent to 35.26
USD, and annual revenues are estimated to be around 13
million JD, which is equivalent to 18.34 million USD. [6,7].

The agricultural sector is significantly influenced by
population growth, which necessitates the expansion of
farm production capacities to meet increasing demand
levels [8]. On the other hand, significant and continuous
changes in the quality of food products throughout the
supply chain have distinguished the food supply chain from
other supply chains in which commodities must be
delivered in more efficient and cost-effective ways from
farms to consuming regions[9]. Jordan's population in 2020
was estimated by the Jordanian Department of Statistics
(DOS) at 10.806.000 inhabitants in the most recent social
report [10], that has doubled more than ten times over the
last 55 years. This surge in population growth underscores
the essential role of transportation, now a fundamental
societal need consuming a substantial amount of oil-based
energy, consequently, this contributes to increased carbon
dioxide emissions and supply chain costs [11]. As the
agricultural value chain has grown increasingly intricate,
this complexity has led to challenges in adaptation and
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management, creating an imbalance of bargaining power
among the various actors within the chain. Consequently,
there has been a notable surge in research focused on
developing resilient food supply chains and sustainable
value chains to address these evolving challenges
effectively [12]. This shift has prompted supply chain
management to integrate sustainability into its core
practices [13]. Both environmental and economic issues
significantly impact reverse supply chain management and
are considered fundamental to the development of
sustainable supply chains [14]. In particular, fuel
consumption analysis has become crucial for local
governments in Jordan and decision-makers seeking to
ensure economic stability and environmental protection
[15]. Moreover, the escalating problem of air pollution,
largely driven by automobile emissions, has become a
critical concern in large and medium-sized cities across
various countries, where vehicle exhaust has emerged as a
major contributor to air quality deterioration [16].

In light of the critical impact of affordable fruits and
vegetables on the environment, health, and economy, there
is a pressing need to thoroughly examine and understand the
associated supply chain dynamics [17].In the context of
supply chain management, the allocation of quotas to
distributors is a critical decision-making component,
particularly under conditions of distributor and demand
uncertainty. These uncertainties add another layer of
complexity to the supply chain management of many firms,
affecting overall efficiency and cost-effectiveness [18]. In
this regard, facility location emerges as a critical aspect of
strategic planning for both public and private enterprises
[19]. Hence, the facility locations decisions are critical to
the efficient and effective operation of a supply chain [20].

Economic analysis is inevitably an important tool in the
decision-making process. One engineering economy aspect
is devoted to decision making among alternatives [21]. The
goal of a facility location problem (FLP) is to locate
facilities in such a way that the costs or distances involved
are minimized. Inadequate plant locations can result in
unnecessary and excessive costs, regardless of how well
transportation plans, inventory policies, and information
sharing policies are revised, updated, and optimized [20].

The objective of this study is to identify the most
efficient sites for fruit and vegetable central markets in
Amman governorate, aiming to minimize overall costs
while addressing diverse stakeholder requirements.
Through an exhaustive review of existing literature, it
became evident that no prior research has explored this
specific issue within the Jordanian market. To achieve our
research goals, we will develop a robust mathematical
model and utilize MATLAB to derive optimal location
solutions for these central markets. This approach
underscores our commitment to pioneering research in this
field and providing actionable insights for stakeholders
involved in the fruit and vegetable supply chain in Amman
governorate.

The SCM methodology strives to maximize profitability
through efficiency, achieve customer satisfaction, and
enhance value in order to optimize the global logistics
network [22].

When establishing a new manufacturing plant or
distribution warehouse, transportation costs are a critical
factor, as they depend on the distance between the new

facility and other related locations, such as raw material
depots, feeder factories, or customer warehouses. To
minimize overall transportation expenses, it's essential to
determine the optimal location of the new facility based on
these distances. The weight of materials and the frequency
of their movement also play a significant role, as optimal
decisions hinge on the cost per distance unit and the number
of trips required within a given time frame [23].

