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ABSTRACT

Cold Chain Logistics (CCL) is a critical aspect of supply chain management for
industries that handle temperature-sensitive products, especially aquatic products. However,
challenges related to transportation cost, cluster infrastructure, and temperature control
requirements must be addressed. This study developed a customized CVRPTW model to
improve distribution network efficiency and minimize the cost by using OpenSolver. The model
was evaluated using real-world data from a Thai cold chain logistics company. The results
demonstrated that the model significantly reduced total costs, the number of trucks required, and
routing for each truck. These findings highlight the potential of VRP models to optimize cold

chain logistics.
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CHAPTER 1
INTRODUCTION

In today's dynamic industries, the incorporation of modern technologies and
technological advances is critical to maximizing profits and improving work efficiency
across multiple sectors. Supply Chain Management (SCM), which coordinates
interconnected chains aimed at meeting customer demands smoothly, is at the forefront
of this technological evolution (Fernando, n.d.). SCM encompasses purchasing,
manufacturing, storage, distribution, and delivery, forming the foundation for efficient

and responsive business operations.

Cold Chain Logistics (CCL) is an important part of supply chain management,
especially in industries that handle expiring goods like food, pharmaceuticals, and
certain chemicals. CCL focuses on keeping products at a suitable temperature to
maintain their shelf life during the supply chain process. Despite the high costs
associated with CCL, the industry has experienced significant growth, with the global
cold chain logistics market projected to grow at a significant compound annual growth
rate (CAGR) of 15.1% from 2021 to 2028, driven by changes in social structures,
consumer habits, and increased global concerns about product safety and quality (Bio,
2023). Thailand's cold chain industry has grown significantly, emphasizing its
economic importance. The country's freight and logistics market are expected to grow
at a CAGR of 6.37% between 2023 and 2029 (Mordor Intelligence, n.d.). Rising
consumer expectations, supply chain globalization, and stringent regulatory
requirements have all contributed to an increase in demand for efficient cold chain
solutions (Prapinit, Sabar, & Melan, 2019; Boonlua, 2019; Bandoophanit, Sangpukdee,
Kaengaew, & Chotkawee, 2023).

The Vehicle Routing Problem (VRP), which focuses on routing optimization,
is a key challenge in logistics, particularly for trucks seeking the most effective routes
for product delivery. VRP is a widely used algorithm in the cold chain market, helping

businesses manage the number of trucks on the road, and thereby avoiding higher fixed
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costs, maintenance costs, and other expenses (Pamuar, Petrovi, & irovi, 2018).
Specifically, the Vehicle Routing Problem with Time Windows (VRPTW) is crucial in
cold chain logistics as it ensures that transportation routes are strategically planned to
minimize costs and energy consumption while meeting strict temperature requirements

for perishable goods and customer satisfaction (Pureza, Morabito, & Reimann, 2012).

The main objective of this independent study is to create and implement a
customized CVRPTW model to reduce total costs within the context of cold chain
management. This study aims to improve the efficiency of the distribution network by
considering factors such as procurement and storage. It focuses on providing a practical
and efficient approach to cold chain logistics by leveraging Excel OpenSolver to
optimize algorithms and sustainable transportation solutions. This tool ensures that the
method is accessible and easy to use for a wide audience, addressing the unique
challenges in the transportation of aquatic goods across Thailand's provinces. By
tackling these issues, this study intends to contribute valuable knowledge and solutions
that align with current trends and requirements in the cold chain industry, particularly

within the context of retail businesses.

This independent study paper will be structured into approximately six sections.
Section 2 will explore the economic importance and growth of the cold chain industry,
and the application of VRP and VRPTW in CCL, including relevant previous research.
Section 3 will detail the specific objectives, mathematical model, and OpenSolver.
Section 4 will present a concise overview of the algorithm's results. Section 5 will
provide the conclusion, and Section 6 will include a discussion and suggestions for

future work.
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CHAPTER 2
REVIEW OF LITERATURE

2.1 Cold Chain Logistic

Cold chain logistics involves the transportation and storage of temperature-
sensitive products, such as perishable foods, pharmaceuticals, and other goods
requiring controlled environmental conditions. The primary objective is to maintain
product integrity and quality from origin to destination. Maintaining the required
temperature throughout the supply chain is crucial for preventing spoilage and ensuring
safety. Challenges include temperature fluctuations, equipment failures, and handling
delays. The complexity increases when different products require varying temperature

settings.

Advancements in technology, such as real-time temperature monitoring,
insulated packaging, and refrigerated transportation units, have significantly improved
cold chain logistics. For instance, Chen, Liu, and Langevin (2019) highlight the
importance of multi-compartment vehicles that can carry goods at different
temperatures, optimizing the distribution process for various perishable items. In a
similar study, researchers examined how changes in surrounding temperature and
storage temperature impact the quality of seafood (Yue et al., 2013). They identified
three types of water temperature variation: constant, continuous fluctuations, and non-
continuous fluctuations. They also found that the outside temperature affects how much

energy is needed to keep the truck cool, which can increase the overall cost.

Researchers have also studied how often the truck doors are opened during
transport. This is important because it can both damage the products and raise the
temperature inside the truck. Zhang et al. (2018) did experiments with a refrigerated
truck to see how opening doors in different places and the number of times affects how

stable the temperature stays inside.

