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Resumo

Os terminais de contentores desempenham um papel fundamental nos sistemas globais de logís-
tica, funcionado como ponte entre o mar e a terra. A evolução da contentorização e os avanços
tecnológicos tiveram um impacto significativo nos terminais de contentores marítimos, exigindo
adaptações para lidar com os crescentes volumes e exigências. O principal desafio consiste na mel-
horia da produtividade, na redução dos custos operacionais e no aumento da competitividade, ao
mesmo tempo que se enfrentam as limitações de espaço. Para enfrentar estes desafios, a automação
tornou-se uma solução, permitindo que os terminais de contentores se adaptem dinamicamente às
novas condições e optimizem o seu desempenho.

O crescimento do comércio internacional também provocou o surgimento do conceito de por-
tos verdes, enfatizando práticas sustentáveis. A gestão eficaz dos sistemas logísticos é vital para
alcançar um maior desempenho e valor. No entanto, é uma tarefa complexa devido ao envolvi-
mento de múltiplas entidades e fluxos interligados de bens e informações. A simulação surge como
uma ferramenta valiosa para a previsão e tomada de decisões estratégicas, permitindo a análise de
cenários hipotéticos utilizando dados em tempo real. Nos terminais de contentores, onde vários
processos interligados ocorrem em simultâneo, as decisões operacionais têm de dar prioridade à
eficiência do tempo e à utilização do equipamento. Apesar dos esforços para coordenar as oper-
ações, as incertezas e perturbações persistem, sublinhando a necessidade permanente de melhoria
contínua.

Neste contexto, esta dissertação centra-se no desenvolvimento de uma ferramenta de apoio à
decisão no âmbito do software FlexSim, visando enfrentar os desafios destes sistemas complexos,
especificamente na configuração de terminais de contentores considerando importantes aspetos
como a automação e sustentabilidade. É desenvolvido um modelo de simulação de eventos dis-
cretos, constituído por um cais, uma área de transporte e por um parque de estacionamento de
contentores, de forma a possibilitar a análise de diferentes cenários e os seus efeitos em métricas
de desempenho cruciais como a produtividade, a utilização de recursos e os tempos de espera. O
objetivo principal é identificar a quantidade ideal de equipamento e as características operacionais,
particularmente relacionadas com o equipamento automatizado, através de um número limitado
de experiências cuidadosamente concebidas. Este estudo contribui para o setor portuário ao intro-
duzir uma abordagem baseada em simulação que facilita o teste e a avaliação de múltiplos cenários
numa perspetiva multi-critério, oferecendo informações valiosas para os processos de tomada de
decisão no domínio das operações dos terminais de contentores.
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Abstract

Container terminals play a critical role in global logistics systems as the bridge between the sea
and the land. The evolution of containerization and technological advancements has significantly
impacted maritime container terminals, requiring adaptations to handle the increasing volumes and
demands. The primary challenge lies in improving productivity, reducing operational costs, and
increasing competitiveness while grappling with spatial limitations. To address these challenges,
automation has gained traction as a solution, enabling container terminals to dynamically adapt to
changing conditions and optimize performance.

The growth of international trade has also brought about the emergence of the concept of green
ports, emphasizing sustainable practices. Effective management of logistics systems is vital for
achieving higher performance and value. However, it is a complex task due to the involvement
of multiple entities and interwoven flows of goods and information. Simulation emerges as a
valuable tool for prediction and strategic decision-making, enabling the analysis of hypothetical
scenarios using real-time data. In container terminals, where numerous interconnected processes
occur concurrently, operational decisions must prioritize time efficiency and equipment utilization.
Despite efforts to coordinate operations, uncertainties and disturbances persist, underscoring the
ongoing need for continuous improvement.

In light of this, this dissertation focuses on developing a decision-support tool within the
FlexSim software to address the challenges in complex systems, specifically in configuring con-
tainer terminals considering important aspects such as automation and sustainability. A discrete
event simulation model is developed, encompassing the quay area, transport area, and storage
yard, to enable the analysis of different scenarios and their effects on crucial performance metrics
like productivity, resource utilization, and waiting times. The primary objective is to identify the
optimal equipment quantity and operational characteristics, particularly of automated equipment,
through a limited number of carefully designed experiments. This study contributes to the field
by introducing a simulation-based approach that facilitates the testing and evaluation of multi-
ple scenarios in a multi-criteria perspective, providing valuable information for decision-making
processes in the field of container terminal operations.
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Chapter 1

Introduction

This introductory chapter will present the dissertation theme "A Simulation Tool for Optimizing

Port Operations". Initially, in section 1.1 a brief contextualization of seaports and their challenges

is given and in section 1.2 is presented the motivation of this dissertation. The goals of this

dissertation are described in section 1.3, while a brief summary of the methodology and scientific

approach used is provided in section 1.4. The organisational framework of this dissertation will

be made clear in section 1.5.

1.1 Contextualization

In recent years, the international sea-freight container transportation industry has experienced re-

markable growth, positioning container terminals as crucial players within the global shipping

network. With escalating competition among terminals, achieving operational efficiency has be-

come imperative for terminal managers. The focus is on minimizing ship turnaround time, a key

performance indicator for shipping companies, and reducing operational costs to enhance compet-

itiveness and attract new customers. Operations research methods and techniques have emerged as

valuable tools for optimizing terminal operations and addressing these challenges effectively [14].

Container ports serve as vital interfaces between railroads, ocean-going ships, and over-the-

road trucks, representing critical links in the intermodal chain. These ports demonstrate a high

level of integration among various information systems and control engineering applications,

forming comprehensive port information system architectures [15]. These architectures encom-

pass vessel traffic services, sea/yard and freight station planning operations, administrative/financial

management, and the management and control of handling activities, among others.

Increasing containerization and global trade have necessitated constructing and expanding

container terminals worldwide to accommodate the growing number of containers and the larger

vessels that transport them [16]. These terminals face the challenge of efficiently handling a multi-

tude of operations, including unloading ships, goods inspection, container storage, export loading,

1
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and internal transport. Given the diversity of machinery used and the volume of operations, con-

tainer terminals have evolved into complex logistics systems, demanding effective management

models and optimization approaches.

Innovative transportation facilities, equipment, and management practices dedicated to inter-

modal freight movement have emerged to address these demands. Seaport container terminals

have become focal points for logistics control, leading to extensive research in scientific liter-

ature. These studies have explored performance analysis, evaluating alternative configurations,

berth allocation, stowage planning, scheduling of handling equipment, storage and stacking logis-

tics, quayside and landside transportation planning, among other aspects [17]. Simulation-based

tools have played a pivotal role, enabling the replication of terminal operations and facilitating

performance evaluations under varying operating conditions.

In this context, the role of simulation modeling becomes paramount. Simulation offers decision-

makers the ability to assess system performance, experiment with different parameters, and sup-

port critical decisions regarding facility layout, equipment selection, and resource adequacy. Re-

cent simulation modeling advancements, enhanced software capabilities, and powerful computing

technology provide opportunities for more robust and comprehensive simulations of container ter-

minals [16].

In light of the evolving complexities and increasing demands on container terminals, this dis-

sertation aims to design and optimize container terminal operations using a simulation-based ap-

proach to serve as a decision-support tool to test several container terminal operation simulation

scenarios and evaluate their performances from a multi-criteria perspective.

This research addresses the fundamental operational processes occurring within a container

terminal, taking into account the escalating trend of automation in port operations and the contem-

porary significance of sustainability. By examining various aspects such as total operation time,

cost-effectiveness, and level of sustainability, this research intends to contribute to the develop-

ment of efficient and sustainable container terminal management strategies.

1.2 Motivation

The significance of marine container ports within global supply networks cannot be overstated,

as they handle over 80% of global commercial trade in terms of volume, with containerized trade

accounting for 17.1% in 2017 [18]. Ensuring smooth and cost-effective operations of container

terminals is crucial for both the economies relying on the transported commodities and the ter-

minal owners to remain competitive. Consequently, extensive research has been conducted on

container terminal operations [19]. However, the heterogeneous nature of container terminals, en-

compassing factors such as terminal layout, equipment usage, and varying degrees of automation

and digitalization, presents a significant challenge in generalizing case study results and sharing

best practices across ports.

Nonetheless, in order to maintain competitiveness, container terminals must adapt and draw

lessons from successful practices in other industries. The complexity of container terminals and
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the limitations of extrapolating conclusions from specific field research necessitates focusing on

specific areas of investigation. While a comprehensive search is theoretically feasible, it often

proves time-consuming for practical implementation. Therefore, approximations must suffice for

real-world applications [19].

Among other methodologies, simulation-based optimization can be employed to predict input

parameters with sufficient accuracy, and various optimization techniques can be applied to address

the same issues. This leads to the research done in this dissertation.

Designing and testing various simulation scenarios of container terminal operations is made

easy by utilizing the capabilities of simulation software. These simulations offer insightful infor-

mation on how different variables and factors affect the performance metrics of container termi-

nals. This work intends to provide a decision-support tool that may assist in efficiently planning

and managing container terminal operations by systematically examining various scenarios.

1.3 Objectives

The primary goal of this thesis is to design a simulation model that will be used as a decision-

support tool to optimize the management of container port activities from a multi-criteria perspec-

tive. The tool will be designed to take into account the unique challenges and complexities of

container port operations. It will be used to evaluate container ports’ global performance using

several key performance measures. Through this research, it is aimed to achieve the following

goals:

• Design a container port simulation model: The first goal of this dissertation is to create a

simulation model designed solely for container port operations. The tool will consider the

operations involved in handling and transporting cargo aiming to study the overall efficiency

of several scenarios developed considering some important metrics.

• Validate and evaluate the simulation model’s performance: The simulation model’s effi-

ciency will be assessed after it has been created. This will entail putting the tool through its

tests with several data and evaluating its capacity to offer insightful analysis and suggestions

about port operations.

• Contribute to the field of port logistics: By developing and evaluating this simulation model

designed explicitly for port operations, its aim is to contribute to the field of port logistics.

This research has the potential to likely provide valuable insights into how container ports

can optimize their operations and improve efficiency.

The main goal of this dissertation is to formulate and construct a decision-support tool capable

of assessing diverse configurations of container terminals to facilitate decision-making regarding

the optimal composition of quay cranes (QCs) and automated guided vehicles (AGVs) within the

terminal. Additionally, this tool will facilitate an evaluation of specific AGV characteristics that
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influence the overall operational performance of the container port. By incorporating comprehen-

sive performance evaluations, including the assessment of energy costs associated with the utiliza-

tion of electric AGVs, this decision-support tool aims to address the escalating automation trends

in container terminals and the imperative sustainability concerns pertaining to port management.

The simulation model design diligently considered these critical factors to ensure a comprehensive

analysis of container terminal operations.

1.4 Methodological Approach

The primary objective of this dissertation is to develop a comprehensive simulation model that

encompasses the fundamental internal operations within container terminals. These operations

entail the coordinated movement of diverse equipment across various areas within the terminal,

necessitating a thorough understanding of port logistics and the underlying procedures involved in

the arrival and departure of ships.

To achieve this objective, an extensive literature review was conducted to gain insights into the

structure and functioning of container terminals, enabling a comprehensive representation of their

operations. Subsequently, the base simulation model was meticulously designed and constructed,

with preliminary tests conducted to familiarize oneself with the simulation software, FlexSim, and

determine the optimal approach to represent the core operations of a container terminal.

During the implementation phase within FlexSim, in-depth research was conducted to obtain

accurate equipment-specific information, ensuring a high degree of fidelity to real-world condi-

tions. Validation exercises were performed to assess the logical coherence of the software program

and its alignment with the conceptual model.

Furthermore, a range of performance metrics was developed using FlexSim’s Dashboard, and

custom functions were formulated to calculate three key performance measures, serving as bench-

marks for evaluating the system’s operational efficiency.

In addition to the base model, two individual modifications were introduced to investigate and

evaluate the impact of AGV characteristics on container terminal operations, providing further

insights into their influence.

Finally, a series of tests encompassing seven distinct scenarios, characterized by varying equip-

ment quantities, were conducted. The results derived from executing these scenarios using the

conceptual model served as a comparative reference against the outcomes obtained from the ex-

tensions introduced to the base model. Subsequent analysis of these results facilitated a concise

reflection on the achievements and contributions of this dissertation.

1.5 Dissertation Structure

This document is structured based on the progress made throughout the project and is divided into

six chapters. The first chapter serves as an introduction, providing contextualization and outlining

the goals to be achieved.
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Chapter 2 focuses on the literature review, delving into topics such as the structure of ports,

container terminals, and the operational environment of ports. It also explores equipment used

in ports, different port layouts, logistics processes, and environmental sustainability initiatives in

ports. Additionally, the chapter covers the concept of simulation and its application as a decision-

support tool, providing examples of simulation usage in the port industry.

In Chapter 3 it is presented the case study of the dissertation, addressing the research problem,

research question, and the design of the container terminal model. This chapter introduces the

conceptual base model and its extensions, which will be simulated to evaluate the performance of

the container terminal. Moving forward, Chapter 4 provides an overview of the FlexSim software’s

features and capabilities and describes the implementation of the case study in FlexSim. It also

presents the several metrics considered in FlexSim’s dashboard that later were used to evaluate the

system.

Chapter 5 focuses on the experimental design conducted in FlexSim, including the selection

of performance measures to evaluate the different scenarios. The chapter also introduces the tool

used for executing and evaluating the scenarios. Furthermore, it comprehensively analyzes the

results obtained from both the base model and its extensions.