The facility location problem in supply chain
management is well studied in the literature. Several facility
location research focused on developing efficient
algorithms to solve complex mathematical models
[24,25,26]. Whereas others focused on developing a
realistic model to solve the real-life problem arising in
several industries including emergency humanitarian
logistics [27], healthcare [28], food supply chain [29], fruit
and vegetables supply chain [20], wireless charging
facilities for electrical vehicles [30] and in obstacle
avoidance and travel path determination [31]. The facility
location problem in most research is modelled as a hard-
mixed integer programming [20,29,32, 33]. Exact
techniques are not useful in solving hard-mixed integer
programming, as an alternative search technique, such as
genetic algorithm [11, 34], and bender decomposition [29,
35] were used to give accurate optimal solutions.

The operational research models had more attention and
interest regarding the decisions related to the fresh fruit
supply chain are routing, transport, planning, and allocation
problems, while integer or mixed integer and linear
programming is the predominant modelling technique [36]

The most common method for developing FLP models
is to use integer programming (IP). IP is a type of linear
programming in which some or all of the decision variables
must be non-negative integers. When all of the variables
have integer values, the problem is referred to as a pure
integer programming problem [37]. The mixed-integer
programming (MIP) model, on the other hand, is a variant
in which some variables are real, and some are integers, or
at least one variable is an integer. It may have a binary
variable that can be assigned 1 or 0 to indicate whether an
entity is active or not [37,38].Mixed integer programs
(MIPs) are known for being difficult to solve. Branch-and-
bound and decomposition are two seminal and widely used
techniques for solving MIPs [39].

The subsequent sections of this paper are organized as
follows: Section 2 outlines the methodology. Section 3
elaborates on the problem definition, followed by Section 4
which introduces the MILP model formulation. Section 5
details the data collection process, while Section 6 presents
the results of solving the MILP model for the optimization
problem under consideration and the sensitivity analysis.
Finally, Section 7 offers the conclusion of the study.

2. Methodology

The objective is to find the optimal locations for fruit and
vegetable central markets in Amman governorate using the
facility location model to minimize the total cost. We tackle
this research problem through various steps. In particular,
the work will be divided into five sequential phases as
depicted in Figure 1. In the first phase, the supply chain of
this problem is to be defined and described. Secondly, the
facility location model will be formulated using mixed
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integer linear programming (MILP). After that, the required
data is collected from different ministries and governmental
institutions. Then, the model is solved using MATLAB.
Finally, the results are analyzed. The five phases are
discussed below in details.

Phase 1: Define the supply chain structure. This initial
phase is considered to be the foundation in defining and
obtaining the variables and parameters used in formulating
the model. The supply chain structure for the problem is
defined and described carefully. In this phase, the suppliers,
customers, stages in the chain, assumptions and
terminologies will be defined.

Phase 2: Formulate the facility location model using
MILP. With a finite set of candidate central markets, the
problem is considered to be a discrete optimization
problem. This location problem is formulated as a mixed
integer linear programming model, the objective function is
to minimize the total cost while achieving stakeholders’
satisfaction. Total cost includes transportation costs and
rental costs of central markets.

Phase 3: Collect Data. Data collection is the process of
gathering information on variables of interest to help in
solving the research problem. There are different methods
that vary by discipline used in data collection, but the
emphasis is on ensuring accurate collection of data. Data on
the production capacities of farms, capacities of central
markets, distances between different locations, unit cost of
transportation and many other data will be required to
formulate an accurate model that represents the research
problem on a realistic basis.

Phase 4: Solve the model using MATLAB. In this phase,
the mathematical will be coded in MATLAB. Intlinprog
function in MATLAB will be used to solve the mixed
integer linear programming, data will be entered into Excel
and MATLAB, then will call for the data to solve the
problem.

Phase 5: Analyze the results.

In this phase, the solution obtained from MATLAB will
be analyzed and the results will be discussed to gain useful
insights.

* Define the supply chain structure

Phase 1

» Formulate the facility location model using MILP
Phase 2

i1t * Collect Data

+ Solve the model using MATLAB
Phase 4

€€E€K

+ Analyze the results

Phase 5

Figure 1. The Research Methodology
3. Problem Definition

The supply chain starts with farmers growing the
vegetables and fruit. The commodities from farms are
aggregated to supply central markets. The central markets
supply the retailers based on their demand. Customers then

buy commodities from retailers’ shops and use them in their
daily life. The general supply chain for vegetables and fruit
in Jordan is defined as shown in Figure 2.

Central Markets Retailers

Farms

Flow of Demand

Flow of Commodities

Figure 2. Supply chain for vegetables and fruit in Jordan.