Optimizing cold chain logistics not only ensures product quality but also

reduces economic losses due to spoilage and decreases environmental impact by
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improving energy efficiency. Li et al. (2020) emphasizes the use of green logistics

practices, which aim to minimize the carbon footprint of transportation activities.

2.2 Vehicle Routing Problem in Cold Chain Logistic

The Vehicle Routing Problem (VRP) is a fundamental issue in logistics, aiming
to determine the most efficient routes for a fleet of vehicles delivering goods to various
locations. When applied to cold chain logistics, VRP must consider additional
constraints such as temperature control and compartmentalization (Chen et al., 2019).
Several models and algorithms have been developed to address VRP in the context of
cold chain logistics. Chen, Liu, and Langevin (2019) developed a multi-compartment
VRP model that optimizes routes based on different temperature requirements.
Similarly, Leelertkij, Parthanadee, and Buddhakulsomsiri (2021) introduced a
transshipment model to enhance efficiency by allowing goods transfer between vehicles
at intermediate points.

Heuristic and metaheuristic approaches, such as those proposed by Guo, Huang,
and Huang (2021), provide practical solutions to complex VRP instances by
approximating optimal solutions within reasonable computational times. These
methods are particularly useful for handling constraints like incompatible loading and
split deliveries. Yildirim and Kuvvetli (2021) and Li et al. (2020) explored hybrid and
genetic algorithms to solve capacitated and heterogeneous fleet VRPs. These
algorithms combine various optimization techniques to improve solution quality and

computational efficiency, addressing the complexities of cold chain logistics.

Several studies, such as those by Syahputra et al. (2018) and Singhtaun and
Piyapornthana (2022), provide practical applications and case studies demonstrating
the effectiveness of these models and algorithms in real-world scenarios. These
applications highlight the improvements in route efficiency, cost reduction, and overall

performance of cold chain logistics operations.

The optimization of cold chain logistics, particularly with vehicle routing

problem (VRP) methodologies, is a critical area of research. Various models and
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algorithms have been developed to address the unique challenges presented by cold

chain logistics, such as maintaining specific temperature ranges and managing

heterogeneous fleets. Below is a summary of key studies in the field.

Table 2.1 Related works

Objective function Methodology
Authors Model Min Min Min Small COI.d Tool
3 Chain
distance cost Carbon | Problem ..
Logistic
MC-
Chen, L. (2019 v v
(2019) VRPWT CPLEX
VRPILC-
Guo, F. et al. (2021) v v
SDO CPLEX
Yildirim, U. (2021) OVRP v v Taguchi
Leelertkij et al. z
(2020) VRP MILP
Li et al. (2020) GVRP v 4 CPLEX
(Mostafa & Eltawil, ” X
2017) VRP CPLEX
OpenSolver
Pamuar et al. (2018) v v
VRPTF & VBA
Prapinit et al. (2019) | HFOVRP OpenSolver
& VBA
This study CVRPTW v v v OpenSolver
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CHAPTER 3
METHODOLOGY

This section outlines each methodological step. This study aims to provide a
thorough framework for minimizing transportation costs in the delivery of aquatic
goods. The methodology encompasses critical stages, including data collection,
organization, model formulation, mathematical representation, tool selection, and

scenario analysis.

3.1 Methodological Steps

The methodological approach, as depicted in Figure 3.1, begins with Data
Collection, where pertinent information such as locations, demand volumes, time
windows and vehicle details are gathered. Subsequently, the collected data undergoes
meticulous organization and preparation for analysis. The next phase involves Project
OSRM, utilizing the Open-Source Routing Machine (OSRM) to calculate accurate
travel times and distances between locations. With these inputs, the optimization model
is formulated and solved using OpenSolver, an Excel add-in for optimization. Finally,
the optimized routes and associated cost savings are presented as the Result of the

optimization process.

This streamlined approach guides the systematic exploration and resolution of
the cold chain logistics optimization problem, ensuring a structured and rigorous

approach to achieving the study objectives.

OpenSolver }—

[

Project
OSRM

Data
Collection

>

Calculate Result
Objective

Constraint

Figure 3.1 Methodological steps
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3.2 Collecting Data

The study's data represents real-world cold chain logistics in Thailand, with 15
customers across locations, each with unique demands and time constraints. Samut

Sakhon acts as the distribution hub, shipping goods to urban centers like Bangkok and
Nonthaburi.

This dataset includes information on customer demand volumes and time
window constraints as shown in Table 3.2 and Table 3.3. Demand data is represented
in terms of pallets of boxes of aquatic goods, where each pallet stores 24 boxes. Time
window constraints are measured in hours, with the zero hour marking the start time at
08:00 AM. By analyzing demand patterns and adhering to predefined time windows,

distributors can optimize delivery schedules, minimize waiting times, and enhance
overall service quality.