Finally, Chapter 6 offers conclusions derived from the dissertation, summarizing the main

findings and insights gained from the research. It also discusses potential extensions of the work

and outlines future research directions.
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Chapter 2

Literature Review

The study done in order to comprehend the majority of the dissertation’s core ideas led to the

creation of this chapter, which covers the bibliographical review. This chapter was organized into

sections after carefully weighing the goals to be accomplished and all the factors influencing the

background and motivation.

Firstly, section 2.1 will provide the concept of seaports and their logistics, as well as their

importance. Section 2.2 delves into the idea of container terminals and the primary operations that

take place there. The classification of containers in container terminals is also addressed in this

section.

Then, in section 2.3, the operations planning in a container terminal as well as the equipment

used for transporting and storing containers will be covered. The different layouts of container

terminals are also addressed in this section.

In section 2.4 is presented a brief explanation of automated container terminals and their char-

acteristics.

Section 2.5 introduces the impacts of seaports on the environment, the concept of green ports,

and the steps taken to achieve sustainability.

Finally, section 2.6 presents the key concepts related to simulation and its approaches. In

addition, is evaluated some previous studies done to optimize container terminals’ operations.

2.1 Physical Flows and Seaports

According to [1], a port is a logistical and industrial hub in global supply chains that has a strong

maritime identity and a functional and spatial clustering of activities that are directly or indirectly

related to the movement of goods, the transformation of goods, and the exchange of information

within these supply chains. They are essential for global trade and commerce as they provide a

vital link between maritime transportation and other modes of transportation, such as rail and road.

Seaports handle a variety of cargo, including containers, bulk goods, and liquid cargo [20].

Ports include a specific terminal or a variety of terminals according to the cargo handled. The

7
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number and kind of these terminals dictate the port’s purpose and role. Some ports are multifunc-

tional, while others can be specialized [1]. Figure 2.1 shows the three main categories of port

terminals.

Figure 2.1: Types of Ports Terminals, adapted from [1]

General Cargo is characterized by three different types of specialist terminals with unique

equipment and architectural considerations that can handle unitized cargo, which can be trans-

ported in batches. Because break-bulk and container terminals handle unit goods, they are built

using the lift-on/lift-off principle, necessitating cranes and storage spaces. At vehicle terminals, a

form of neo bulk terminal, parking lots predominate, and operations are based on the roll-on/roll-

off principle [1]. On the other hand, Bulk Cargo is loose cargo; in other words, the cargo is

carried in any quantity relative to the ship size and the storage capacity. Furthermore, the majority

of bulk terminals are highly specialized to the point of a distinct product, such as coal, grain, iron

ore, natural gas, or petroleum [1]. The third terminal is concerned with the Passengers, which

corresponds to a minor component of contemporary port terminals, with the notable exception of

regions with heavy ferry service density [1].

Seaport logistics refers to the management and coordination of the various activities involved

in seaport operations, including cargo handling, transportation, security, and safety. Seaport lo-

gistics is a complex and dynamic field. It is essential for seaports to be able to optimize their

operations to handle larger volumes of cargo, reduce costs, and improve efficiency.

Effective seaport logistics requires the integration of various stakeholders, including port au-

thorities, shipping companies, terminal operators, and transport providers [21]. Seaport logistics

involves the planning and coordination of the movement of cargo through the seaport, from the

arrival of the vessel to the final delivery of the cargo. It also involves the management of storage

facilities, transport networks, and other critical infrastructure. Seaport logistics faces several chal-

lenges, including the need to maintain security and safety standards, the increasing size of vessels,

and the constantly evolving nature of global trade [1].
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2.2 Container Terminals

Containerization is a transportation method that revolutionized the way goods are moved across

the world [22]. Container ships are the backbone of global trade, transporting everything from

raw materials to finished goods. Container terminals are critical infrastructures for handling and

transferring containers between ships and other modes of transportation [23].

The five primary sections of a container terminal are the berth, quay, transport, storage yard,

and terminal gate. Seaside refers to the berth and quay sections, whereas landside refers to the

storage yard and gate sectors. The landside and seaside areas meet at the intersection of the

transportation area.

Figure 2.2: Container Terminal Layout, adapted from [2]

Container terminals are facilities that handle the movement of containers between different

modes of transportation, such as ships, trucks, and trains [21]. They are designed to store, load,

and unload shipping containers, which come in standardized sizes and shapes [24]. Container

terminals are typically located near seaports, inland waterways, or railroads and are connected to

these transportation networks. Their primary function is to provide a connection point between

different modes of transportation. This involves transferring containers from ships to trucks, trains,

or other ships, and vice versa. Container terminals also serve as storage facilities for containers,

providing a secure location for containers to be held before they are transported to their destination

[25].

Although the types of handling equipment used and the geometric size and layout substantially

vary between port container terminals, several processes and terminal operations are universal to

all container terminals, especially the unloading of a ship which is briefly summarized as follows

[26]:

1. Ship arrival: When a container ship arrives at a terminal, it is guided to its designated berth

by tugboats. Once the ship is secured at the berth, container unloading operations begin.

2. Container unloading: Containers are unloaded from the ship using cranes, which lift the

containers off the ship and onto the dock.

3. Storage: Once the containers are unloaded, they are moved to storage areas within the

terminal.
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4. Container handling: When a container is ready to be transported, it is moved from the

storage area to a truck, train, or another ship. This involves the use of cranes, forklifts, and other

equipment to lift and move containers.

5. Customs clearance: All containers passing through a terminal must be properly docu-

mented and comply with relevant regulations. Container terminals work with customs officials to

ensure containers are cleared for export or import.

6. Transportation: Once a container is cleared for export, it is transported to its destination

by truck, train, or another ship.

Figure 2.3: Container Terminal Operations

The processes involved in outbound containers are the same as those involved in inbound

containers, but the order is reversed.

Based on [27], in port container terminals, containers are categorized in one of two ways.

According to the container flow paths, containers can be divided into three groups in the first

categorization scheme: inbound containers, outbound containers, and transshipment containers.

Containers that are discharged from ships and transferred to recipients in the hinterland are con-

sidered inbound. The containers that are delivered to ships from hinterland shippers are known as

outbound containers. Containers for transshipment are unloaded from one vessel and then loaded

onto another. According to the type of handling by quay cranes (QCs), containers can be divided

into two groups in the second classification method: loading containers and discharging contain-

ers. Whereas inbound containers are categorized as discharging containers, outbound containers

are loading containers. Both loading and discharging containers include transshipment containers.

Figure 2.4: Classification of containers in port container terminals
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2.3 The Operating Environment of Ports

This section will delve into the core operations of a container terminal and the equipment used for

the handling, transportation, and storage of containers. Additionally, the diverse layouts imple-

mented in container terminals will be analyzed too, shedding light on the various configurations

and spatial arrangements adopted to accommodate the complexities of container handling and ship

operations. All of the logistics and features of a container terminal were considered while dividing

this section into its seven subsections.

2.3.1 Operations Planning

The process of developing an operations plan outlines how the terminal will be utilized to transport

and store containers. The Operations Planner takes into account the kind and size of containers,

the terminal’s design, the equipment that is available, and the flow of traffic into and out of the

port [21].

Container terminals may work more effectively and avoid delays by developing a well-thought-

out Operations Plan. All container terminal activities are coordinated and managed by operations

planners to ensure efficient and successful operations. Although it is an essential component of

every organization, managing it in a container port with plenty of moving elements may be partic-

ularly difficult.

The movements of ships, trucks, and cranes, as well as the arrival and departure of container

goods, must be considered by operations planners. They must also make sure that the terminal can

satisfy the needs of its consumers, which complicates matters even further. Although maintaining

this equilibrium can be challenging, it is necessary for the terminal to function properly [21].

2.3.2 Material Handling Equipment

Upon the ship’s berth, the inbound containers are unloaded by quay cranes (QCs) and transported

from the quayside, located in the vicinity of a reception terminal, to the storage yard.

There are restrictions on how far handling equipment can transport a container, and the major-

ity of them can only transport one container at a time. Huge cranes, usually rail-mounted, QCs, or

container cranes, are used to load and unload containers as containerships berth. In order to move

the container from the ship to the quay area and vice versa, the QCs are outfitted with trolleys that

can travel along the crane arm [27]. The spreader of a QC grabs a container on the ship, raises

it vertically to a safe height, carries it horizontally over the dock, and either sets it on a vehicle

or the ground during unloading duties [24]. Figure 2.5 presents three ship-to-shore cranes in the

Container Terminal St. Petersburg, Russia.
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Figure 2.5: Quay Cranes [3]

Because of their relatively low initial investment cost and high capacity, conventional yard

trucks (YTs) illustrated in figure 2.6 and rail-based handling equipment were the only ones utilized

initially and for a while. Unfortunately, they require human drivers, which raises operational costs

[24].

Figure 2.6: Yard Truck [4]

Automated Guided Vehicles - AGVs
The option has more recently been automated guided vehicles (AGVs), which are fully auto-

mated and are managed by a centralized computer that determines the dispatching and movement

of each vehicle [24]. AGVs can move objects, but they cannot lift containers on their own. There-

fore, they need a crane to pick up and/or deliver the containers. Figure 2.7 is a picture of an AGV

in operation at the Container Terminal Altenwerder (CTA) in Hamburg, Germany.
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Figure 2.7: AGV [5]

Labor savings and improved freight routing and tracking are AGVs’ main advantages over

manually operated vehicles [28]. The difficulty in achieving high system safety when AGVs run

at high speeds and are combined with people or, possibly, non-automated vehicles is a significant

drawback of AGVs [28]. This difficulty also contributes to the high initial investment cost. But,

more intelligent and flexible AGVs have been designed that travel freely in the transferring area,

avoid collisions, and use computer vision or wires, lasers, or markings to direct them [22].

Transport vehicles are characterized as either passive or active. Passive vehicles cannot inde-

pendently raise containers from the ground and must thus interact with other equipment, necessi-

tating a higher level of coordination between the various equipment types. Active vehicles, on the

other hand, do not require additional equipment to raise a container. This implies they can lift and

transfer containers between the ship and the buffer region. However, the size and availability of

buffer spaces are crucial considerations for the practical deployment of active vehicles [24].

Table 2.1: Types of transport vehicles

Passive Active
Yard Trucks Straddle Carriers

AGVs Automated Lifting Vehicles

A straddle carrier (SC) is a vehicle with wheels and rubber tires that can lift containers and

stack them on top of one another and move them to and from different locations inside of the

port, as figure 2.8 shows. SCs can only handle the small number of containers that small seaport

terminals must now handle manually, and they cannot meet the capacity and space utilization needs

of major seaport terminals. They are able to move between rows of containers and can stack them

up to four tiers most of the time [29]. SCs are widely used as transportation/stacking equipment

at small and medium-sized container ports [24].
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Figure 2.8: Straddle Carrier [6]

Based on the principles of SCs, automated lifting vehicles (ALVs) have been developed to lift

and transport containers from the ground as well as move them automatically and more swiftly,

like an AGV. ALVs do not need to wait for a transport truck and have a separate work cycle from

QCs or storage yard cranes [24].

2.3.3 Storage Yard Logistics

Containers that have been unloaded from a ship may be placed on the quayside, on an over-the-

road truck chassis, or on a port truck chassis using quay cranes. Containers are transported by yard

trucks to the port’s stack storage area or rail yard if they are mounted on port chassis [26].

The containers are removed from the chassis and placed in stack storage yards using yard

cranes (YCs). Containers can be moved from the port’s quayside to the port’s stack storage area

or rail yard using port straddle carriers. This procedure will be reversed for outbound containers

[20]. For loading onto a containership, quay cranes reclaim containers from port vehicle chassis

or the quayside itself. Quay rail cranes can load and unload containers into and out of each ship’s

bay since they are mounted on rails and can move laterally along moored containerships [20].

Yard cranes are similar to ship-to-shore cranes in that their spreaders are attached to containers

for raising and lowering, as depicted in 2.9. Containers may be lifted and lowered from and onto

rail trains, vehicle chassis, container stacks, and maybe rail or rubber tires [20]. Yard cranes come

in a variety of designs, including rubber-tired gantry cranes (RTGs) and rail-mounted gantry cranes

(RMGs). While moving from one container storage yard to another, RTGs are more mobile than

RMGs. Yet, because RMGs are more stable when placed on rails, ports can utilize them to stack

containers higher, increasing the density of container stacks in storage facilities [20].

Yard cranes lift and lower cargo from above like straddle carriers do. Contrary to straddle

carriers, yard cranes have the drawback of being unable to quickly move containers from one

specified area of the port to another [20]. Yet when it comes to container stacks, yard cranes have

an edge over straddle carriers in terms of selectivity capability, which means they can typically pick
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and remove or move containers in the stacks more quickly [20]. This benefit grows as container

stacks get taller and wider, which tends to increase with the price of the port property [20].

(a) RTG [30] (b) RMG [31]

Figure 2.9: Yard Cranes

As inbound containers from ships arrive at port rail yards, they are unmounted from port

chassis and put onto rail cars. Stack-stored inbound containers are unstacked, put on port chassis,

transported to rail yards, taken off the chassis, and loaded onto rail cars [20]. Rail-delivered

outbound containers are unloaded and put on port chassis for transportation to stack storage, where

they are taken off the chassis and stacked [20]. Additionally, they may be towed to the port’s

quayside, lifted off the chassis by the quay cranes there, and put onto ships [20]. Reshuffling the

containers is another ineffective activity carried out in container terminals, but it is necessary when

the desired container has been piled below other containers.

It can be challenging to extend storage yards because many container terminals lack the space

to do so and because the land might occasionally be prohibitively expensive. Also, the reshuffling

procedures necessary in storage yards for stacking are time-consuming. So, in order to expand

storage capacity, researchers have recently begun considering the fundamentals of automated stor-

age and retrieval systems to be used in container ports.