The supply and distribution structure are planned and
designed according to the specific problem under
consideration. It is assumed that the farms are local to the
central markets, meaning they are situated at various
locations throughout Jordan. According to the Department
of Statistics, Jordan is divided into two main regions: the
upland and the Jordan Valley. The upland farms are further
subdivided into twelve areas, while the Jordan Valley farms
are divided into four areas [40, 41].

It is assumed that each farm can serve more than one
central market. Figure 3 shows the location of farms on
Google Maps as yellow stars, while Table 1 shows a sample
of the farms, proposed central markets and retailers with
their longitude and latitude lines, the locations were

specified using Google Maps.
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Figure 3. Jordanian Farms Locations using Google Maps as yellow
stars

The central markets distribute vegetables and fruit crops
to retailers, with each market potentially serving multiple
retailers and each retailer receiving supplies from various
central markets to meet demand. Initially, we identified
twenty candidate locations for the central markets through a
comprehensive evaluation of multiple factors. This
selection process was multidimensional, incorporating
expert suggestions and researchers' opinions to ensure the
suitability and effectiveness of each location. Additionally,
stakeholder consultation was integral to the selection
process. We actively sought input from local farmers,
retailers, and government officials to understand their
preferences and requirements for central market locations.
Their insights provided valuable guidance in identifying
areas of opportunity and addressing potential challenges.
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Additionally, the availability of essential infrastructure
was carefully assessed to ensure the feasibility of
establishing central markets in each candidate location.
Factors such as utilities, and transportation networks were
considered to avoid logistical complications and additional
costs. Figure 4 shows the locations of potential central
markets on Google Maps. According to the latest report
conducted by the DOS in 2020, Amman governorate is
divided into nine counties; these counties are divided into
112 different localities [10].
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Figure 4. The potential locations of central markets as yellow stars.
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using mixed integer linear programming (MILP). The
objective is to minimize total costs, while the constraints are
designed to reflect a realistic scenario. This multi-echelon
model includes supply from farmers to central markets and
then to retailers. Farmers have known production capacities
and operate on a multiple sourcing basis, allowing a central
market to receive supplies from various farms. Likewise,
central markets also follow a multiple sourcing approach,
enabling retailers to be supplied by multiple central
markets. Retailers have known demand and capacity for
commodities.

Given these considerations, the facility location problem
is depicted in Figure 6, illustrating the multi-echelon supply
chain from farmers to central markets to retailers. The MILP
model determines which potential central markets should be
established and the quantities to be distributed throughout
the supply chain. The objective function and constraints are
linear, making it suitable for linear programming. The
decision to establish a central market is represented by a
binary variable, while the quantities distributed from farms
to central markets and from central markets to retailers are
continuous variables. Consequently, the model is
formulated as a mixed integer linear programming problem.

Table 1. A sample of the farms, potential central markets and
retailers with their latitude and longitude coordinates.

For our problem, twenty of these localities were No.  Farms (Latitude, Longitude)
combined with other localities due to the lack of their L Amman (31.827286, 35.924921)
accurate locations. After combining localities, we get 92 2. Irbid (32.556999,35.848226)
diff localiti ith | lati f 4536500 3. Balga (32.075076,35.6644898)
di en_ant oca |jues with a total population of 4, 5 4 Karak (31183215 35.688399)
inhabitants, which represent 41.98% of the total population Potential central markets
of the Kingdom of Jordan. These 92 locations will be Naur (31.826748, 35.778479)
assumed the locations of retailers and their demand for Naur (31.857518, 35.722174)
vegetables and fruit crops must be satisfied. Figure 5 shows Al Juwaideh (31.866366, 35.957309)

. s . Al-Naser (31.953215, 36.001138)
a sample of retailers’ locations on Google Maps. Once the Retailers
retailers are thus identified, the resulting distribution system 1. Abdali (31.970753, 35.908968)
is formulated as a facility location model with the retailers 2. Ras Al Ain (31.924582, 35.926167)
as customers. 3. Al Madenah (31.955751, 35.944563)
4, Zahran (31.955954, 35.894724)
4. Model Formulation
Considering the supply chain structure and the
underlying assumptions, the research problem is modeled
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Figure 5. Sample of retailers’ locations as gray flags.