Additionally, the study utilizes Project OSRM (Open-Source Routing Machine)
to calculate accurate travel times and distances between locations. This tool plays a

crucial role in route optimization by providing essential data for efficient distribution
planning to study area.
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Table 3.1 Node and location of Figure 3.2

Node Location Node Location
0 DC Samut Sakhon 8 Central Ladprao
1 Central Bangna 9 Central Pinklao
2 Central World 10 Central Rama 2
3 Chaeng Wattana 11 Central Rama 3
4 Central Chidlom 12 Central Ramindra
5 Central EastVille 13 Central Salaya
6 Embassy 14 Silom Complex
7 Future Park 15 Central WestGate
Table 3.2 Demand for each node individual day
Node Demand (Pallets)
Monday | Tuesday | Wednesday | Thursday | Friday | Saturday
1 1 2 1 1 1 4
2 5 5 4 1 5 5
3 2 3 3 3 5 1
4 3 1 5 4 4 5
5 2 1 5 1 3 4
6 3 1 2 5 2 5
7 1 5 5 3 4 5
8 3 5 5 4 4 2
9 4 2 3 1 5 5
10 3 5 1 3 5 2
11 3 4 3 3 1 1
12 5 2 5 4 5 1
13 2 3 5 1 2 5
14 4 5 1 2 4 2
15 5 2 4 1 2 2
Total 46 46 52 37 52 49
Demand
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Table 3.3 Time window for each node individual day
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5.04
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4.66
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2.51

3.48

0.48 | 3.00

10

1.42

3.53

0.68

3.30

4.70

1.91

4.03

4.21

0.85 | 3.47

11

1.68

3.31
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2.65

3.98
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3.97

2.39

2.33 | 3.88
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0.19
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1.69 | 3.69
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5.20

6.23

4.15
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7.73

3.22 | 5.60

14

3.27
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2.62

2.28
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6.37

4.64

2.22 | 4.48

15

2.36

4.52

3.58

5.74

6.59

3.30

5.37

3.56

2.61 | 4.85

3.3 Model Assumption

The Vehicle Routing Problem with Time Window model for cold chain logistics

in Thailand is built upon several key assumptions:

All trucks finishing delivery tasks must return to DC.

All trucks are refrigerated trucks.

Traffic congestion is not considered.

The truck is traveling at a constant speed.

Only delivery services are provided. There is no pickup pallet.

All deliveries must arrive at the earliest time and leave before the latest time.

Each customer site is only delivered by truck, with no exceed demand.

The sum of capacity loaded is not greater than the limit.
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The transportation fleet consists entirely of refrigerated trucks with the
following specifications: Width 2.25 m, Length 6.09 m, Height 2.23 m, and a capacity
weight of 5 tons. These trucks are equipped with temperature control capabilities,
maintaining temperatures ranging from 25°C to -18°C. The cold air is circulated from
the top of the truck to ensure uniform cooling throughout the cargo space. Each box
containing aquatic goods measures Width 25 cm, Length 34 cm, and Height 47 cm,
with a capacity of 20 kg of ice. These boxes are arranged on pallets, with each pallet
capable of holding 24 boxes. Furthermore, each truck can accommodate up to 10

pallets, facilitating efficient loading and transportation of aquatic goods.

3.4 Mathematical Model (CVRPTW Model)
The CVRPTW model formulated for optimizing cold chain logistics in Thailand
encompasses the following sets, parameters, decision variables, objective function, and

constraints.

Sets

Cc Set of customers c=1{123,...,n}

N Set of all nodes N = {01,2,...,n}
Parameters

n Number of customers

D; Demand of customer i (pallets)

m Number of (homogeneous) trucks

Q Capacity of truck (pallets)

d; Distance from node i to node j (km)

S; Service time of node i (hr)

le;, Li] Time window requested by node i (hr)

tij Travel time from node i to node j (hr)

M Massive positive number

q; Number of pallets that customer j needed

Q; Number of pallets that left on truck from node i

Ref. code: 25666622040548ITA



Constant Parameters

11

Unit Value
F;  Unit cost of using trucks Baht/truck 1000
F, Unit cost of cold chain product (CCP) Baht/pallet 2500
F; Unit cost of refrigeration during transit Baht/hr 50
F, Unit cost of refrigeration during unloading Baht/hr 100
Fs  Unit price of fuel Baht/L 45
K; Constant value of CCP during transit - 1
K, Constant value of CCP during unloading - 0.99
a, Refrigeration equipment consumption of fuel during Lihe )
transit
a, Refrigeration equipment consumption of fuel during
unloading & o
U, Fuel consumption when truck empty L/km 0.08
U; Fuel consumption when truck full load L/km 0.102
6 Sensitivity factor of CCP - 0.002
xh Discharge efficiency pallet/nr 6
Decision Variables
o Binary variable indicating if a vehicle travels from node i to
node j
Vij Load carried by a truck when traveling from node i to node j
a; Arrival time to node i to node j
D; Departure time from node i = a; + s; (hr)

3.4.1 Objective Function

The objective function aims to minimize the total cost, which includes the

following costs: Vehicle operating cost (C,), Quality loss cost (C,), Product freshness

cost (C3) and Energy cost (C,) as in Equation 3.1 (Li et al., 2019).