2.3.4 Layout of Container Terminals

Today, a sizable terminal may handle millions of containers every year. Paying closer attention to

the layouts and handling technologies used to stack containers is essential for boosting container-

ized freight transportation efficiency [23]. Containers are frequently kept in stacks at terminals

as they wait to be transported further by seagoing boats or by land-based forms of transportation

[23]. The layout of container terminals today is typically rectangular, with many bays and rows

stacked next to one another in multiple, usually four-tiered stacks [23].

According to the orientation of the storage blocks concerning the quay line, there are two main

types of yard layouts: parallel and perpendicular [26], as figure 2.10 illustrates. Container terminal

designs vary depending on some factors [26]:

• The region in which they are located.
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• Container throughput.

• Morphological layout.

• The needs of transportation companies.

• The type of terminal in terms of handling and transportation equipment, namely automated,

semi-automated, or conventional terminals.

Figure 2.10: Types of Container Terminals Layouts [7]

Vehicles are required to interact with YCs at the extremities of the block in the perpendicular

layout with end-loading blocks [7]. This block layout is more common in export and import termi-

nals, and it is advantageous for container yards because the landside and seaside traffic controls are

separate, allowing only vehicles to access the landside blocks for receiving and delivery activities.

In contrast, only road trucks can access the seaside blocks for loading and unloading activities [7].

To facilitate traffic management, road trucks and carriers are not permitted to enter the vertical

aisles between neighboring blocks. Hamburg’s Altenwerder Terminal and Rotterdam’s Euromax

Terminal serve as good examples of real-world applications. As a result of the end-loading block

architecture, YCs must do a round-trip for each handling task, which could cause vehicles to wait

for a while [7].

Many traditional container terminals, like Pasir Panjang Terminal in Singapore and Modern

Terminal in Hong Kong, have a parallel layout with side-loading blocks, which presents demand-

ing traffic control needs for various types of handling equipment [7]. This design is more common

in transshipment terminals [23]. RTGs or RMGs are used in parallel layouts, and it is necessary

for vehicles to temporarily park next to the block so that YCs can perform handling operations

nearby, usually within close proximity to the block, in order to increase operational efficiency by

minimizing YC gantry travels [27].
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2.4 Automated Container Terminals

In response to the surge in global trade, port authorities are actively exploring strategies to en-

hance the efficiency of their existing facilities. One promising approach to improve operational

efficiency, expand capacity, and cater to future demands is the implementation of advanced tech-

nologies and automation, which facilitate accelerated terminal operations [32].

The growth of automation in various industries can be attributed to two primary factors: the

imperative to minimize manual labor costs and address the scarcity of skilled labor. When it

comes to repetitive tasks, relying solely on manual labor can result in lower productivity and in-

creased unreliability. Conversely, automation offers enhanced output levels with greater precision,

all while reducing long-term costs. Hence, automated container terminals with high-density capa-

bilities have emerged as potential solutions for enhancing the performance of container terminals

and addressing future challenges in marine transportation. Recent advancements in electronics,

sensors, information technologies, and automation have made the development of fully automated

terminals technically viable. According to [32], the Port of Rotterdam has successfully imple-

mented a fully automated terminal that utilizes automated guided vehicles (AGVs) and automated

yard cranes for container handling. Similarly, the Port of Singapore and the Port of Hamburg are

also exploring similar concepts.

As stated by [33], the most advanced kind of container terminal is called an automated con-

tainer terminal (ACT), which employs automated machinery and sensors to carry out autonomous

tasks such as container loading and unloading, horizontal transit, and yard operations. The con-

figuration of an ACT, including its storage capacity, number of gate lanes, berths, quay cranes,

and other features, is determined by considering both the projected maximum container volume

to be handled by the terminal and the equipment specifications. A classic ACT’s usual configu-

ration consists of berths, yard blocks, gates, lanes in the terminal, terminal cranes (such as quay

cranes (QC) and rail-mounted gantry cranes (RMG)), transport vehicles (such as automated guided

vehicles (AGV) and container trucks) and transport vehicles.

Several studies have been conducted to evaluate each ACT’s performance and improve con-

tainer handling efficiency. At current, the evaluation of automated container terminals (ACTs)

has concentrated chiefly on examining the performance of various ACT types using sophisticated

event-based simulation models [34].

In a nutshell, the use of ACTs has shown promise in resolving issues that traditional container

terminals have to deal with. ACTs provide the possibility for better performance, more efficiency,

and increased production through sophisticated technology and automation.

2.5 Environmental Sustainability in Ports

Since trade can be conducted more quickly and effectively at ports, their significance has only

grown to grow. The ports’ strategic location, rising transaction volume, development of envi-

ronmentally friendly systems, and proximity to vital trade routes all contribute to an unavoidable
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process of change. The notion of the green port has now been created as a result of growing aware-

ness [35]. The goal of green ports is to use energy resources effectively and efficiently to meet

energy needs while having the most negligible detrimental impact on the ecosystem and the en-

vironment possible while the ports continue their operations [35]. The attention to environmental

issues is particularly intense for vessel and cargo handling operations, industrial activity in ports,

port development and extension plans, and hinterland accessibility. Pollution from port-related

operations and construction is one of the main causes of seaports’ negative environmental effects.

They include terminal handling machinery, logistics, and industrial activity in the port, as well as

air pollution from berthed ships. In addition to the environmental effects and potential congestion

caused by the landside operations of barges, trains, and trucks, port-related operations also cause

noise [1].

Since reducing energy consumption allows for both significant energy cost savings and sig-

nificant environmental benefits, it is crucial to consider the trade-off between energy consumption

and operational efficiency as well as its effects on the integrated scheduling of quay cranes and

intraterminal vehicles [22].

During operation, diesel-powered cargo handling equipment in ports releases gases such as

SO2 (sulfur dioxide), NOx (nitrogen oxides), CO (carbon monoxide), HC (hydrocarbon), PM

(particulate matter), and so on [36]. Low air pollution, high energy savings, and high working

effectiveness are the goals of green container handling issues in order to meet the requirements

for effective terminal operations [37]. Currently, diesel equipment is being abandoned in favor

of electric vehicles in order to produce a sustainable and environmentally friendly atmosphere.

Green container ports should be built with efficiency in mind, as well as with the goal of saving

energy and cutting carbon emissions [38]. Electric-powered AGVs make a big difference in how

efficiently they operate, how much energy they save, and how much CO2 they emit. Furthermore,

rising diesel prices in recent years increased terminal operating costs, and new regulations pushed

port officials to switch to electric handling equipment [39] [40]. The change results in energy

savings and improved air quality, as well as a reduction in greenhouse gas emissions and noise

pollution at the terminals [38].

The necessity for operational activity coordination will become even more crucial in the future

as containerization grows in order to maintain productivity. In the very near future, there will be

a significant increase in the requirement for integrated approaches, according to the study by [38].

Additionally, as automation increases at container terminals, it will be necessary to optimize the

automated vehicles and handling equipment. This will also require effective planning of integrated

operations involving this equipment. Also, brand-new terminal layouts will quickly evolve into

"green port terminal" layouts that take into account energy-efficient handling machinery and lower

air pollution [38].

2.6 Simulation

In this section, the role of simulation as a tool for decision support systems will be explored.

The different paradigms of simulation utilized will be examined. Emphasis will be placed on the
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significance of simulation in providing insights and supporting decision-making processes, with

the aim of highlighting its relevance and potential for enhancing port operations and optimizing

performance.

2.6.1 Simulation as a Tool for Decision-support Systems

According to [41], simulating the behavior of a system or process in the real world over time

is known as simulation. In order to simulate a system, an artificial history of the system must

be created. This artificial history must then be observed in order to make conclusions about the

operating characteristics of the real system being simulated [41].

For the resolution of many real-world issues, simulation is a crucial approach to problem-

solving. For describing and analyzing a system’s behavior, posing hypothetical "what-if" scenar-

ios, or helping to develop actual systems, simulation is often employed. Simulation can be used to

model both real-world and hypothetical systems [41].

Simulation has been used in research and development efforts in container terminal operations.

Modeling is a way of solving problems that occur in the real world. It is applied when prototyping

or experimenting with the real system is expensive or impossible [42].

Analytical forecasting of the terminal’s performance under particular layouts and configura-

tions is challenging due to the sheer size of the facilities and the complexity of the equipment used.

The need for a tool that can accurately simulate the behavior of an actual terminal arises from the

difficulty of analyzing and benchmarking control strategies that relate to the dynamic behavior of

the equipment [43].

2.6.2 Simulation Paradigms

There are several types of simulation used in decision support systems, including System Dynam-

ics (SD), Agent-Based Modelling (ABM), and Discrete Event Simulation (DES).

The System Dynamics approach is frequently employed in long-term, strategic models and

presupposes very high degrees of object aggregation: SD models use quantities to represent peo-

ple, things, events, and other discrete objects [44]. In System Dynamics, the representation of

real-world processes takes the form of stocks, flows between these stocks, and data that estab-

lishes the values of the flows. By abstracting from discrete events and entities, System Dynamics

adopts an aggregate perspective that focuses on policy. To tackle the problem in the System Dy-

namics way, one must define the system behavior as a collection of cooperating feedback loops,

balancing or reinforcing structures, and delay structures [42].

The use of Agent-Based Simulation (ABS) aids in the comprehension of real-world systems

where the representation or modeling of many individuals is crucial and where the individuals

have autonomous behaviors. ABS provides something new, intriguing, and possibly quite useful

for manufacturing and supply chains. The focus of ABS models is on simulating the entities and

their interactions, where each agent has a separate control thread [45].
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The Discrete Event Simulation approach is an effective tool for reviewing and assessing

production flows without compromising output [46]. The state variables of a discrete-event simu-

lation model only change at the discrete points in time where events take place. Activity times and

delays have an impact on events. Entities may compete for system resources, possibly forming

queues while they wait for a resource to become available. Each event updates the system state

and captures and releases any resources that may become available at that moment [41].

The quality of discrete event simulation models is highly dependent on the input data. In

actuality, the compatibility between data sources and simulation models, as a first step to assure

high-quality input data and to minimize data gaps or limited accessibility, might be crucial to

decide the simulation’s success [47].

The use of discrete event simulation provides engineers with a versatile modeling capability

for a thorough examination of a production flow and its dynamic behavior. Considering this and

the goal of this dissertation, which is designing a simulation model for optimizing port operations,

this type of simulation model will be the one used.

2.6.3 Application of Simulation to Ports

It has already been studied and developed some simulation models mainly focused on container

terminals to encourage sustainable ship-port connections and supply chain networks. According

to [48], the development of ports, and more specifically container terminals, has been proven

to benefit significantly from the usage of simulation models over the past 50 years. In several

experiments, testing the viability of a general technique or design element was the main goal

rather than simulating a specific port [43].

Authors like Ho and Chien (2006) [49] and Soriguera, Espinet, and Robuste (2006) [50] assess

the management of vehicles for the internal movement of containers; Arango, Cortés, Onieva, and

Escudero (2013) [51] and Arango, Cortés, Muuzuri, and Onieva (2011) [52] assess and optimize

the allocation of docks and wharf cranes to ships. Lee, Cao, and Shi (2007) [53] and Legato,

Canonaco, and Mazza (2009) [54] review and optimize the operations of dock cranes and gantry

cranes as stated by [55].

The optimization of seaport logistics is therefore essential for ensuring the smooth and effi-

cient operation of seaports and for maintaining their position as critical infrastructure for global

trade and commerce. The development of simulation tools for optimizing seaport operations is a

promising avenue for addressing these challenges and improving seaport logistics.
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Case Study

This chapter provides a description of the problem that this dissertation seeks to resolve before

diving into a thorough analysis of the case study. There will be six sections in this chapter, each

of which has a number of subsections.

The purpose of section 3.1 is to address the present problem by providing a thorough expla-

nation of the issue. Section 3.2 then presents a description of the base model. The container

terminal design is also thoroughly explored in this chapter, covering elements like the quay area

(3.3), transportation area (3.4), and storage yard area (3.5). Each area is scrutinized, highlighting

specific characteristics and specifications contributing to overall operational dynamics.

Finally, section 3.6 presents the explanation of the two extensions of the case study.

3.1 Problem Description

As mentioned in the previous chapter, a seaport is the place of connection between land and

sea, where the logistic pipeline rupture occurs due to the modal transfer between a mode of land

transport and an aquatic, fluvial, or maritime transport.

The effectiveness and efficiency of the port and its terminals are appreciated by the speed with

which the discontinuity dictated by that rupture is resolved. In an ideal situation, land transport

and maritime/inland waterway transport should coincide in time and space so that cargo is trans-

ferred between them without a break in continuity. However, the reality is different, discontinuity

happens, and the port will have to deal with it by ensuring spaces for cargo reception while waiting

for the connection to land or sea/river, depending on the direction of movement.

To guarantee the maximum efficiency and performance of a container terminal, the important

key research question to be answered in this dissertation is:

• What is the optimal solution considering the container terminal’s resources to obtain the

minimum unloading time of a container ship?

Thus, this dissertation was motivated by the necessity to solve the daily difficulties and complex-

ity that container terminals face. Given the rising demand for efficient container handling and the

21
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growing automation of terminal operations, the need for decision-support tools that can simulate

different scenarios and evaluate their performance impact is crucial. The goal of this dissertation

is to aid in creating a reliable instrument that facilitates the administration of container termi-

nals through informed decision-making. In this dissertation it will be addressed the problem of

resource use management at container terminals, such as quay cranes and AGVs, using a multi-

criteria approach in combination with a simulation model where the relative importance given to

selection criteria and the performance of container terminals are both varied due to the available

resources and their characteristics. This provides a means to assess how container terminal per-

formance and productivity are affected by changes in different criteria related to the operational

areas, specifically the quay cranes, the storage yard, and the transportation system.