© 2024 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 18, Number 4 (ISSN 1995-6665) 881

: 4 Central >
e Market 1 "
o “
N Central
B Market 2

A

: Central A
’ Market 19 i [:
\ ;
Central A [:
Market 20 2

Figure 6. Central markets location problem model.

4.1. Considerations and Assumptions for the Central
market Location Model

The facility location model is a discrete optimization
problem with the potential candidate sites for central
markets. The assumptions and considerations are as
follows:

A multi-facility location model for which the number of
potential central markets is twenty, they are proposed to be
in different locations in Amman governorate.

A multi-echelon model with farms to central markets to
retailers.

Agricultural production capacities for farms are known.

A single-commodity distribution model, assuming all
commaodities to have the same characteristics.

The central markets are assumed as multiple sourcing, i.e.,
one retailer can be served by more than one central market.
The time horizon is static (i.e., the quantity to be shipped
between locations doesn’t depend on time).

Each of farms production capacities, crop demand, central
markets and retailers’ capacities, rental costs, and quantities
to be shipped through the supply chain are aggregated to
represent one year.

Potential central markets are assumed to serve Amman
governorate.

Unit cost of transportation differs depending on the type of
trucks to be used, for this problem the type of trucks used to
move commodities from the farm to the central market is
known.

Retailers’ capacities are assumed to be larger than the
demand in thatregion.

Distances between farms and central markets and between
central markets and retailers represent actual routes between
locations.

If there is more than one route between any two locations,
the average value was calculated and considered, to
decrease the risk of inaccurate coordinates of the locations.
Trucks information was gathered from drivers who are
working with vegetables and fruit transportation field.
Transportation costs have been calculated from truck
characteristics.

Most of the data have been gathered from ministries and
governmental institutions represent the latest data they
have.

Central markets are assumed to be smaller in area than the
current central market in Al Juwaideh; a candidate central

market is assumed to extend over 50 Dunam (30% of the Al
Juwaideh central market)

Rental cost represents the cost of the land, infrastructure,
and buildings.It will be assumed 100,000 JD equivalent to
141,045 USD for all candidate central markets.

For the current situation, the rental cost will be assumed
2,000 JD equivalent to 2,820USD,because Al Juwaideh
central market exists and works.

The unit of quantities to be shipped through the supply
chain, central markets capacities, retailers’ capacities,
demand, and farms production capacities are in “ton”.
Assume that the unit transportation cost from the central
markets to the retailers is 1.3 times the unit cost from farms
to central markets, to compensate for traffic and congestion
time within cities and truck type, according to drivers who
make trips to move fruit and vegetables.

According to interviews performed with fruit and vegetable
retailers inAmmangovernorate, the average truckload is
60% of the truck full capacity.

According to interviews performed with farmers in Jordan,
the average truckload is 90% of the truck full capacity.

4.2. Notations

i: Farms,i=1,2,3,....,16.

j: Central Markets, j = 1,2,3,...,20.

k: Retailers, k=1,2,3,...,92.

a: Unit transportation cost from farms to central markets

(JD/ ton. km).

b: Unit transportation cost from central markets to

Retailers (JD/ ton. km).

RCj:Rental cost at central market j.

dij : Distance between farm i and central market j.

drjk: Distance between central market j to Retailer k.

D« : Demand of commodities in Retailer k.

Pi: Production capacity of farm i

Li: Lower limit to be supplied from farm i.

Wj : Capacity of central market j.

Rk : Capacity of Retailer k.

TC : Total supply chain cost.

Zj: Binary variable to determine whether central market

j is established or not, if solver had selected Z=1; This

central market will be established, then Xijand Yijkwill

then dictate the amount of trade.

e Xi: Quantity shipped from the farm i to the central
market j.

¢ Yijk: Quantity shipped from central market j to retailer k.
In this research problem, the objective function aims to

minimize the total cost (TC) which is divided into

transportation cost and rental cost of the potential central

markets.

Subjected to:

1. Vi € 1,%%2, X;; < P;, the amount shipped from any farm
i to all centralmarkets j is less than or equal to the farm
production capacity.

2. Vi€l ij-ngij > L;, each farm has a lower amount to
be shipped toAmman’s central markets. This constraint
represents the realistic situation where every Jordanian
farm supply fruit and vegetables to Amman
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governorateeven if the demand at Amman governorate
is satisfied.