Min (C, + C, + C5 + C,)

(3.1)
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3.4.1.1 Vehicle Operating Cost

This cost includes the expenses related to vehicle maintenance and the salary of
the personnel. It depends on the number of trucks used rather than the travel time or
distance covered. The vehicle operating cost is crucial for managing the overall

expenses related to fleet operations:
¢, = ZjEN Fy - %o (3.2)
3.4.1.2 Quality Loss Cost

In cold chain logistics, quality loss costs during distribution primarily arise from
two factors: the degradation of product freshness and the decline in product quality due

to internal convection caused by opening the door, which allows outside air to enter:

1) The quality loss cost incurred during the transit process is:
Cr1 = YiewizoDi - Fo(1 — Kie™%%) (3.3)

2) The quality loss cost incurred during the unloading process is:

q;

-4
Coz = Dien,iz0 Qi " F2(1 — Kze o xh) (3.4)
Then, the total quality loss cost is:
Cy = Cy1 + Cop = Yienizo F2 (D;(1 — Kye9%) + Qi(]- - Kze_e'qj/xh)) (3.5)
3.4.1.3 Product Freshness Cost

Maintaining the freshness of the products is essential during transportation. This
cost comprises two parts:

1) The cost of maintaining the temperature inside the trucks during

transit to ensure the products remain fresh:
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C31 = Xien jenXij " tij* F3 (3.6)

2) The cost incurred during the unloading process to maintain the

required temperature levels:
(3, = ZieNZjEN,j:tOxij '%'F4 (3.7
Then, the total product freshness cost is:
C3 = C31+ C3p = Yien ZjeN Xij "ty F3 + ZieNZjeN,j;tO Xij j " Fy (3.8)

3.4.1.4 Energy Cost
Energy cost covers the fuel consumption during transportation and the energy

required by the refrigeration equipment. It consists of:

1) The cost of fuel consumed by the truck during transit:

U(Q) = Uy + -2 g, 3.9)

Ca1 = Yien2jen Xij  Fs[yij x U(Q)] (3.10)

2) The cost of the fuel used by the refrigeration equipment during

transportation:
Caz = Dien DjenXij  Fslaq - tij + ay - Dy (3.11)
Then, the total energy cost is:

Co = Cu+Cap = Yien2jenXij - Fs([yij X U(Q)] + [Xy" t;j + <5 D;]) (3.12)
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3.4.2 Constraints

Each customer must be visited at most once by truck:

Yjen,jziXij = 1; Vi€ C

If a vehicle truck arrives, it must leave:

Yjen,j=iXij — Xjen,j=iXji = 0; Vi€ N

Demand elimination constraint:

Yjen,j=iYij — Xjen,j=iYji = Di; Vi€ C

Vehicle capacity constraint:

yij SQXxl-j; VlEN,V]EN

Only available trucks can be dispatched from the depot.

ZjECXOj =m

14

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

Arrival time at each customer must be greater than or equal and less than or equal to

the departure time plus travel time:
a; = (pl + tij) — (1 _xij) XM;VieN,VjeC
a <(pi+ty)+(1—x;)xM;VieN,VjeC

(3.18)
(3.19)

Arrival time, departure time, and service time are compatible with the time window

constraint:
a; = pi —Si Viel

< pi<Il;Viel

Departure time from the depot is 0:

po =10

Binary and non-negativity conditions:

xij EO,l;Vi EN,VjEN

(3.20)
(3.21)

(3.22)

(3.23)
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3.5 Tools

The optimization process in this study leverages OpenSolver, an advanced
Excel add-in designed to handle large-scale linear and integer programming problems
efficiently. OpenSolver extends Excel's built-in Solver capabilities, offering a robust

and accessible platform for solving the CVRPTW model.

OpenSolver is particularly suited for this research due to its ability to handle
complex constraints and large datasets, which are common in cold chain logistics. It
utilizes sophisticated algorithms, including branch-and-bound and cutting planes, to
explore the solution space and identify optimal or near-optimal solutions for the
CVRPTW model.

The integration of OpenSolver with Excel provides a user-friendly interface for
defining decision variables, constraints, and objective functions. This makes the tool
highly practical for real-world applications, enabling logistics managers to easily input
data, run optimization models, and interpret results without requiring extensive

programming knowledge.

Additionally, the study utilizes Project OSRM (Open-Source Routing Machine)
to calculate accurate travel times and distances between locations. This tool plays a
crucial role in route optimization by providing essential data for efficient distribution

planning to study area.
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CHAPTER 4
RESULT

The Results section presents the outcomes of the optimization process for cold
chain logistics in Thailand, specifically focusing on the delivery of aquatic goods. The
findings include a comparison between minimizing total cost and minimizing total
distance over six days (Monday to Saturday). Additionally, detailed examples of
optimized routes, cost analysis, and the impact of varying demand are provided. This
analysis aims to demonstrate the effectiveness of the optimization model and its impact

on logistics efficiency and cost reduction.

4.1 Comparison Minimize Cost and Minimize Distance

The optimization process was conducted with two primary objectives:
minimizing total cost and minimizing total distance. The goal is to demonstrate that
minimizing cost is more optimal compared to minimizing distance. Table 4.1 provides
a comparison of the total cost and total distance achieved under each optimization
criterion across six days (Monday to Saturday). This comparison highlights the
differences in performance metrics between the two optimization objectives and

underscores the superior outcomes achieved by focusing on cost minimization.