3.2 Base Model

Container terminals are complex infrastructures where multiple operations take place involving

many resources and human operators. As mentioned in 3.1, container terminals are places of

connection between the sea and the land, giving rise to all port logistics and the planning of all

operations.

This complex system comprises several types of equipment, such as QCs, transport vehicles,

and YCs. Figure 3.1 shows a schematic container layout where it is possible to see its differ-

ent areas. As specified in 2.2, a terminal can be divided into several areas dedicated to specific

operations: quay area, transport area, yard area, and hinterland area.

Figure 3.1: Schematic container terminal layout [8]

This dissertation considers all the operational areas, except the hinterland area, since the core

of this research is to study and optimize the internal operations of a container terminal. These

operations involve the cooperation between the QCs, vehicles, and yard cranes for unloading or

loading a ship.
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Analyzing the critical components of the real system is the first stage in creating the model.

It is essential to first create a conceptual model before it is possible to begin the analysis. The

conceptualization of the model depicts the process that will be examined and describes the flow

of the entities inside the system. The base case built for this study only deals with the unloading

operation of a ship. In this case, the main discussion topics were managing ship-delivered con-

tainers and their transfer from the quay area to the storage yard. Inbound containers are unloaded

at the quay utilizing QCs that take them up from the ship, and they are then transported through

internal vehicles to the storage yard, where they are stacked before being dispatched via the gate

as part of the unloading sequence. The various stages of the ship unloading operation taken into

consideration for this case study are illustrated in figure 3.2.

Figure 3.2: Operation process at the container terminal case study

3.2.1 Container Terminal Configuration

The terminal configuration considered in the analysis consists of one berth, the quay cranes work-

ing along it, and the handling equipment assigned to this berth. This dissertation analyses one

handling equipment unit: electric Automated Guided Vehicles (AGVs). It transports containers

from the quay area to the storage yard. The selection of AGVs as the mode of transportation is

driven by the increasing automation trends observed in container terminals in recent years. More-

over, the emphasis on sustainability in seaport operations has led to the adoption of electric AGVs

as a means to reduce carbon emissions and promote environmentally friendly practices. Figure

3.3 illustrates the primary operations and equipment considered in this simulation model.

Figure 3.3: Schematic representation of the base case for simulation
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A QC in a container port is not permanently stationed in one area. Hence their primary duties

involve moving containers around and traveling. Once more, the three components of the transfer

function are picking-up, vertical/horizontal transference, and release. In particular, a spreader

moves vertically, whereas a crane trolley goes horizontally. These functions are all taken into

account by the simulation model. As a result, the QCs in the simulation model function like actual

terminals. In this base case, AGVs move along specified tracks for potential routes, and their

actual speed is applied to the model. The main difficulties in the travel region, such as congestion,

can be primarily remedied even though this technique does not completely solve all problems with

transportation modeling. Every container, whether it is in a ship or a storage yard, is handled as an

object in the simulation model. In a container-terminal simulation, when many containers must be

handled, the precise characteristics of the containers, including their location, are typically left out

for efficiency and to prevent unmanageable complexity. On the other hand, the storage yard can

only be viewed as a container block where the containers unloaded from a ship are stored utilizing

a single-yard crane. Since the gantry, trolley, and hoist speeds were considered for the simulation,

this yard crane functions as it would at actual container terminals.

In this base model, it is assumed that only one ship arrives to be discharged. For this process,

there are two QCs available to unload the vessel and four AGVs available to transport the contain-

ers from the quay area to the storage yard for storage. As mentioned earlier, only one yard crane

is available to store containers in the container block. The number of QCs and AGVs involved in

the ship unloading process constitute two decision variables of the model that consequently affect

the total operation time.

To develop a highly realistic simulation model, extensive research has been conducted on the

characteristics of quay cranes, AGVs, and yard cranes. This research aimed to capture the intricate

details and nuances of these components that play a crucial role in port operations. By thoroughly

examining this machinery’s operational aspects and technical specifications, the simulation model

was designed to replicate their behavior and performance within the port environment accurately.

Particular emphasis was given to the characteristics of electric AGVs in this research due to the

recent trend of automation in container terminals. As sustainability becomes an increasingly im-

portant aspect of port operations, adopting electric AGVs offers significant benefits. By focusing

on the specific features and capabilities of electric AGVs, this dissertation aims to highlight their

potential contribution to sustainable and eco-friendly port logistics.

By combining extensive research on quay cranes, AGVs, yard cranes, and on other port logis-

tics players with a detailed exploration of operational areas, this dissertation strives to contribute

to the advancement of simulation models in port logistics and to create a simulation model that is

as accurate to reality as feasible, constantly striving for the best outcome with the least amount of

overall operational time. The subsequent sections will provide a comprehensive overview of each

operational area, shedding light on their unique characteristics and offering valuable insights into

their optimization potential.
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3.3 Quay Area

The initial step in constructing the simulation model involved meticulously analyzing the various

containerships, containers, and quay cranes prevalent in port operations. A comprehensive exam-

ination of containerships was conducted to understand their diverse configurations, dimensions,

and capacities. A comprehensive understanding of cargo handling requirements was achieved by

studying the characteristics of different containers, including their sizes, types, and stacking capa-

bilities. An in-depth analysis of quay cranes was undertaken, considering their lifting capacities,

outreach capabilities, and operational constraints. This thorough investigation of containerships,

containers, and quay cranes provided a solid foundation for building an accurate and realistic

simulation model that could effectively replicate the dynamics and complexities of a functioning

container terminal.

3.3.1 Ship Arrival

Firstly, research was done on the types of ships that exist according to the capacity they can carry.

According to [56] and as table 3.1 shows, ships are categorized according to approximate capacity

measured by TEUs (Twenty Foot Equivalent Units).

Table 3.1: Categorization of Ships

Type of Ship Approx. Ship Capacity (TEUs)
Small feeder Up to 1,000

Feeder 1,000 to 2,000

Feedermax 2,000 to 3,000

Panamax vessels 3,000 to 5,000

Post Panamax vessels 5,000 to 10,000

New Panamax vessels 10,000 to 14,500

Ultra Large Container Vessel (ULCV) 14,500 and above

The measurement of a container’s size, commonly referred to as TEU or Twenty Foot Equiv-

alent Unit, serves as the standardized unit in shipping. It means that two TEUs can be either two

20-foot containers or a single 40-foot container, with the latter being the more prevalent length.

A TEU represents a length of 20 feet. Similarly, the terms "two TEU" or "one FEU," where FEU

stands for "forty-foot equivalent unit," are often used to denote standard 40-foot containers. How-

ever, it is essential to note that container weight can vary significantly depending on the contents

being transported, thus adding complexity to considerations of space limitations.

In this conceptual model, it is considered the standard 40-foot container. These containers

arrive at the port in a Feeder Ship. The choice of the Feeder Ship as the containership to be incor-

porated into the conceptual model stems from its significant role in the global shipping industry.

Feeder Ships are vital in transporting containers between smaller ports or terminals and signifi-

cant hub ports. These vessels are designed to accommodate smaller capacities than their larger
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counterparts, such as Panamax or Post-Panamax vessels. By focusing on Feeder Ships, the con-

ceptual model aims to capture the intricacies of container transport within regional or short-sea

routes, providing insights into the specific operational considerations and challenges associated

with these types of vessels. Additionally, incorporating Feeder Ships into the model allows for

a more comprehensive analysis of container flow, optimizing the overall efficiency and logistics

planning within a broader port system. As can be seen in table 3.1, a Feeder ship can transport up

to 2000 TEUs. For this base case, it was considered that a Feeder ship would always arrive at the

port containing 500 TEUs, in other words, 250 40-foot containers.

3.3.2 QC Characteristics

The crucial role of unloading the chosen ship concerns QCs, which are essential for container

terminals as they facilitate the efficient transfer of containers between ships and the terminal yard.

With their impressive lifting capacities and outreach capabilities, these cranes handle containers

of various sizes and weights. Their fast and precise operations contribute to minimizing vessel

berthing times, optimizing cargo flow, and maximizing terminal productivity. QCs also ensure

operational safety through advanced control systems and monitoring features. Overall, their role

in container terminals is crucial for maintaining smooth logistics operations, enhancing efficiency,

and ensuring the safe handling of cargo.

According to [9], with regard to the classification of QCs, these can be divided into several

categories. The container vessel size that can service QC is used to classify the first potential type,

which can be seen in table 3.2.

Table 3.2: QCs categorization based on container ship size

Type of QC Size of Containership
Panamax QC 11-13 containers wide and outreach of 30-40m

Post-Panamax QC 17-19 containers wide and outreach of 45-55 m

Super Post-Panamax QC 21-23 containers wide and outreach of 60-70 m

Another classification of quay cranes is based on their boom mechanization [9]:

• High profile, also known as the A-Frame profile, features a tip-up boom positioned above

the water surface and relies on the vessel’s anchor for stability. This profile exhibits the

lowest cost and the lowest wheel loads.

• Low profile cranes have a boom that can either push forward or retract above the vessel

deck. These cranes are suitable, especially for their minimum height near airports and for

reduced visual impact. This profile exhibits higher costs and higher wheel loads.

The observation of figure 3.4 provides a visual representation that enhances comprehension of

the contrasting characteristics between high profile and low profile quay cranes.



3.3 Quay Area 27

Figure 3.4: Different profiles of a QC [9]

Once the classifications of quay cranes have been explored, examining the various compo-

nents that make up these machines and comprehending their specific roles becomes essential.

Quay cranes comprise several integral components that work in tandem to ensure effective cargo-

handling operations. These components synergistically contribute to the overall functionality of

a typical quay crane, enabling efficient loading and unloading of containers. By understanding

these components’ functions, it is possible to understand how quay cranes facilitate seamless and

productive operations in container terminals.

The process of loading and unloading containers is called a "move" in quay crane operations.

The quay crane’s spreader is positioned on the container and secured using twistlocks to unload

the container. The hoist then lifts the container, and the crane’s trolley moves it towards the quay.

The spreader is lowered, and the container is placed on the ground or onto a transport vehicle at

the wharf. Releasing the container involves unlocking the twistlocks, and the spreader is lifted

again. The loading process follows the same crane operations in reverse, with containers being

lifted, moved, and secured before being placed onto the vessel [57][9]. These specifications of

QCs can be better understood by looking at figure 3.5.

Figure 3.5: Specifications of a QC, adapted from [10]
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The Panamax QC, with a high profile and a single lifting mechanism, was chosen for this base

model. This QC is the typical QC for operating a Feeder ship [58]. In order to add fidelity to

the model, the QC characteristics, such as speed and average load/unload time, were taken into

account for the simulation model in FlexSim. With the information gathered from [9] and [58],

it was possible to assess all the technical data needed to build the base case. Table 3.3 shows the

hoisting, trolley, and traveling speeds.

Table 3.3: Panamax Crane Technical Data

Hosting Speed Trolley Speed Travel Speed
Panamax Crane 50-125 m/min 150-180 m/min 45 m/min

Considering the specifications of the objects used in FlexSim and in order to simplify the

model, an average value for the hoisting and trolley speed has been considered. In this sense, the

values of the speeds considered for the simulation model are those listed in the table 3.4.

Table 3.4: Panamax Crane Technical Data in FlexSim

Hoisting Speed Trolley Speed Travel Speed
Panamax Crane in FlexSim 87.5 m/min 165 m/min 45 m/min

The comprehensive collection of characteristics and technical data of Panamax QCs makes it

possible to incorporate a QC model into the simulation that accurately replicates the operation of

actual container terminals. A thorough understanding of the crane’s hoisting speed, travel speed,

and main trolley speed provides a solid basis for designing a realistic and efficient QC model.

By incorporating these parameters into the simulation, the virtual QC can mirror the perfor-

mance of its real-world life counterpart, enabling accurate analysis of operational scenarios and

optimization of terminal processes. This realistic representation enables the evaluation of various

factors, such as container handling efficiency and overall productivity. Using precise technical

data ensures that the simulated quay crane behaves in a way consistent with real operations. This

provides valuable insights and supports container terminal planning and management decision-

making processes.

3.4 Transportation Area

A growing emphasis on automation in container terminals has led to the selection of the AGV as

the primary vehicle in this conceptual model for transporting containers from the quay area to the

storage yard. With the increasing adoption of automated solutions, AGVs have emerged as the

ideal choice due to their inherent efficiency, reliability, and sustainability advantages [59].
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3.4.1 Electric AGVs

Considering the sustainability aspect, the decision was made in this conceptual model to use elec-

tric AGVs instead of diesel-powered counterparts. Considering the importance of minimizing

environmental impact, electric AGVs offer a cleaner and greener solution for container transport

within the terminal. Using electric power, these AGVs significantly reduce carbon emissions and

help improve air quality, aligning with the industry’s commitment to sustainability. This decision

reflects a proactive approach to adopting environmentally friendly practices in container terminal

operations and promotes a more sustainable and environmentally conscious future.

Having said that, several technical data about the AGVs had to be considered to simulate the

required model, especially the battery features. The battery characteristics of an AGV hold signifi-

cant importance in determining its performance and efficiency within container terminals, making

them a crucial consideration in the context of this dissertation. Key aspects to consider include

battery capacity, measured in ampere-hours (AH), which represents the total energy storage ca-

pacity of the battery [60]. A higher capacity enables prolonged operating times and increased

productivity before requiring recharging. Additionally, the recharge rate, measured in amperes

(A), is critical as it determines the speed at which the battery can be replenished during charging

intervals. Faster recharge rates facilitate reduced downtime and enhance the overall operational

efficiency of AGVs.