3. Vj €],%i8 X;j <W; x Z;, the amount shipped from all
farms to anycentral markets j is less than or equal to the
central markets capacity if it is open.

4. vj € ], %18 Xij = Y21 Yk, where inflow = outflow, all
commoditiesenter any central market from different
farms should be distributed to theretailers.

5. 5212,- < 20, maximum number of potential central
markets to beestablished is twenty.

6. Vk € K, %32, Yy = Dy, all amount shipped from all
central markets toany retailer must equal to the Retailer
demand (Customer satisfaction).

7. Vk € K, %32, Yy < Ry,the amount shipped from all
central markets toRetailer k is less than or equal to the
Retailer’s capacity.

8. Xi,Yjk = 0. Non-negativity constraint (The decision
variables for quantity should be non-negative).

9. Zj=1, central market if j is established, or 0 otherwise.

5. Data Collection

Data on the production capacities of farms, capacities of
central markets, distances between different locations, unit
cost of transportation and many other data will be required
to formulate and solve an accurate model that represents the
research problem on a realistic basis. Ministries and
governmental institutions such as the Ministry of
Agriculture (MOA) were visited several times to gather
realistic and accurate information and data.Then, an
extensive effort was expended to organize and filter
information, as well as work to obtain data in an orderly
manner for building the MILP model. Farms production
capacities were collected from the Ministry of Agriculture
and the DOS, where the total production capacity of
Jordanian farms in 2019 was 2,290,973 tons [30].

The demand that must be satisfied at retailers’ regions is
affected by two different factors which are the population
of retailers’ regions and the average annual consumption of
fruit and vegetables for inhabitants of that region. Using the
latest report conducted by the DOS in 2020, the population
of the 92 localities that represent retailers is4,536,500
inhabitants ~ which  represent Amman  governorate
population, and using the latest survey conducted by the
DOS about the average annual consumption of household
member from food item in 2013, it was found that a
household member living in Amman governorate consumes
205.28 Kg of vegetables and fruit in the year. It was found
that Amman governorate consumed 931,252tons of fruit
and vegetables in 2020. After determining the retailers’
demand, the retailer’s capacities will be assumed to be
larger than the demand needed in any retailer region.

As reported by the MOA, the annual capacity of Al
Juwaideh central market-which extends over 168 Dunam- is
1,000,000 tons. Moreover, as can be noticed from the
objective functionequation the unit transportation costs, the
distances between locations and the rental cost for any
candidate central market are needed to run the model.

Unit transportation cost data were gathered and
processed using two different ways, the first one was by
asking a driver-who makes trips to transport fruit and
vegetables- about how much it costs him to move
commodities between locations, and the second way was by

calculating the unit cost based on trucks information.
According to the driver, the unit transportation cost
increases 1.3 times when the trip is within
Ammangovernorate boundaries (from central market to
region inside Amman governorate) because of time lost in
the traffic and the type of the truck, which is KIA/Bongo.

The distances between farms and central markets and
between central markets and retailers are specified using
Google Maps by entering the coordinates of the locations
and then reading the route distance manually because of the
lack of an automated procedure of doing that. In many
cases, there will be more than one route with different
distances. If the routes difference is 10 kilometres or more,
we take the average of the routes.

This procedure was used to determine and specify the
total of 2160 distances between each farm and each central
market and between each central market and each retailer.
Table 2 shows a sample of the distances between farms and
central markets and the distances between central markets
and retailers. Moreover, the rental cost of any candidate
central market is divided into three major categories which
are land cost, infrastructure, and building costs. The annual
rental cost of any candidate central market will be assumed
100,000 JD equivalent to 141,045 USD.

Table 2. A sample of distances between Farms and central markets
in km.