Table 4.1 Minimize Cost vs Minimize Distance

Minimize Cost L )
Day (Main Objective) Minimize Distance
Total Cost Total Distance Total Cost Total Distance
Monday 11003.500 547.006 11145.53 534.313
Tuesday 11284.108 567.510 11430.595 560.408
Wednesday 13184.650 663.518 13502.627 620.327
Thursday 9522.134 487.266 9726.117 486.756
Friday 12958.283 653.083 13266.314 646.959
Saturday 11561.400 602.971 11869.807 566.450

Ref. code: 25666622040548ITA
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This table clearly illustrates that while both strategies aim to optimize logistics,
the cost minimization strategy consistently results in lower overall costs compared to
the distance minimization strategy. The trade-offs between cost and distance are
evident, highlighting the importance of selecting the appropriate optimization objective

based on operational priorities.

4.2 Optimized Routes
To provide a detailed understanding of the optimization results, we present the
optimized routes and cost analysis for Monday. This includes a breakdown of the routes

for minimizing cost and distance.

14 r /E.,
—&— Route 1 A
13.95 - |—=— Route 2 .// |
Route 3 ,,/
13.9 L |~ —Route4 b
' =— Route 5 12}
B DcC 1 A
13.85 H
8 138 1, P
=2 \
S 13751 U
13.7 _
b
13.65
136
1 3 I55 1 1 1 1 1 1 1 1]
100.25 1003 100.35 1004 100.45 1005 100.55 1006 100.65

Longitude

Figure 4.1 The route of the minimize cost on Monday
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Figure 4.2 The route of the minimize distance on Monday

Figure 4.1 shows the specific routes taken by vehicles when the objective is to

minimize costs, planning the routes to optimize overall transportation expenses

considering factors such as vehicle operating costs, quality loss cost, product freshness
cost, and energy cost. In contrast, Figure 4.2 highlights the routes when the objective

is to minimize the total distance traveled. This approach focuses on covering the

shortest possible distances, which may not always align with cost minimization but can
provide insights into different operational efficiencies.

4.3 Cost Analysis

The cost analysis section highlights the savings achieved through the
optimization process.
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Figure 4.3 Comparison of costs between Min cost and Min Distance on Monday

Figure 4.3 shows a bar chart comparing different cost components for Monday
under both optimization strategies. The vehicle operating cost remains constant in both
strategies since the same number of vehicles are used. However, the quality loss cost is
lower when minimizing cost due to better route planning that ensures quicker deliveries
and reduces spoilage. The product freshness cost is slightly lower when minimizing
cost, indicating that the optimized routes better preserve the freshness of the aquatic
goods. Additionally, the energy cost is lower when minimizing cost, reflecting more
efficient fuel usage and refrigeration. This comparison highlights that while the vehicle
operating cost remains the same, other cost components significantly benefit from a
cost minimization strategy. This demonstrates that minimizing total cost not only
reduces expenses directly related to logistics but also indirectly improves product

quality and reduces energy consumption.
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The optimization based on minimize cost, process was evaluated under varying

demand conditions each day to assess its adaptability and efficiency in real-world

scenarios. Table 4.2 presents the results for the cost minimization strategy, detailing

the cost components and total distance for each day.

Table 4.2 Result under different demand each day

Total Total
Day Trucks (o C, Cs Cy Cost Distance

Monday 5 5000 | 1532.71 | 720.16 | 3750.63 | 11003.50 | 547.00
Tuesday 5 5000 | 1427.30 | 872.45 | 3984.36 | 11284.11 | 567.51
Wednesday 6 6000 | 1366.75 | 1034.15 | 4783.75 | 13184.65 | 663.52
Thursday 4 4000 | 1336.55 | 828.59 | 3357.00 | 9522.13 | 487.27
Friday 6 6000 | 1532.55 | 857.21 | 4568.52 | 12958.28 | 653.08
Saturday 5 5000 | 1566.40 | 792.03 | 4202.97 | 11561.40 | 602.97

In analyzing the results, it's evident that the number of trucks deployed each day
directly influences vehicle operating costs. Quality loss costs, representing the
deterioration of aquatic goods during transit, fluctuated across days. The lowest quality
loss cost of 1336.55 baht was observed on Thursday, indicating efficient route planning
with fewer trucks. In contrast, the highest quality loss cost of 1566.40 baht occurred on
Saturday, suggesting a greater risk of spoilage, possibly due to longer or less efficient
routes. Product freshness costs, reflecting expenses to maintain the freshness of aquatic
goods, also varied. Wednesday saw the highest freshness cost at 1034.15 baht,
potentially due to longer delivery routes or higher ambient temperatures affecting
preservation efforts. In contrast, Monday recorded the lowest freshness cost of 720.16
baht, indicating more efficient routing and faster deliveries. Energy costs, including
refrigeration and fuel expenses, were influenced by route efficiency and distance
traveled. The highest energy cost of 4783.75 baht was observed on Wednesday,
corresponding with the highest total distance of 663.52 km, indicating increased energy
consumption for refrigeration and fuel. Conversely, Thursday recorded the lowest
energy cost of 3357.00 baht, aligning with the lowest total distance of 487.27 km.
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In summary, the cost minimization strategy effectively adapted to varying
demand conditions, maintaining cost-efficiency across different days. Total costs
ranged from 9522.13 baht on Thursday to 13184.65 baht on Wednesday, showcasing
flexibility in handling different demand levels. Similarly, total distance traveled ranged
from 487.27 km on Thursday to 663.52 km on Wednesday, highlighting the
optimization model's adaptability in route planning. This adaptability to demand
variability is crucial for the dynamic nature of cold chain logistics, where daily demand

fluctuations can significantly impact operational efficiency.