Moreover, the energy consumption or use during AGV operation is a vital parameter to opti-

mize. This parameter signifies the amount of energy drawn from the battery during AGV motion,

both when transporting containers and when traveling empty. By efficiently managing energy

consumption, AGVs can achieve optimal operational ranges, minimize charging frequency, and

reduce overall energy costs.

Furthermore, battery lifespan, compatibility with charging infrastructure, and robust battery

management systems are crucial considerations. These factors contribute to the long-term relia-

bility, cost-effectiveness, and sustainable operation of AGVs in container terminals. However, this

model didn’t consider these features to simplify its implementation and analysis.

In addition to these aspects of AGV battery use, and to approximate their behavior to the

reality in container terminals, the speeds of AGVs when carrying cargo and running empty were

considered. The acceleration of these vehicles under the same conditions was considered, as well

as the deceleration.

3.4.2 AGVs’ Battery Specifications

Consequently, some assumptions had to be made for this base model, as seen in table 3.5. All

these figures were obtained by reading various articles and conducting an extensive search of the

available literature on the operation of AGVs in container terminals.
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Table 3.5: AGV specification for container terminal application

Speed & Acceleration
Max. Speed forward/reverse empty 6 m/s

Max. Speed forward/reverse loaded 3 m/s

Acceleration/Deceleration empty 2 m/s2

Acceleration/Deceleration loaded 0.50 m/s2

Battery
Battery Capacity 400 AH

Battery Use empty 312.5 A

Battery Use loaded 208.3 A

Recharge Time 1.5 h

According to the findings presented by [22] and based on actual data from container terminals,

it is assumed that the "nominal" travel speeds of AGVs are 6 m/s when empty and 3 m/s when

loaded. The average energy consumption is 10 and 15 kW per second when traveling empty and

loaded, respectively. Although AGVs can autonomously adjust their instantaneous speed based

on the current demands of the schedule and trajectory, they are assumed to travel at a constant

average speed in a given trip segment. As for the study conducted by [60], it is presented the

values for the acceleration and deceleration of AGVs in container terminals, which is, respectively,

2m/s2 and 0.5m/s2. To obtain all the crucial specifications of the AGV battery, it was possible to

obtain information on battery capacity in a study prepared for the port of Antwerp-Bruges [61].

According to [62], all automated guided vehicles are powered by batteries ranging from 12 to 48

volts, usually designed to operate for at least 8 hours during regular operation. There are two

basic methods of charging the battery. One method involves replacing the dead battery with a

fully charged one; the other involves charging the battery while it is still in the vehicle. For this

conceptual model, it was considered the last charging method and an AGV with a battery of 48V.

This value enabled the calculation of battery usage values. The battery usage of an AGV refers to

the amount of energy drawn from its battery during operation. It is usually measured in amperes

(A) or kilowatts (kW).

In this model, assuming a battery capacity of 400Ah and an average energy consumption of

10 and 15 kW per second when empty and loaded, it is possible to calculate the battery use using

Ohm’s Law (P = VI). Since the power (P) is equal to the energy consumption, the voltage (V) is

constant, and the current (I) is the unknown variable that represents the battery consumption:

BatteryUse(I) =
Power(P)

Voltage(V )
(3.1)

Since power is given in kilowatts (kW), it is required to convert it to amperes (A) by dividing
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it by voltage (V). Presuming a standard voltage of 48V commonly used in AGV systems:

BatteryUse(I) =
10kW
48V

= 208.3A (3.2)

BatteryUse(I) =
15kW
48V

= 312.5A (3.3)

Based on this calculation, the AGV with a battery capacity of 400Ah and an average energy

consumption of 10 and 15 kW per second when empty and loaded would have a battery use of

approximately 208.4 and 312.5 amperes, respectively, during operation.

A newspaper article on the completion of an AGV loading infrastructure project at Container

Terminal Altenwerder indicates that the AGVs used there can reach a full load within about 1.5

hours [63]. This information provides valuable insight into the charging capabilities and efficiency

of the AGV and highlights the technological advances in container terminal automation. The abil-

ity to load AGVs within a relatively short period increases operational productivity by minimizing

downtime and ensuring the continuous availability of these vital transport vehicles. This insight

contributes to a better understanding of the optimization of AGV use in container terminal opera-

tions.

3.4.3 AGVs’ Route

In addition to this technical data required for the operation of AGVs in container terminals, it is

essential to consider the problem of routing these vehicles. As previously mentioned, AGVs play

a crucial role in the transportation of containers between QCs and the storage yard during both

loading and unloading operations. These driverless vehicles operate along pre-defined paths, and

effectively scheduling and controlling their movements is a critical and demanding task [64]. The

routing of AGVs involves the determination of optimal routes for a set of AGVs to fulfill their

assigned transport tasks. This routing aspect significantly impacts the productivity and flexibility

of AGV systems, thereby influencing the overall performance of container terminals [65].

While many existing AGV systems utilize maps with predefined fixed paths for routing, it is

worth noting that AGVs possess the inherent capability to navigate freely throughout the entire

terminal area. Since the inception of the automated container terminal at ECT, Rotterdam, in

1993, numerous projects have been undertaken to enhance the performance of container terminals

and AGV systems. Extensive research has been conducted on AGV routing, exploring various

aspects such as fixed topology applications, including loop, tandem, and network layouts [65].

Scholars have focused on pickup and delivery point selection, topology design, and the application

of operational research methods for route optimization.

Most existing research in the field of AGVs assumes fixed paths for their movements to sim-

plify traffic management and vehicle control. However, it is worth considering that employing non-

fixed paths for AGV movements has the potential to enhance transportation efficiency. Nonethe-

less, such an approach also introduces increased traffic complexity and new challenges in terms

of control and coordination. Therefore, selecting routing strategies for AGVs necessitates careful
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consideration of trade-offs between transportation efficiency and the associated complexities in

traffic management and control.

In this conceptual model, the AGVs are driving along fixed paths, according to a so-called

loop-layout, as shown in figure 3.6.

Figure 3.6: AGV guide path, adapted from [11]

Upon the arrival of the vessel at the designated berth within the terminal, the QC undertakes

the pivotal task of lifting the container from the ship and conveying it to the transfer point, facili-

tating the subsequent handover to the AGV. Subsequently, the AGV assumes the responsibility of

transporting the container to the designated transfer point in coordination with the YC. The YC, in

turn, facilitates unloading the container within the storage yard. Once this operation is done, the

AGV quickly takes further instructions and goes to the designated transfer point.

It is important to note that the aforementioned sequence of operations underscores the meticu-

lous coordination between the different components involved in the container terminal ecosystem.

Each stage, from the initial pickup by the QC to the final unloading operation done by the YC,

necessitates precise synchronization and effective communication among the involved machinery.

This intricate choreography ensures the seamless flow of container handling activities, optimizing

the overall operational efficiency of the terminal.

3.5 Storage Yard Area

In the storage yard, the accommodation is made between what might be called "shore-side dis-

order" in relation to the movement of containers to the terminal (or the lifting of containers),

a movement subject to various fortuitous circumstances controlled by the shipper or his agent,

the Forwarder/Logistic Operator, and what might be called "seaward/river-side order," the load-

ing/unloading operations must follow a plan that determines the alignments of the containers,

during discharging/loading.

3.5.1 Storage Yard Dimensions

The container blocks shown in figure 3.7 correspond to the organization of the terminal space by

ship. In the blocks for export, the containers are received randomly from the shoreside and placed
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in the block, taking into account the weight and the transport route. In the case of unloading, on

the other hand, different import blocks are organized, which also receive the cargo from the ship

according to the operational plan and are later randomly removed from the quay by the shippers

or their representatives.

Figure 3.7: Layout of storage area of a container terminal [12]

The container terminals also have areas for parking empty containers, areas for their repair,

and areas for handling goods stored or stored in containers (container freight station). In the

parking areas for full containers, the terminals also have areas for parking temperature-controlled

containers (reefers/containers).

A storage yard comprises blocks, each with a number of bays, stacks, and levels (figure 3.7).

In this base model, as in container terminals, the storage yard is a temporary repository for con-

tainers arriving by ship. However, these different mentioned areas for parking empty containers

and reefers are not considered, nor is the stacking plan. The containers that arrive by ship are

randomly stored in the storage yard. As mentioned before, the storage yard only consists of a

block of containers since it is only considered the arrival of a ship to the port. Assuming the ship

always carries a fixed cargo of 500 TEU, i.e., 250 40-foot containers, the container yard must have

sufficient capacity to store this quantity. Since a 40-foot container has a length of 12.03 meters, a

width of 2.4 meters, and a height of 2.39 meters, it was determined that the container block would

consist of 10 bays, 5 tiers, and 6 stacks in width. A slot has a length of 12.10 meters, a width,

and a height of 2.50 meters to ensure the storage of the containers and to have a safety distance

between them.

3.5.2 Parallel Layout

The choice of a parallel layout for the container terminal model was driven by several factors that

contribute to operational efficiency and productivity. One important reason is the optimization
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of internal transport and handling processes. The parallel layout allows streamlined and direct

paths between the quay and the storage yard, distances and reducing the time needed for container

transfers. This layout enables smoother operations as containers can be moved quickly between the

ship and the storage yard, resulting in improved turnaround times for ships and efficient use of the

storage yard. In addition, the parallel layout supports better coordination and synchronization of

activities, which enables the simultaneous handling of multiple containers and increases the overall

throughput of the terminal. Furthermore, the parallel layout offers flexibility and scalability, as it

allows for easy expansion and the addition of new storage blocks or equipment in a modular

way. Overall, the introduction of a parallel layout in the container terminal model aligns with

the objective of optimizing operations, increasing productivity, and ensuring smooth and efficient

container handling.

Several container terminals worldwide have implemented the parallel layout to enhance their

operational efficiency. One of them is the Port of Rotterdam in The Netherlands. This layout

allows for the efficient handling of containers from the quay to the storage yard, optimizing space

utilization and minimizing container handling times.

3.5.3 YC Characteristics

The yard crane, specifically designed for the demands of container terminals, plays a pivotal role

in container handling within the storage yard. As already stated, in this model, it is only used one

YC with the technical data shown in table 3.6, based on [66][67].

Table 3.6: YC specifications for container terminal application

Speed
Loaded/empty gantry travel 220 m/min

Loaded/empty trolley move 120 m/min

Loaded/empty hoisting/lowering 75 m/min

Acceleration/Deceleration
Gantry 0.4 m/s2

Trolley 0.4 m/s2

Hoisting/Lowering 0.35 m/s2

The yard crane consists of several key components that work together to facilitate the move-

ment and positioning of containers. The main structural element of the storage yard crane is the

gantry, which consists of a horizontal beam supported by vertical legs or towers. The gantry is

designed to span the width of the storage yard and provide a stable platform for the operation

of the crane. The trolley is another vital component of the yard crane and is responsible for the

horizontal movement of the crane along the gantry. It is usually equipped with wheels or tracks

that allow it to move along the length of the gantry and position the crane precisely above the

containers. The trolley may also have lift mechanisms such as hoists or spreaders to safely grip
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and lift the containers during loading and unloading. From figure 3.8, it is possible to see where

these yard crane components are located.

Figure 3.8: Structure of a YC, adapted from [13]

The combination of gantry and trolley components in a yard crane provides the strength, stabil-

ity, and maneuverability needed to move containers around the storage yard. Their coordinated use

enables efficient stacking, retrieval, and transfer of containers, optimizing the overall productivity

of the container terminal.

3.6 Extensions of the Case Study

This section will delve into additional investigations conducted beyond the primary case study.

Specifically, Extension 1 will focus on examining the impacts of different AGV speeds, while

Extension 2 will explore the effects of different AGV routes. These extensions aim to provide

valuable insights into the variables of AGV speed and route selection, shedding light on their

influence on the overall performance and efficiency of the container terminal. By analyzing these

extensions, a deeper understanding of their implications can be gained, contributing to the broader

scope of the case study and offering potential avenues for further optimization and refinement.

3.6.1 Extension 1 (Impacts of Different AGV Speeds)

This extension focuses on changing the AGV speeds, raising and lowering them by 20%. By

making these adjustments, it will be possible to compare the effects of different AGV speeds on

performance and operational outcomes.

It is important to note that apart from the alterations made to the AGV speeds, all other simu-

lation model aspects and parameters remain consistent with the base model. This ensures that the
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comparison between the different scenarios is valid and that the observed differences in perfor-

mance can be attributed solely to the variations in AGV speeds. By isolating this specific variable,

a more precise understanding of its impact on key performance indicators can be obtained, pro-

viding valuable insights for optimizing the container terminal’s operations.

The decision to assess the system by incorporating variations in AGVs’ speeds was motivated

by the objective of accounting for the potential occurrence of unexpected factors and events within

a container terminal, particularly in the transport area. These factors can introduce fluctuations in

AGVs’ speeds due to the presence of sensors within the vehicles, which detect surrounding activ-

ities, and the implementation of mechanisms that respond to external stimulation. Notably, one

such mechanism involves speed control. Consequently, it becomes justifiable to evaluate the sys-

tem under these circumstances in order to comprehensively examine the impact of speed variations

and their potential implications on the operational efficiency of the container terminal. Through

this modified model, comprehensive evaluations will be performed, focusing on key performance

metrics such as total operation time, energy consumption cost, charging costs, and idle time of the

QCs.