Farms / CM 1 2 3 4 5 6

1 246 328 11.1 345 119 46.6
122 132 110 100 118 96
619 592 505 586 537 689
129 130 124 144 126 153
5 214 225 209 228 202 237

CM/ Retailer 1 2 3 4 5 6
1 246 252 276 251 319 215

E NS ]

2 29.4 341 407 294 358 263

3 21.8 1.1 185 219 151 14.1

4 21.5 16.8 87 153 104 206

5 31.8 22.6 337 268 252 269
6. Results

6.1. Solving the MILP

Initially 20 possible central market locations were
selected as shown in Figure 4. These suggested locations
were distributed within a widespread area and distances
between the farms and retailers were calculated using
Google Maps. The proposed central markets are Na'ur
(CM1), Na’ur (CM2), Al Juwaideh (Amman current central
market CM3), Al-Naser (CM4), Al Ghubaiyah (CM5),
Ohud (CM6), Irag Al Amir (CM7), Al- Hummar (CM8), Al
Ghrous (CM9), Al Dmenah (CM10), Al Tatwir (CM11),
Abu Nseir (CM12), Near Amman Development Corridor
(CM 13), Marj Al Furs (CM14), Al Hraij (CM15), Areinba
Al Gharbiyah (CM 16), Dhuheibah Al Gharbiyah (CM 17),
Al Qastal (CM18), Al-Muwaggar (CM 19), Al Quneitirah
(CM20).

The mathematical model was coded in MATLAB. The
optimization problem was represented in matrix form, then
Intlinprog function in MATLAB was used to solve the
mixed integer linear programming model, data were entered
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into Excel, and then MATLAB will call for the data to solve
the problem. The optimal solution was found after coding
and running the mixed integer linear program model using
filtered data collected from various official sources in
Jordan. The model was run on 20 different scenarios in
which the value of maximum number of potential central
markets to be established (3Z) varies from the current
situation, with 1 central market, to 20 (the proposed central
markets) to find out the optimal solution in each scenario
and to show the improvement/reduction in total cost as the
maximum number of allowed central markets changed.
Table 3 shows the objective function (total cost), the central
markets to be established for the different scenarios, and the
corresponding X% as a Proportion shipped amount from all
farms to each central market. It clearly shows that as the
number of proposed central markets increases, the total cost
of the supply chain decreases, leading the optimal solution
to stay unchanged from scenario Y Z< 12 to scenario Y Z <
20 with the same total cost = 78.04 million JD and 12 central
markets to be established. It can be noticed that the highest
total cost is at > Z= 1 (which is the current situation) with a
total cost=108.20 million JD.

Table 3. Optimal Solutions for Different scenarios when changing

yZ

883

YZ=< Objective Potential central markets and
Function corresponding X% as a Proportion
(Million shipped amount from all farms to

JD) each central market
CM8 13.1%
CM5 4.7%
CM13 5.7%
CM1 2.5%
10 78.31 CM3 10.5%
CM12 20.3%
CM10 12.8%
CM4 19.6%
CM18 2.9%
CM8 13.1%
CM5 4.7%
CM13 5.7%
CM1 2.5%
CM9 8.0%
11 78.06 CM3 10.5%
CM12 18.2%
CM10 14.8%
CM4 15.5%
CMI8 2.9%
CM8 13.1%
CM5 4.7%
CM13 5.6%
CM1 2.5%
CM9 8.0%
CM14 6.2%
12 CM3 10.5%
13 CM12 18.2%
14 CM10 14.8%
15 CM4 15.5%
16 CM18 0.6%
17 78.04 CM8 13.1%
18 CM5 4.6%
19 CM13 3.7%
20 CM1 2.5%
CM9 8.1%
CM14 6.2%
CM16 2.4%

6.2. Optimal number of central markets as a roadmap

YZ< Objective Potential central markets and
Function corresponding X% as a Proportion
(Million shipped amount from all farms to

JD) each central market
1 108.20 CM3 100%
2 94.82 CM3 67.7%
CM12 32.3%
3 87.01 CM3 35.5%
CM12 32.3%
CM10 32.3%
4 82.89 CM3 18.7%
CM12 27.1%
CM10 29.3%
CM4 24.9%
5 81.19 CM3 16.9%
CM12 27.1%
CM10 25.9%
CM4 24.9%
CMI8 5.1%
6 79.52 CM3 16.9%
CM12 16.7%
CM10 23.3%
CM4 24.8%
CM18 5.1%
CM8 13.1%
7 79.16 CM3 17.5%
CM12 16.7%
CM10 21.3%
CM4 24.9%
CM18 3.9%
CM8 13.1%
CM1 2.8%
8 78.82 CM3 10.7%
CM12 21.9%
CM10 21.7%
CM4 19.6%
CM18 2.5%
CM8 13.1%
CM5 4.6%
CMI13 5.7%
9 78.55 CM3 10.5%
CM12 21.9%
CMI10 19.2%
CM4 19.6%
CM18 2.9%

Table 3 can serve as a road map for a step-by-step
process of improving the status of central markets based on
available budget and priorities. As responsible authorities
when planning to establish new central markets in Amman
governorate, they can prioritize the establishment of central
markets based on total cost in a scientific, systematic and
orderly manner. Moreover, it also shows and the
corresponding X% as a proportion shipped amount from all
farms for each central market to be established.