4.5 Details of Optimization Execution
The optimization model was executed using OpenSolver version 2.9.3 on a
computer equipped with Processor: AMD Ryzen 7 3750H with Radeon Vega Mobile

Gfx 2.30 GHz. The model execution time averaged around 5 minutes per run.

Ref. code: 25666622040548ITA



22

CHAPTER 5
CONCLUSION

One of the critical findings of this study is the superiority of minimizing overall
costs over merely minimizing travel distances in cold chain logistics. While traditional
logistics optimization often focuses on minimizing the total distance traveled, this study
has shown that such an approach may not be optimal for cold chain operations. By
shifting the objective from minimizing distance to minimizing a comprehensive cost
function, the study encapsulated various cost components, including vehicle operating
costs, quality loss costs, product freshness costs, and energy costs. This cost-
minimization approach resulted in substantial savings across these components.
Specifically, the optimization model reduced fuel consumption and maintenance costs
by selecting routes that balance distance with fewer stops and smoother traffic
conditions. Additionally, by optimizing delivery routes to ensure timely deliveries
within the specified time windows, the model minimized the degradation of aquatic
goods, reducing costs associated with spoiled products and ensuring that products
remained fresh upon delivery. This not only improved customer satisfaction by
reducing the likelihood of returns but also lowered energy consumption and costs
related to maintaining the required cold temperatures within the refrigerated vehicles.
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CHAPTER 6
DISCUSSION

The findings of this study underscore the effectiveness of a customized
CVRPTW model in optimizing cold chain logistics by minimizing total transportation
costs. This approach significantly enhances the efficiency of the distribution network
by considering a comprehensive set of factors, such as fuel consumption, vehicle
maintenance, and energy costs, rather than merely focusing on minimizing travel
distances. By prioritizing cost reduction across the transportation process, the model
ensures a more economically sustainable approach to delivering aquatic goods across
Thailand's provinces.

In real-world scenarios, drivers may need to adapt to changing circumstances,
such as customer urgency or traffic disruptions, which may require deviations from the
optimized routes provided by the model. Despite this flexibility, the model serves as a
valuable tool for guiding decision-making and providing insights into the most cost-
effective routing options. However, it's essential to acknowledge that the time required
to run the model may sometimes pose challenges in dynamic situations where
immediate action is necessary. In such cases, drivers may rely on their experience and
judgment to make timely adjustments to the routing sequence, prioritizing customer

satisfaction and operational efficiency.

Moving forward, future research could enhance the mathematical model by
incorporating additional factors such as greenhouse gas emissions and penalty costs for
deviations from optimal routes. Furthermore, exploring the integration of advanced
tools and technologies could further improve the model's accuracy and applicability in
dynamic logistics environments. By continually refining and expanding upon these
models, the cold chain logistics industry can continue to evolve towards more

sustainable, efficient, and customer-centric practices.
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APPENDIX A
MANUAL

Step 1: Input Latitude and Longitude
Begin by plugging in the latitude and longitude of the Distribution Center (DC) and
all customer locations. This data is essential for generating the distance and time

matrices required for the optimization process.

Step 2: Generate Distance and Time Matrices
Next, input the location data into the OSRM_dist_mat_and_time colab. This script
will generate the distance matrix and time matrix needed for further calculations.

(Insert picture of the code, distance matrix, and time matrix here)

Figure A.1 OSRM_dist_mat_and_time colab code in first part
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Figure A.2 OSRM_dist_mat_and_time colab code in second part

Step 3: Insert Matrices into Excel
Once you have the distance and time matrices, place them into the corresponding

sheets labeled "Distance™ and "Time" within your Excel workbook.