3.6.2 Extension 2 (Impacts of Different AGV Routes)

The basic simulation model underwent some modifications while preserving consistency in all

other areas to examine the effects of various AGV paths on the operational performance of the

container port. The effects of these adjustments on the overall effectiveness and sustainability of

the container terminal may be evaluated by modifying the AGV routes. This extension considers

two scenarios, each with a unique set of AGV routes. This enables a thorough evaluation of the

possible benefits and drawbacks of various routing strategies and aids in the determination of the

best pathways for AGVs in the terminal environment.

It is significant to notice that, other than the AGV routes, none of the other characteristics,

attributes, or restrictions of the simulation model differ from those of the base model. This guar-

antees that any reported changes in performance are completely attributable to the variations in

the AGV routes and that the comparison between the scenarios is relevant.

The effects of different AGV routes on performance indicators such as overall operation time,

distance traveled, energy consumption cost, and charging cost will be thoroughly investigated

using the upgraded simulation model. Later in this dissertation, the methodology utilized to in-

corporate the alterations to AGV paths, the specific scenarios developed, and a discussion of the

study’s findings will all be presented. This study aims to increase the understanding of how AGV

routing strategies may impact container terminal performance in general, ultimately assisting in

the development of more efficient and sustainable operating procedures.
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Simulation Model for the Case Study

This chapter delves into the implementation of the case study in the simulation software, FlexSim

and presents the details of its development. Firstly, section 4.1 does an overview of the simulation-

based approach employed to model. Afterward, section 4.2 introduces FlexSim, the simulation

software used for implementing the 3D model.

Moreover, section 4.3 explains the implementation of the 3D model in FlexSim, including

the properties of the critical objects such as the QCs, YC, and AGVs. Parameters that influence

the simulation model are discussed in section 4.4, and the process flow of the simulation is out-

lined in section 4.5, covering various stages such as ship unloading, container transport, container

unloading in the storage yard, AGV charging, and AGV parking.

Additionally, section 4.6 provides insights into the dashboard used for monitoring and ana-

lyzing the simulation results. By comprehensively exploring the simulation model and its com-

ponents, this chapter sets the foundation for the subsequent analysis and evaluation of the case

study.

4.1 A Simulation-Based Approach

Many studies have been conducted over the years using simulation models, which are typically

used to develop solutions to enhance the performance of dynamic and complex systems, such as

container terminals, to avoid delays, save time, and lower costs.

As mentioned in 2.6, one of the most cutting-edge and complex methods for system analysis

is simulation [68]. Because simulation has fewer assumptions than any analytical model and

accounts for the unpredictability and interdependencies common in the real world, simulation also

makes it possible to represent the real system correctly. On top of that, it might be challenging

to forecast the behavior of the system and its performance indicators without simulation when

several resources of various sorts are functioning and interacting. Simulation makes it simple

to make adjustments, run the simulation for several simulated months, and examine the results

extremely rapidly because numerous situations need to be considered. Tracking each occurrence

and validating the model is made feasible by the animated visualizations [69].

37
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The analysis and optimization of port logistics may be investigated using simulation models,

as explained by [70]. Furthermore, the same source notes that while numerous simulation mod-

els have previously been applied in maritime ports across various domains, modeling simulation

software is seldom applied in case studies.

Therefore, a discrete event simulation model was developed in this dissertation using FlexSim

Software to model a generic container terminal and its operations, aiming to design a decision-

support tool able to test several simulation scenarios of container terminal operations and evaluate

their performances. The performance of these container terminal models is assessed in this study

using a range of indicators to pinpoint potential bottlenecks in the operational areas, specifically

the quay cranes, the storage yard, and the transportation system. To help decision-making, the

analysis would involve looking at numerous scenarios driven by changes in various inputs to assess

their impact on the outputs, which include throughput, resource utilization, waiting times, and

KPIs of sustainability.

The base simulation model was created with no specific port in mind. Instead, it was built as

a generic model that could be applied to any port using its specific data. It manages loading and

unloading operations at a generic container terminal. In light of this, this dissertation suggests a

simulation model capable of simulating, testing, and evaluating the main events, operations, and

equipment involved in loading and unloading tasks at container terminals.

4.2 FlexSim

The FlexSim software environment is a comprehensive platform for developing, simulating, visu-

alizing, and monitoring dynamic process flows and systems. It is a powerful discrete event simu-

lation (DES) tool that can be used in various fields, from manufacturing to logistics to healthcare.

With its combination of process flow logic and a 3D simulation environment, FlexSim provides a

critical level of validation and enables a high-level understanding of the system and observation

of running processes. FlexSim offers the flexibility to create custom classes and libraries from

scratch or modify existing ones. It also integrates seamlessly with the C++ compiler and supports

FlexScript, a pre-compiled C++ library, and direct C++ programming, giving users extensive func-

tionality and customization options within the FlexSim environment [71].

4.2.1 Objects in the 3D Model

The fundamental unit of a 3D simulation model is an object. The library uses a variety of objects,

each with a distinct function. Among the most typical items are:

• Flow Items: These items are "flowing" through the simulation model from one station, often

a fixed resource, to another downstream station. Products, clients, or any other object that

passes through numerous stations can be represented as flow items.
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• Source: The flow elements that move through a model are made using the source. Each

source generates a single type of flow item, which it may subsequently customize with

attributes like labels or colors.

• Sink: Flow objects finished in the model are disposed of in the sink. Once a flow item enters

a sink, it is impossible to retrieve it.

• Fixed Resources: Objects that are "fixed" or stationary in the model are referred to as fixed

resources. In the business system, fixed resources often interact with flow items in various

ways, such as by altering or storing them. Fixed resources, such as processing stations or

storage spaces, can represent a variety of stages or processes in your model.

• Task Executers: The top-level class for a number of library items is task executer. Other

mobile resources such as operators, transporters, ASRS vehicles, cranes, and others derive

from the task executer class. These objects may all move about, load and unload flow

objects, serve as shared resources for processing stations, and carry out a variety of other

simulation-related functions.

4.2.2 Process Flow

The Process Flow tool is used to create a flowchart representing the simulation model’s logic.

The issue may be divided into individual activities that create activity blocks that perform specific

model functions. These activity blocks can be linked to further individual or collaborative tasks.

The flowchart also contains tasks that enable tiny pieces of pre-programmed logic. Small green

circles, called "tokens" are used to execute the logic of each action in a simulation model. When

the attributes of the activity are edited, it is possible to connect them to the objects of the 3D

model.

• Token: Tokens are objects that flow through activities in a process during simulation runs.

They are similar to flow items in a 3D model, moving from one activity to the next. How-

ever, tokens do not always represent physical objects in a business system. They can be

abstract and represent concepts such as customer orders, call center interactions, or pallets

for delivery. While tokens are often linked to physical objects, it is up to the user to define

the nature of these links in the simulation model.

• Activity: A logical action or phase in a process flow is called an activity. Activities are

hence the fundamental building elements of every process flow.

• Shared Assets: At specific times along the process flow, tokens have the ability to claim or

release a shared asset, which is a limited resource. There are a few minor changes, although

they are relatively similar to activities. If the desired asset is not accessible, shared assets

have the power to place restrictions on the tokens by forcing them to wait.
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• Label: Labels play a vital role in the functionality of the simulation software, as they enable

the tracking of important information and facilitate dynamic changes in simulations based

on different models and conditions. In the process flow, labels are utilized to establish

flexible model logic that can adapt to changing circumstances. Tokens in the process flow

are associated with labels, allowing them to traverse through various activities where labels

can be created, modified, and referenced to control the model’s logic. Labels also have

the ability to be assigned to flow items and 3D objects, including fixed resources and task

executers.

4.3 The 3D Model

The simulation software FlexSim has been used to build the model provided in this dissertation.

The container terminal layout was modeled in FlexSim’s 3D modeling environment to benefit from

its visualization capabilities and intuitive user interaction. By using the 3D modeling environment,

it is possible to immerse oneself in the virtual representation of the terminal and visually examine

the objects and their movements. This enhanced visualization promotes a deeper understanding

of system behavior and facilitates the identification of potential bottlenecks or inefficiencies. Fur-

thermore, the ability to interact with the model in a 3D space enables the exploration of different

scenarios and the making of informed decisions based on real-time feedback.

4.3.1 QCs’ Properties

In the simulation model, the decision was made to use an automated storage and retrieval system

(ASRS) in FlexSim (figure 4.1) as a representation of a quay crane (QC) because it is similar to

QC tasks. Since there is no specific quay crane-like object in the simulation software, the decision

to use an ASRS vehicle seemed to be the right choice as it can move horizontally and vertically,

similar to hoisting and lowering operations in a QC. The characteristics associated with ASRS

vehicles, such as sliding back and forth in an aisle between two racks to pick up and drop off

flow items and the animated lifting and moving movements, corresponding to the required QC

functions in the simulation model.

Figure 4.1: ASRS vehicle in FlexSim
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Within the FlexSim ASRS vehicle module, the ASRS vehicle serves as a task executer, im-

plementing offset travel solely along its own x-axis. It reaches the destination location, lifts its

platform, and performs loading or unloading tasks based on the loading/unloading time set by the

user. The ASRS vehicle has parameters defined by the modeler for the lifting speed and initial lift-

ing position of its platform. Whenever the ASRS vehicle is idle or not performing offset travel, the

platform returns to the designated position. The unique feature of the ASRS vehicle is that it can

only move along the x and z-axis without rotating. This makes it suitable for various applications

where rotation is not required [72].

The use of the ASRS vehicle in the FlexSim simulation model effectively represents a QC that

captures the essential features and functionalities required to simulate QC operations within the

simulated environment, as shown in figure A.1. Of utmost importance were the values assigned to

key parameters such as "Lift Speed," "Extension Speed," and "Max Speed" of the ASRS vehicle,

effectively representing the respective hoisting, trolley, and travel speeds of the QCs. The "Lift

Speed" parameter accounted for the vertical hoisting speed of the QC, while the "Extension Speed"

parameter governed the horizontal trolley speed. Lastly, the "Max Speed" parameter defined the

maximum travel speed of the QC, ensuring that its movement within the simulated environment

adhered closely to the actual operations of the real-world equipment.

In order to simulate the variability in the time taken for loading and unloading containers by

the QC, a triangular distribution was employed in the simulation model. This distribution was

chosen due to its flexibility in capturing the inherent uncertainty and randomness associated with

the process.

The triangular distribution was defined with a maximum value of 60 seconds, a minimum value

of 30 seconds, and a mode of 40 seconds [66]. These parameters allowed for a range of possible

durations, with the most likely duration centered around 40 seconds. By utilizing this distribution,

the simulation model introduced realistic variations in the loading and unloading times, reflecting

the inherent complexities and factors that influence the efficiency of QC operations. This variabil-

ity can be influenced by factors such as the size and weight of the containers, the availability of

resources, and the proficiency of the QC operators. By incorporating a probabilistic approach, the

simulation model was able to provide a more comprehensive understanding of the QC operations

and their impact on the overall performance of the container terminal.

4.3.2 YC’s Properties

In the context of the simulation model, the selection of a crane in FlexSim to represent the YC was

a conscious decision, justified by its close resemblance to the functions of a real YC. The crane

object available in FlexSim has specific characteristics that fit well with the operational aspects of

yard cranes.

The crane module in FlexSim operates within a fixed space. It follows defined rectangular

movements along the x, y, and z axes that mimic the typical movement patterns of a YC. This
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accurately represents the crane’s reach and capabilities within the simulated environment. In ad-

dition, the graphical representation of the crane has been adapted to mimic the visual appearance

of a YC, further increasing the realism of the simulation, as can be seen by figure 4.2.

Figure 4.2: Crane in FlexSim

A notable feature of the crane module is the behavior of the crane after picking up or dropping

off a flow item. The crane picker automatically adjusts its height to that of the crane object, as

is common with YCs. This ensures the flow item is safely positioned before the crane moves to

its next destination. By utilizing these inherent features, the selected crane module in FlexSim

serves as a reliable substitute for the YC. It allows for comprehensive analysis and optimization of

container handling within the simulated yard environment.

Similar to the consideration given to the representation of QCs in FlexSim, the specifications

outlined in subsection 3.5 were taken into account when incorporating the YC in the simulation

model as illustrated in figure A.2. These specifications provided valuable insights into the char-

acteristics and functionalities of a real YC, guiding the accurate portrayal of the YC within the

simulation environment.

The simulation model considered the gantry, trolley, and hoisting/lowering speeds of the YC

specified in table 3.6, as well as container load and unloading time, for this feature was imple-

mented a triangular distribution. The maximum value of 102 seconds represents the upper bound

of the load/unloading time, considering potential delays or complex operations. The minimum

value of 36 seconds represents the lower bound, indicating the shortest possible time required

for efficient load/unloading. The mode of 60 seconds represents the most likely or commonly

observed duration for the load/unloading process.

The inclusion of these crucial parameters not only enhances the accuracy and reliability of the

simulation results but also enables the evaluation and optimization of container handling opera-

tions involving the YC. This comprehensive approach facilitates valuable insights and informed

decision-making in the design and management of the storage yard area.
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4.3.3 AGV’s Properties

In this simulation model, the AGVs play a crucial role in efficiently transporting and handling

containers between the quay area and the storage yard. The AGV Task Executer module in

FlexSim efficiently manages and executes tasks for Automated Guided Vehicles (AGVs) in simu-

lation models. It handles task assignment, routing, resource utilization, and performance analysis.