From Table 3, initially CM3 is what country now have,
the model indicated that the best location to add is CM12.
So, if the country has decided to proceed, it is better to
establish CM12 which will reduce the total cost to 94.82
million JD with 32.3% of the total market sales will go to
the new market. Now if more funding is available, it is better
to establish CM10 which is expected to have a sale
proportion of 32.3% and will reduce the total cost to 87.01
million JD, and so on.

Figure 7 shows that when a new potential market is
created (represented by circles), the distribution of arrows
representing variable X changes, as do the amounts to be
shipped from farms (represented by squares), to achieve the
optimal value of the objective function (total cost).
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(a) Current situation Y Z=1 (b) >7=2

MOVE (d) ¥Z<4

(€275 ) >Z<6

Figure 7. Arrows represent the flow of the X variable from farms to potential central markets, with yellow circles indicating central market
locations and green squares representing farms.
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Figure 8 shows the decrease in the total cost as the
optimal solution is reached at > Z < 20 with an objective
function = 78.04 million JD and 12 central markets to be
established. As a result of trade-off between the
improvement in the optimal solution (total cost) and the
level of effort, time needed and complexity, the researchers
proposed to implement a feasible solution with 6 central
markets to be established.

110
105

Objective Function in
million JD

01234567 891011121314151617181920

Number of potential central markets( 32)

Figure 8. The objective function in million JD for different feasible
solutions.

At the feasible solution Y Z < 6 with an objective
function = 79.52 million JD and 6 central markets to be
established, the central markets to be established are:
10.Al Juwaideh (CM3)
11.Al-Naser (CM4)

12. Al Hummar(CM8)
13.Al Dmenah (CM10)
14.Abu Nseir (CM 12)
15.Al Qastal (CM 18)

With all farms supplying Amman governorate with fruit
and vegetables. The red stars, in Figure 9, shows the feasible
solution of the solver at Y Z <6 in terms of locations of the
fruit and vegetables central markets. The solution also
specifies the quantities to be shipped from each farm to the
central markets, and from each central market to the
retailers to satisfy the demand.
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Figure 9. The feasible central markets locations at ' Z <6 (red stars)

Furthermore, the researchers investigate the supply
chain cost savings of the proposed multiple-markets
solution versus the current situation with one central market
(Al Juwaideh. Table 4 shows (in USD monetary equivalent
values) the comparison and the anticipated saving in the
case of )'Z<6 to be 26.50%.

Despite the large difference in rental costs, where the
current rental cost of the Al Juwaideh central market was
assumed to be 2,820 USD and the rental cost for each

potential central market was 141,045 USD, the anticipated
savings may reach 40.44 million USD, which encourages
and supports the implementation of this study.

Table 4. Comparison between current and feasible situation at
>7<6.

Situation Number of Objective Savings in Savings
Central Function Usb %
Markets
Current 1 152.60 million
Usb 40.44 million 26.50%
Proposed 6 112.16million USD

usbD

6.3. Sensitivity Analysis

In this section, sensitivity analysis is conducted to
evaluate how changes in demand level, unit transportation
costs, and fixed costs of central markets affect the optimal
solution of a Mixed Integer Linear Programming (MILP)
problem. The focus is primarily on understanding which
input variable has the most significant impact on the
solution.

A. Demand level Change

The demand level was changed each time by a certain
percent and the change in the optimal solution will be
observed, we conducted 19 different scenarios. The results
demonstrate that as demand levels increase, the objective
function—which represents the supply chain cost—also
increases. Specifically, the number of optimal central
market locations rises with higher demand levels, indicating
a need for more facilities to meet increased demands. For
example, doubling the demand in Amman governorate
results in an increase from 12 to 13 optimal locations.
Figures 10 and 11 illustrate the correlation between demand
variations and the objective function, as well as the number
of optimal central markets, respectively. The sensitivity
analysis highlights that both the cost and the number of
required central market locations are directly proportional
to changes in demand levels.