DC Samut Sakhon | Central Bangna | Central World | Chaengwattana |Chidlom | EastVille|Embassy | Future Park|Ladprac | Pinklac |Rama 2|Rama 3 |Ramindra | Salaya |Silom Complex|
0 45.7741 39.5438 56.2091 389535 48.5054 37.8606 6B8.136 46.1385 35.8985 183354 31.178 54.39 46.6938 37.0643  41.5367
46.1318 [] 19,3968 40.1895 188065 20.1643 154531 47989 26.3084 26.91 31.1994 179461 31,301 50.7277 16.9439 47,6017
38.5984 17.3693 0 22.1363 2.0385 13.969 1.1517 31434 98137 89068 21.7619 10.0656 18.0652 32.7245 2.544 30.4434
59.3456 39.3627 24.7715 0 24.9656 229826 25.2304 22,9211 20.3095 22,9036 42.5091 306734 11.6674 41.2699 264858  19.2146
39.5417 16,7557 1.3474 21.5957 0 13.0889 04538 31.8711 9.9271 95445 22,7052 94519 181786 33.3622 26172 29,9028
52.8278 22611 16,3773 20.2125 15.7871 0 157438 30.1722 11.5186 23.8906 35.9913 22.7379 12.5224 46.3595 18.2785 29.7306
39.0878 16.3018 14838 236178 11747 126351 0 314173 97367 9.681 222514 £998  17.9882 334987 2.7537 31.03
67.097 44311 29.9143 21.9346 30.9241 25.676 30.1786 0 21.08 33391 50.2605 37.0072 14.3608 56.1524 341788 31.3664
46.7682 23.9822 9.5855 15.6458 10.6806 9.1291 9.8498 24,2804 0 151108 29.9317 16.6784 8.8133 37.9668 13.85 23.1723
39.2668 27.636 12,5078 227191 13.2119 249119 12.9846 35,5016 16,2518 0 22,0229 182893 234966 244277 13.7482 20,5342
23.5107 27.654 21.4237 38.089 20.8335 30.3853 19.7405 50.0159 28.0184 17.7784 0 13.0579 36.2699 33.3419 18.9443 29.0116/
32.5489 14.9136 8.6833 29476 8.0931 17.6449  7.3782 37.2755 15.5949 161965 15.7124 0 23.8464 384957 4.8542 368882
56.9603 30.8266 20.8243 114723 20.5335 11.5593 20.042 21432 124379 23.0003 40.1238 26.8705 0 457617 22,0547 303884
46.1205) 46.3238 31.1956 422867 31.8997 436177 31.6724 54,2074 349576 23.853 34.6616 369771 42.2024 [] 32436 25.6657'
35.6371 15.0039 4.135 249605 4.9394 16.1151 3.701 35.7978 124235 114145 18,8006 59078 20675 352322 L] 33.2676/
42.0746 44.0539 294628 20.1104 29.6569 282113 29.9216 35.5744 21.1157 20.2408 30.6157 353646  24.3634 27.363 31.177 0
Figure A.3 Distance Matrices
Central Workd | Chaengwattana | Chidlom EastVille Embassy |Future Park| Ladprao Pinklao Rama2 | Rama3 | Ramindra Salaya |Silom Complex| WestGate
661 0.834 0.630 0.788 0.628 0.970 0.731 0.628 0.385 0.542 0.823 0.833 0,615 0.784
0.341 0.544 0.311 0.356 0.299 0.650 0412 0436 0498 0.300 0.493 0.828 0.291 0.750
0.000 0.305 0.058 0.245 0.031 0426 0.167 0.161 0.364 0.167 0.259 0.553 0.068 0.510
0.388 0.000 0.369 0.341 0.354 0.339 0.282 0.364 0.601 0414 0.170 0.716 0371 0.305
0.056 0.304 0.000 0235 0.014 0411 0.164 0.166 0.355 0.156 0.256 0.558 0.064 0.509
0332 0.352 0.302 0.000 0.300 0.505 0.253 0427 0592 0.393 0.260 0.797 0.349 0.568
0.052 0.290 0.045 0.221 0.000 0.397 0.158 0.162 0.340 0.142 0.250 0.554 0.060 049
0444 0.305 0437 0384 0.395 0.000 0.309 0488 0.682 0484 0213 0.863 0452 0.553
0.195 0.214 0.180 0.169 0.146 0.343 0.000 0.254 0434 0.235 0.128 0.617 0.203 0423
0.285 0401 0.285 0446 0.264 0.568 0.333 0.000 0.445 0.355 0.398 0443 0.291 0422
0.316 0489 0.286 0.443 0.283 0.625 0.386 0.283 0.000 0.197 0478 0.652 0.270 0.572
0.183 0.386 0.152 0309 0.147 0492 0.254 0.277 0.291 0.000 0.346 0.666 0.124 0.591
0.309 0.158 0.291 0.192 0.275 0.311 0177 0.342 0562 0.363 0.000 0.717 0.318 0429
0477 0.590 0477 0.637 0456 0.760 0.524 0.326 0488 0.548 0.5%0 0.000 0483 0414
0.131 0.340 0.127 0.300 0.086 0474 0.228 0.218 0336 0.133 0.321 0.610 0.000 0.545
0490 0.331 0472 0477 0456 0.540 0.385 0.362 0468 0.516 0389 0.503 0473 0.000

Figure A.4 Time Matrices
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Now, input the interval time for each customer in hours and their respective demands

for each day from Monday to Saturday. This data should be entered into the

designated section of the Excel sheet.

Time window

LTL Demand (Remaining Pallets)

o Tondsy | Toesday | Wedvesasy | Thirsdsy | Friday | Sabwday | Mondoy Tuesdey Wednesday Trrsday Friday  Sabrday

Latibude Lorgitude  |Earliest Latest | Earliest Latest | Earllest Latest | Earliest Latest ‘Ear\iest Latest| Earliest  Latest