Its advanced algorithms optimize task allocation based on availability, proximity, and priority,

considering factors like traffic and constraints. Real-time tracking of performance metrics helps

identify bottlenecks and improve workflows. The user-friendly interface allows easy customiza-

tion of AGV properties, making it a powerful tool for simulating and optimizing AGV operations.

Figure 4.3: AGV Task Excuter in FlexSim

• AGV Network.

The decision to use the AGV Network module in FlexSim for the container terminal simulation

model was driven by the need to accurately represent the movement and interactions of automated

guided vehicles used as primary vehicles for container transport. The AGV Network module

effectively modeled the complex network of AGVs within the terminal, including the definition of

routes, load handling capabilities, and control strategies.

By using the AGV Network module, the movement of containers by AGVs from the quay

area to the storage yard and vice versa can be faithfully simulated, replicating the operational

dynamics of an actual container terminal. The module’s advanced features, including dynamic

path-finding algorithms and collision avoidance mechanisms, ensured efficient and safe naviga-

tion of the AGVs. Different scenarios could be analyzed, parameters adjusted, and the overall

performance of the container terminal evaluated. The visual representation provided by the mod-

ule contributed to the intuitive visualization and understanding of the simulation.

The AGV Network module in FlexSim was found to be ideal for improving the realism and

efficiency of the container terminal simulation and creating travel paths for the AGVs, as can be

seen in figure 4.4. Its ability to capture the subtleties of AGV movements and evaluate system

performance made it the preferred choice for the simulation model.
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Figure 4.4: AGV’s path using the AGV Network in FlexSim

AGV Paths specify the paths used by AGVs on the AGV network to arrive at their destinations.

A decision was made to establish one-way paths for all routes except for the path situated in the

center of the rectangle, which was designated as a two-way path. By defining the directions of

these paths, the AGVs were granted greater flexibility in their decision-making process, enabling

them to select the most optimal route based on the utilized path-finding algorithm.

In the AGV network, the determination of optimal travel routes is achieved by utilizing Dijk-

stra’s algorithm. This algorithm finds the shortest path between two specified vertices in a graph

by employing the Greedy Algorithm as its underlying principle [73]. During the traversal of the

network, the algorithm evaluates the "costs" associated with traveling on each path segment. Sub-

sequently, the AGV selects the route that incurs the least total cost to reach its intended destination.

By default, the cost assigned to traversing a particular path segment is equivalent to the distance

of that segment.

Furthermore, the AGV Network was strategically equipped with multiple control points in

addition to designing AGV paths. Control Points are points on the AGV network, as illustrated

by figure 4.5, where various decision logic happens. Control points in the simulation model can

have multiple functions. They serve as locations for AGVs to pick up and/or drop off flow items.

Control points also act as stopping points where AGVs wait before entering specific areas or

sections of a path. Additionally, they serve as decision points for AGVs to find available tasks and

dispatch points to assign AGVs to different locations based on network conditions. These control

points enhance coordination, task allocation, and routing efficiency within the AGV system.
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Figure 4.5: Control Point in AGV Network in FlexSim

In the context of this simulation model, control points serve two key purposes. Firstly, they

facilitate the smooth picking up and dropping off of flow items, specifically in the form of con-

tainers. These control points act as designated locations where AGVs can efficiently handle the

transfer of containers during the simulation. Secondly, control points also function as strategic

stopping points along the network. These points allow AGVs to wait before entering certain areas

or sections of a path, ensuring smooth flow and avoiding congestion. Visualized in figure 4.4, the

control points symbolized by red circles denote container load/unload points. In contrast, blue

circles indicate their additional role as stopping points where AGVs may temporarily pause in the

presence of other AGVs.

In addition to the aforementioned control points, additional control points were explicitly des-

ignated as "Home Points" for the AGVs within the simulation model. As illustrated by figure 4.6,

these Home Points serve as the initial starting locations for the AGVs and also function as their

designated areas for battery recharging. They play a vital role in ensuring the operational effi-

ciency of the AGVs by providing a dedicated space for recharging their batteries and serving as a

central hub for the AGVs before commencing their assigned tasks. As such, these control points

can be seen as the AGVs’ charging stations, where they replenish their energy reserves, and as

their designated parking points, where they wait before embarking on their operational activities.

Figure 4.6: AGVs’ charging points in AGV Network in FlexSim
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The AGV Network incorporates the use of AGV Types, which serve to define one or more cat-

egories of AGVs. Within this specific model, a single type of AGV has been defined, characterized

by the following set of behaviors:

• Acceleration

• Deceleration

• Forward Max Speed

• Reverse Max Speed

• Battery Capacity

• Battery Depletion Rate

• Battery Recharge Rate

The values assigned to these features can be found in figure A.3, which provides a compre-

hensive overview of the defined characteristics.

The calculations and explanations for the values of acceleration, deceleration, speed, battery

use, and battery capacity were previously presented and discussed in subsection 3.4. The recharge

rate in amperes was determined by calculating the amount of current flowing into the battery

during the charging process. The equation 4.1 is the formula to calculate the charging rate in

amperes.

ChargingRate(I) =
BatteryCapacity(Ah)

ChargingTime(h)
(4.1)

Considering that the AGV’s battery capacity is 400Ah and its charging time is about 1.5h, the

charging rate is calculated as 4.2 shows:

ChargingRate(I) =
400Ah
1.5h

= 267A (4.2)

Therefore the charging rate of this AGV type used in the model is approximately 267A.

4.4 Parameters

Before the simulation starts, some input variables of the model are defined in the Model Parameter

Tables of FlexSim as figure A.5 shows.

The following parameters have been defined:

• AGVs_type1_capacity: With this parameter of the model, it is possible to change the ca-

pacity of the AGVs, i.e., the number of containers they can transport. This model’s value

is always 1, considering that the containers considered in this simulation model are 40-foot

containers and the AGVs can currently only transport one 40-foot container at a time.
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• Number_QC: This input variable determines the number of QCs used in the model. This

quantity can only vary between 1 and 2, as only a maximum of 2 QCs are available in this

container terminal model.

• Number_AGV: This parameter strictly constrains the range of AGVs utilized in the model,

allowing only values between 1 and 4.

• BatThresholdMin: This input parameter represents the minimum acceptable battery level

for an AGV before it needs to be recharged.

• BatThresholdMax: This input parameter specifies the maximum battery level of the AGVs,

which serves as the criterion for determining the completion of their charging process.

• Load: This parameter represents the cargo load carried by the ship. In the current model,

this value remains constant, and a fixed number of 250 40ft containers are always generated.

This allows for greater control over the simulation and enables the study of various scenarios and

configurations.

4.5 The Process Flow

In addition to the 3D modeling aspect, FlexSim’s process flow functionality was used to model the

complicated logic of container terminal operations. The process flow tool could accurately repre-

sent and simulate complex workflows and activities within the terminal. The graphical interface

provided an intuitive platform for creating process flow diagrams illustrating the sequential flow

of tokens through various activities. This approach facilitated the modeling of various operations,

such as container handling, storage, and transport. It enabled a detailed analysis of the terminal’s

performance and the identification of potential process improvements. The flexibility and power of

the process flow tool played a crucial role in capturing the intricacies of the terminal’s operations.

They enabled a comprehensive assessment of its efficiency and effectiveness.

In this simulation, the logic was built in different blocks which are related to different pro-

cesses. The processes consist of the following:

• Start the simulation and create a new ship.

• Create tokens for the QCs, the AGVs, and the YC when the ship is created.

• Unload the ship by the QCS.

• Transport of containers from the quay area to the storage yard by the AGVs.

• Storage of containers in the storage yard by the YC.

• Park of the AGVs for charging.

• Charge of the AGVs.
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The Process Flow of the model regarding the handling and transportation of containers is

illustrated in figure 4.7, in which it is possible to see the decision-making logic applied.

Figure 4.7: Main process flow diagram of the operation

It was also implemented a process flow for the AGVs to charge them when their battery reaches

a certain threshold. Figure 4.8 shows the process flow dedicated to the AGV charging.

Figure 4.8: Process flow diagram of AGV charging
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The logic of unloading the ships and handling the containers was developed using the blocks

already existing in FlexSim. However, some of the logic of this model had to be designed through

programming. Therefore script programming was used to complement some of the functions. The

subsequent points will delve into the processes systematically incorporated into the Process Flow,

presenting them in an organized manner and addressing each topic in detail.

4.5.1 Shared Assets

Figure 4.9: Shared Assets in the process flow

The process flow in FlexSim utilizes shared assets depicted in figure 4.9, which are finite resources

that tokens can acquire or release at specific stages. These shared assets serve distinct purposes and

can be categorized into three types, each with its own unique characteristics and functionalities.

These types are outlined below:

• Resorce: It stands for the quantity of a resource that may be collected and used only in a

restricted manner. It may imitate a supply of products, services, resources, labor, etc.

• List: This shared asset enables adding or removing tokens, flow items, task executers, num-

bers, strings, and other elements to a list. It is a valuable tool for synchronizing multiple

tokens within a process flow or a versatile resource offering enhanced dynamism.

• Zone: This feature enables the collection of statistical information that may not be readily

available for standard activities. Additionally, it can control access to specific sections of

the process flow based on relevant statistics or other predefined criteria.

As illustrated in figure 4.9, four shared resources were used in this simulation model. The

resources, namely "Quay Crane," "AGVs," and "Yard Crane," represent the available QCs, AGVs,

and YCs, respectively. Notably, only one YC is assigned to execute the container unloading task

at the storage yard, as mentioned earlier. The resource "berthCP" embodies all the control points

situated in the quay area, facilitating container transfers between the QCs and AGVs. Incorporat-

ing shared resources in this model enables the assessment of equipment availability. Specifically,
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the control points resource verifies available space in the quay area to accommodate the AGVs,

facilitating their loading with containers.

The simulation model incorporates several lists to store and manage information related to

the unloading process of containers by various equipment. The "QC Containers" list serves the

purpose of tracking containers that are off-loaded from the QCs onto AGVs. Conversely, the "YC

Containers" list is responsible for recording containers that are unloaded from AGVs by the Yard

Cranes (YC). These lists effectively store information on the containers that have been loaded

or unloaded by the respective equipment, facilitating the tracking and management of container

movements.

During the unloading process from the vessel, the QCs require information on the availability

of AGVs for container transfer. The "Vehicles" list plays a crucial role in conveying this infor-

mation to the QCs. It provides details on the AGVs’ availability, ensuring efficient coordination

between the equipment. In the event that no AGVs are available, the list provides awareness of

this worst-case scenario.

To ensure a seamless connection between the main process flow and the AGV charging process

flow, the "AGVsChargingList" is utilized. This list serves as a communication channel, relaying

information about AGVs that have reached their minimum battery level threshold and are thus in

need of recharging. By incorporating this mechanism, the model effectively manages the charging

requirements of AGVs, optimizing their operational efficiency and maintaining smooth workflow

throughout the simulation.

4.5.2 Ships to Unload

Figure 4.10: Process of ship creation in the process flow

The process shown in figure 4.10 implements the creation of ships to unload and the containers

they carry. In this model, only one ship is created, so the time the simulation takes to run represents

the total time a ship remains at the port. The "Ships to unload" activity is a schedule source that

creates new tokens as specified in its "Arrivals" table A.4. This table defines the time (in model
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units) tokens should be created, the name assigned to the new tokens, and the number of tokens to

create.

In addition to those features, it is attributed three labels to the created ship: an id ("id_ship"),

a berth ("Berth"), and the load that it carries ("Load"). As already stated, the load is a model

parameter that can be defined before the simulation runs. In this model, the load is always 250,

representing 250 40ft containers. As seen in the process, the simulation only stops when the ship

exits the port, i.e., when its unloading operation is completed.

4.5.3 Creation of Tokens for QCs, AGVs and YC

Figure 4.11: Process of token creation in the process flow

In this process demonstrated in figure 4.11, several tokens are created, which represent the number

of QCs, AGVs, and YCs to be used in the simulation model. These tokens are generated when the

ship is created and are subsequently directed to different activities to initiate tasks performed by

the equipment. Since the model includes only one YC, no specific input parameter was required

to define this variable. In every simulation iteration, a single token is consistently generated to

initiate the YC operations.

The activity "Create Tokens for Ship’s Unloading - QCs" creates the number of tokens previ-

ously defined in the model’s parameters regarding the number of QCs available. After the tokens

are created, they are automatically sent to another activity that starts the process of unloading the

ship by the QCs.

The "Create Tokens for Containers Transport - AGVs", as the name suggests, creates the

tokens associated with the number of AGVs previously defined in the model parameters. They

are subsequently directed to another activity to initiate the process of container transportation by

the AGVs.

In the "Create Tokens for Containers’ Unloading in the Storage Yard - YC" activity, only one

token is created to initiate the YC process.
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4.5.4 Ship’s Unloading - QCs

Figure 4.12: Process of ship’s unloading by QCs in the process flow

In summary, the process as illustrated by figure 4.12 begins by acquiring the required number

of QCs based on the model parameters. Subsequently, these QCs are assigned to the ship for

unloading operations. The decision activity "Completed Unloading?" ensures the ship is fully

unloaded. If the ship is empty, the QCs are released, the ship departs from the port, and relevant

performance measures are calculated. If the ship still needs to be unloaded, a check is conducted to

determine if there is an available AGV to transport the containers from the quay area to the storage

yard. Once an AGV is obtained, the QC approaches the ship and picks up containers individually.

After loading a container, the QC moves to the quay area and places it onto the AGV. During

the unloading of containers from the AGV, the QC verifies whether the AGVs have reached their

maximum capacity in the "Vehicle Full Capacity?" activity.