B. Unit Transportation Cost

The second variable to be addressed is the unit
transportation cost, sensitivity analysis examines how
variations in unit transportation costs impact the optimal
objective function and the number of central markets. The
analysis focuses on the costs associated with transporting
goods from farms to central markets and from central
markets to retailers. The unit transportation cost was
adjusted incrementally in 19 different scenarios, with all
other variables held constant. The results reveal a direct
correlation between increases in unit transportation costs
and both the objective function value and the number of
central markets. As transportation costs rise, the objective
function increases due to higher overall supply chain costs,
and the model outputs for more central markets to mitigate
these costs. Figures 12 and 13 illustrate that as the unit
transportation cost increases, the cost of the supply chain
and the number of central markets rise, reflecting the trade-
off between transportation expenses and central market
costs.
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Figure 10. Sensitivity Analysis for The Demand Level.
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Figure 13. Number of Optimal Central Markets as the Unit Transportation Cost Changed.
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C. Fixed Cost Variable

This section of the sensitivity analysis investigates how
variations in central market fixed costs affect the optimal
objective function and the number of central markets
needed. The analysis involves adjusting the fixed cost of
central markets by various percentages and observing the
resulting changes in the model's outputs. The results
demonstrate that increases in central market fixed costs lead
to a rise in the objective function, reflecting higher overall
supply chain costs. As the fixed cost rises, the number of
central markets decreases since fewer but potentially larger
and more expensive markets are used to minimize overall
costs. Conversely, reducing the fixed cost allows the model
to use more central markets, which lowers the objective
function slightly but increases the total number of markets.
Figures 14 and 15 illustrate the effect of changing fixed cost
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on both optimal objective function and the number of
central markets needed.
D. Sensitivity Analysis Conclusion

The spider diagram, depicted in Figure 16, displays
increments for all selected input variables along the x-axis
and illustrates their corresponding outputs through a series
of line graphs. The increasing slope in these graphs
indicates that as the impact on the supply chain cost rises.
Sensitivity analysis revealed that among the three
parameters—demand level, unit transportation cost, and
central markets' fixed cost—the unit transportation cost has
the greatest influence on the supply chain cost. Following
this, the demand level has a significant but lesser impact,
while the central markets' fixed cost has the smallest effect
of the three variables.
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Figure 14. Sensitivity Analysis for The Fixed Cost.
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Figure 16. Sensitivity Analysis for The Studied Parameters.
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7. Conclusion
7.1. Research Implications

The application of the facility location problem to the
vegetable and fruit supply chain in Jordan has significant
implications for improving supply chain efficiency and
reducing costs. By developing a multi-echelon, single-
commodity facility location model using MILP, we have
demonstrated the potential for optimization in central
market placement. The identification of twenty candidate
locations in the Amman governorate and the subsequent
solution of the facility location problem using MATLAB's
Intlinprog function provide valuable insights into the
optimal allocation of resources within the supply chain. The
solution determines which central markets to be established.
Moreover, the quantities to be shipped from farms to each
central market and from each central market to retailers
were specified. Furthermore, a road map for a step-by-step
process of improving the status of central market based on
available budget and priorities would be developed. The
researchers made a trade-off between the reduction in
objective function (total cost) and the level of effort, time
needed and complexity, and proposed implementing the
optimal solution at the conditions of limiting the maximum
number of potential central markets to be established at 6,
with a total cost of 79.52 million JD and 6 central markets
to be established, and 26.50% total savings compared to
current status.

7.2. Future Work

Building on the findings of this study, several avenues
for future research can be explored. Firstly, incorporating
more advanced modelling techniques, such as stochastic
optimization or simulation-based approaches, may offer a
more realistic representation of supply chain uncertainties
and variability. Additionally, conducting sensitivity
analyses to assess the robustness of the optimal solution to
changes in input parameters could enhance the reliability
and applicability of the proposed methodology.
Furthermore, investigating the potential integration of
emerging technologies, such as artificial intelligence or
blockchain, into supply chain decision-making processes
could further enhance efficiency and transparency in central
market operations.
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