time  time | tme tme | tme  tme | tme  tme | time tmel tme tme
Ceriral Bangra 13660778 10063 325 5.3 3.22 €07 803 1898 411 176 384 230 460 T 2 1 T T E]
Centrai World 13.746685 1 067 260 057 250 037 214 338 498 188 350 198 400 3 s 4 1 5 5
Chsengwattzna 13503515 100,52 153 338 188 418 282 502 318 521 397 642 2 3 7 3 5 1
Chidiom 13.744542 100,544 05 237 498 706 335 476 532 689 0. 2 3 1 5 3 4 5
Estvilie 13802698 10061465 301 504 657 868 115 293 22 415 318 512 2 1 5 1 3 4
Embessy 13.743757| 1005 108 281 034 208 621 795 360 543 352 559 3 1 2 5 H 5
Futre Park 13587865 100 048 315 133 373 5358 800 166 434 138 414 1 5 5 3 4 5
Ladkrao 437 579 184 402 020 212 028 228 058 242 3 6 5 4 4 2
Pirklao 466 693 065 270 049 251 086 348 048 300 1 2 3 1 5 5
10 [Rama 2 068 33 291 470 191 403 242 421 085 347 3 5 1 3 5 2
Rama 3 54 094 265 260 398 217 397 017 238 233 388 3 4 7 3 1 1
12 |Ramindra 100 601954 410 64 545 729 275 484 047 256 169 369 5 2 5 4 5 1
Salaya 100 276096 198 50 384 623 415 679 468 773 32 560 3 5 1 2 5
Silom Cormplex 100.535081 044 262 044 228 486 637 271 464 222 448 4 E 1 2 4 2
WestGate 100412101 355 574 43 650 330 537 001 356 261 485 5 2 4 1 4 F

[C Somt 3 G530]__100.359415

Figure A.5 Time window and demand (pallets)

Step 5: Select the Day for Calculation

In the calculation section, choose the day you wish to solve for. This selection will set

up the specific parameters and data for that day's optimization.

Step 6: Set Parameters

According to the Mathematical Model

Enter the necessary parameters based on the mathematical equations of this

independent study. These parameters will guide the OpenSolver in finding the optimal

solution.
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Figure A.10 Excel calculation section 5
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Figure A.11 Excel calculation section 6

Step 7: Configure OpenSolver
Set up OpenSolver by selecting the cell to minimize (objective cell), the variable cells
(decision variables), and the constraint cells as defined by the mathematical model of

this study. (Insert picture of OpenSolver configuration here)

OpenSolver - Model X

What is AutoModel? Autokodel

AutoModel is 3 feature of OpenSolver that tries to automatically determing the problem you are trying to optimise by chserving the struchure
of the spreadshest. Thwill turn its best guess into a Solver madel, which you can then edit in this window,

Objective Cell: ‘};AM};BS _| © madmise @ minimise  C target value:

Variable Cells: ¢pe7.50to0 40831 60546, $B4118:5CE132 J

Constraints:

3 dr

$2E7 <= $ABET
$BE118:$85132 = $ES118:$EE152
$BE7:$0%22 bin ‘ J
$BE31:5Q546 <= $BETD $QE71 =
$CEL12:$CH132 <= §VEI7:EVELLL
SVET VS22 = $XET $RE22 aAdd constraint | |
$UFD7:HUE111 <= $CEL1ECEL2
+5$32 455490 = BUEIZ R
$CELPSH0$17S = $CF152:505152 |
SREBIFREZZ = $THO$TE22
$CFLTSHOFITS >= $CFISLISOEISL
BCHLTSHOFITS >= $CF142150F142

[ Make unconstrained variable cells nan-negative

CE175: 175 == $CE143: 143 hd
$CE H0F CH 505 J [+ Show named ranges in constraint list
Sensitivity Analysis [~ ‘ J
I~ 0 C
ok =g nes Current Salver Engine: Banmin Solver Engine...
¥ Show model after saving Clear Mode! | Options... | Save Model | Cancel |
~

Figure A.12 OpenSolver window
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FI 1000 Baht/ruck  cost of vehicle operating
F2 2500 Bahtjpallet  unit price of cold chain product

F2 50 Baht/hr unit cost of refrigeration during transportation

Fa4 100 Baht/hr unit cost of refrigeration during unloading

s 55 BahtiL unit price of fuel

Lo 0.08 Lékm fuel consumption when vehicle empty

U1 0.102 Likm fuiel consumption when vehicle full Ioad

ey 2 Lihr refrigeration equipment consumption of fuel in unit time during transportation
@y 25 Lhr refrigeration equiptment consumption of fuel in unit time during unloading

K1 1 constant value of cold chain product during transportation

2 099 constant value of cold chain product during the unloading

[ 0.002 - sensitivity factor of cold chain products

h 5 pallethr  discharge efficien

Fuel Cost by vehicle 26767
Fuel Cost by Refrigerator 1906.9
Quality Inss Cost during franspor tation 427.6
Quality loss Cost during Lnloading 1105.1
Froduct freshness cost during transportation 2719
Product freshness cost during unioading 433.3
vehicle Operating Cost 5000
Total Cost | 11821.6
Total Distance | 547.0015 |
Total Travel Time | 8.7940556 |

Step 8: Run the Solver

Run the OpenSolver to initiate the optimization process.

Figure A.13 Parameters and Calculation result

Step 9: Copy the Solution Matrix

After the solver has finished, copy all values from the matrix x;; and paste them into

the "Solution Interface" sheet. (Insert picture of copying and pasting the matrix here)

Step 10: Identify the Routes
In the "Solution Interference” sheet, identify the first visit for each route. Repeat this

process to trace each vehicle's route until it returns to the DC. Finally, interpret the

routing solution by following the identified routes from the previous step. This

process will give you the detailed routes for each vehicle, showcasing the

optimization achieved by the model.

Ref. code: 25666622040548ITA
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Figure A.14 Solution inference
By following these steps, you will be able to efficiently use the Excel tool developed

in this independent study to run OpenSolver and obtain optimized routing solutions

for cold chain logistics.
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