4.5.5 Containers’ Transport - AGVs

Similar to the previous process, this procedure demonstrated in figure 4.13 incorporates the deci-

sion activity "Completed Unloading?" to monitor the current status of the ship’s load and deter-

mine if it has been fully unloaded. If the current load is zero, the process concludes. However,

if there are remaining containers, a sub-process flow is initiated to facilitate container transport

operations conducted by the AGVs.
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Within this sub-flow, AGVs are acquired in accordance with the predefined quantity specified

in the model parameters. Once acquired, the AGVs proceed to the quay area to receive containers

from the QCs.

Figure 4.13: Process of containers’ transport by AGVs in the process flow

The decision activity "Vehicle Full Capacity" ensures that the AGVs transport cargo up to

their maximum capacity, mirroring the previous process. Subsequently, loaded AGVs move to

the load/unload area, where the YC unloads their cargo. At this stage, the AGV’s battery level

is regularly examined. If the battery level falls at or below a certain value, the AGV necessitates

recharging. This value is calculated by multiplying the predefined minimum threshold "BatThresh-

oldMin" by the vehicle index, which can be 1, 2, 3, or 4. The purpose of this computation is to

control the charging process of AGVs in a way that ensures they don’t all reach their minimum

battery levels at the same time and it introduces a gradual and staggered charging pattern. This

approach helps to prevent all AGVs from requiring charging simultaneously, which could poten-

tially cause long periods of downtime in the simulation. Instead, the AGVs are managed in a way

that distributes their charging needs more evenly over time, maintaining the operational continuity

of the simulation. Conversely, if the battery level exceeds the minimum threshold, the AGV is

released, and the system verifies once again whether the ship unloading process is complete. The

aforementioned steps are then reiterated.
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4.5.6 Containers’ Unloading in the Storage Yard - YC

Figure 4.14: Process of containers’ unloading by YC in the process flow

The process shown in figure 4.14 encompasses the unloading of containers into the storage yard,

which the YC facilitates. Initially, the YC is acquired and positioned in the load/unload area,

awaiting the arrival of an AGV. Upon the AGV’s arrival, the YC proceeds to remove the container

from the AGV and commences its movement toward an available slot within the storage yard for

storage purposes. Subsequently, the decision activity "Vehicle Empty?" evaluates whether the YC

has completed unloading all containers. If the vehicle is indeed empty, the YC is released, and

the aforementioned process is repeated. However, if there are still remaining containers within

the AGV for unloading, the cycle recommences, beginning with the YC’s movement back to the

load/unload area. In this particular model, as the maximum capacity of the AGVs is consistently

set at one, the vehicle promptly becomes empty following each cycle. Nevertheless, it is essential

to note that the model has been designed to accommodate alternative maximum capacity values

for the AGVs.

4.5.7 AGV Charging

The depicted process in figure 4.8 represents the mechanism of AGV battery charging, which

is implemented as a Task Executer Process Flow. The process initiation involves a "Schedule

Source" activity that creates one token corresponding to an AGV. Once the battery level of an

AGV reaches its minimum threshold, it is pushed to the "AGVChargingList" by the main process

flow and it is pulled by this "AGV Charging" process to start its charging activity after proceeding

to the designated charging station.

It is worth noting that the AGV’s battery charging takes place exclusively after the completion

of its current task, namely the unloading of containers from the load/unload area. Upon reaching

the specified maximum battery level, the AGV is released, and the unloading operation of the
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vessel resumes if it remains incomplete. It is also in this process flow that the number of charges

is counted to be considered in the calculation of a performance measure.

4.5.8 Park AGVs

Figure 4.15: Process of AGVs’ parking in the process flow

The process illustrated in figure 4.15 orchestrates the transfer of AGVs to the dedicated charging

station to commence the recharging of their batteries. The "ParkStart" activity is initiated when

the AGV’s battery level dips below the specified minimum threshold and is only activated once

the AGV has successfully concluded its unloading task within the unload/load area.

4.6 Dashboard

Once the simulation model completes the execution of different scenarios, dynamic dashboards

are utilized to gather performance indicators for analysis by the decision planner. These indicators

encompass essential metrics that provide insights into the system’s performance, including:

• Time plot for the AGV battery to monitor its level (example depicted in figure A.6).

• Number of charges of the AGVs in each scenario (example depicted in figure A.7).

• Pie Chart of each AGV state.

• Bar chart for the distance traveled by the AGVs in each scenario.

• Bar chart indicating the state of each QC.

• Time plot of each AGVs’ speed (example illustrated in figure A.8).

Upon the completion of the designated scenarios, these graphical representations will yield

significant insights into the performance of the container terminal under investigation. The eval-

uation will primarily focus on the operational dynamics of the equipment, particularly the AGVs,

and QCs, as they play a pivotal role in the terminal’s overall functionality. Furthermore, an in-

depth assessment of the model will be conducted, centering around three distinct performance

measures that closely align with the terminal’s sustainability and efficiency objectives. A detailed

exposition of these measures can be found in the subsequent chapter.
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Chapter 5

Tests and Results

This chapter will provide an in-depth exploration of the experimental tests conducted and the cor-

responding outcomes. This chapter is divided into four sections, each addressing specific aspects

of the analysis. Firstly, section 5.1 will elucidate the methodology employed for structuring the

experiments, including the base model and the extensions of the base model. Next, in section

5.2, key metrics for evaluating the system’s performance will be discussed, encompassing total

operation time, AGVs’ energy consumption cost, and AGVs’ charging cost.

The subsequent section, 5.3, will delve into the execution of the experiments using the FlexSim

simulation software. It will outline the simulation setup and provide insights into the simulated

environment.

Finally, section 5.4 will focus on the evaluation and comparison of different scenarios. Specifi-

cally, it will cover the analysis of the base model and examine the effects of AGVs’ speed decrease,

AGVs’ speed increase, and different AGV routes.

5.1 Design of Experiments

This section will focus on the methodological framework employed for conducting the experi-

ments. The design and setup of the experiments will be presented, outlining the variables, pa-

rameters, and factors considered in each model variation. The objective is to establish a robust

experimental foundation that allows for a comprehensive exploration of the system’s behavior and

performance under different conditions.

5.1.1 Base Model

After all the development explained throughout this chapter, the base model was built and imple-

mented in FlexSim.

The container terminal consists of the following:

• 1 berth

• 1-2 QCs

57
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• 1-4 AGVs

• 1 storage yard (block of containers)

• 1 YC

The base model of the container terminal simulation consists of essential equipment and com-

ponents that reflect the operational dynamics of the real-world terminal. It includes one berth

where the ship is already berthed, carrying a specific load of 250 40 ft containers. The base model

incorporates the features and characteristics explained earlier in the previous chapters to ensure a

realistic representation of the equipment’s functions.

Prior to running the simulation, the number of QCs and AGVs available to unload the ship is

determined. These decision variables allow for flexible evaluation of different scenarios and anal-

ysis of the impact of different resources on the terminal’s performance. The number of QCs and

AGVs available is a crucial parameter in determining the efficiency and productivity of container

handling.

By simulating the base model, the results obtained serve as a benchmark for subsequent ex-

tensions and modifications of the model. By comparing the base model results with the extended

models, insights can be gained into the effectiveness of the proposed improvements and optimiza-

tions in improving terminal operations and productivity. Table 5.1 shows the different character-

istics of the three models simulated in FlexSim.

Table 5.1: Models simulated in FlexSim

Number of AGVs Number of QCs AGVs’ Speed AGVs’ Path
Base Model 1 to 4 1 to 2 Constant Rectangle

Extension 1 1 to 4 1 to 2 Variable Rectangle

Extension 2 1 to 4 1 to 2 Constant Different

5.1.2 Extensions of the Base Model

• Extension 1 (Impacts of Different AGV Speeds)

As an extension to the base model, the AGV speeds were deliberately altered to evaluate their

influence on performance measures and previously considered metrics.

To incorporate this modification, the AGV Network module, precisely the way points func-

tionality, was utilized. Way points serve as control points along the AGVs’ paths, enabling the

definition of specific AGV control logic when they traverse these points. In this extension, addi-

tional control points were introduced in the AGV paths to facilitate speed changes throughout the

entire trajectory rather than confining them to a specific location. By leveraging the way points

feature, the speed adjustments were seamlessly integrated into the AGV movements.

The AGVs’ speed was defined by two triangular distributions, one for the loaded state and

another for the empty state. In the loaded state, the standard speed of 3 m/s was reduced by 20%
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using the triangular distribution (2.4, 3, 2.7) m/s (figure B.2). This distribution ensured that the

AGVs’ speed varied within a specific range while being loaded. Similarly, in the empty state, the

standard speed of 6 m/s was also reduced by 20% using the triangular distribution (4.8, 6, 5.4) m/s

(figure B.1). This allowed for variations in speed when the AGVs were empty.

Conversely, to simulate an increased speed scenario, the standard speed of 3 m/s, when loaded,

was raised by 20% using the triangular distribution (3, 3.6, 3.3) m/s. Similarly, the standard speed

of 6 m/s when empty was also raised by 20% using the triangular distribution (6, 7.2, 6.6) m/s.

These distributions were implemented in the AGV Network module, specifically in the way points

tab, to ensure that the AGVs followed the appropriate speed profiles during their movement within

the terminal.

By incorporating these triangular distributions, the model allowed for the simulation and eval-

uation of different scenarios with varying AGVs’ speeds. This extension provided insights into

how changes in speed affected the overall performance measures of the container terminal, such

as total operation time, distance traveled by the AGVs, energy consumption costs, and charging

costs. Analyzing the results obtained from these scenarios would provide valuable information to

optimize the AGVs’ speed and enhance the efficiency and productivity of the container terminal

operations.

• Extension 2 (Impacts of Different AGV Routes)

This extension to the base model considered two different routes for the AGVs. The first one

considered is illustrated in figure 5.1. The path that was in the middle stopped being considered,

and the route of the AGVs became a rectangle.

Figure 5.1: First modification to the AGVs’ route for extension 2
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This variation aims to represent a container terminal with limited flexibility for AGV move-

ment within the transport area. Factors contributing to this limited flexibility may include small

terminal size, higher pedestrian traffic in the shipping area, inadequate infrastructure to accommo-

date multiple AGVs simultaneously, or the utilization of the middle space for specific container

storage or equipment.

In the second extension of the base model, a route with increased movement options for the

AGVs was considered (figure 5.2). This modification reflects container terminals that offer greater

flexibility in AGV movement. Such terminals may exhibit lower pedestrian activity within the

transport area, possess more available space allowing for increased AGV circulation, or experience

a higher influx of vessels with substantial cargo, necessitating more significant movement between

the quay area and storage yard.

Figure 5.2: Second modification to the AGVs’ route for extension 2

These two routes were intentionally designed to represent container terminals with distinct

characteristics, thereby enabling the evaluation of different AGV routing strategies. It is notewor-

thy that the container transfer points between the QCs and AGVs and between the YCs and AGVs

remain consistent throughout these route variations.

5.2 Performance Measures

As mentioned in section 3.1, this simulation model serves as a test bench to create an effective

performance evaluation tool for a container terminal. The tool enables analysis of the current

situation by utilizing predefined key performance indicators (KPIs), including:

• Total Operation Time

• AGVs’ Energy Consumption Cost
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• AGVs’ Charging Cost

These KPIs provide valuable insights and assist in assessing the performance of the container

terminal, aiding decision-making processes and identifying areas for improvement.

The implementation of these KPIs in FlexSim has facilitated the collection of crucial data

from the simulation model. By incorporating these performance indicators, the model enables

the extraction of meaningful insights and a comprehensive understanding of the container termi-

nal’s operational dynamics. In FlexSim, performance measures are used to capture and analyze

relevant data during simulation. Performance measures are specific metrics tracked and recorded

during the simulation run. By defining and monitoring these performance measures, it is possible

to comprehensively understand the simulation model’s behavior and evaluate its efficiency and

effectiveness.

5.2.1 Total Operation Time

The total operation time performance measure has been implemented as a crucial indicator within

the simulation model. It quantifies the overall duration of the unloading process for a ship, rep-

resenting the time it takes to unload all containers from the ship completely. This performance

measure holds significant importance for port management, as it provides a comprehensive under-

standing of the efficiency and effectiveness of the unloading operations.

5.2.2 AGVs’ Energy Consumption Cost

The AGVs’ energy consumption cost serves as a significant performance measure within the sim-

ulation model, allowing for the assessment of the energy expenditure associated with the operation

of AGVs, whether they are carrying a load or empty. This measure considers various factors, in-

cluding the energy consumption rate of AGVs when operating with a load or without, the cost

per kilowatt-hour (kWh) of energy, and the duration of both loaded and empty operations. As

demonstrated in equation 5.1, the energy consumption cost is determined by multiplying the en-

ergy consumption rate of the AGVs with their operational time, and further multiplying it by the

energy cost per kilowatt-hour (kWh). This computation accounts for both scenarios: when the

AGV is transporting a 40ft container and when it is empty. The total cost is obtained by summing

the costs associated with these two situations.

EnergyConsumptionCost = EnergyConsumptionRate ·OperationTime ·Cost perkWh (5.1)

As discussed in subsection 3.4, the energy consumption of an AGV varies depending on its

operational state. When traveling empty, the average energy consumption rate is considered to be

10 kW per second, while it increases to 15 kW per second when the AGV is loaded. These values

serve as the basis for the Energy Consumption Rate variable in the simulation model.

The Operation Time variable represents the active duration of the AGV, encompassing the time

during which it is actively involved in executing its tasks while excluding any idle periods. This
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crucial metric is obtained using a dedicated command in FlexSim that retrieves the operating time

of the AGV when it’s loaded and when it’s empty, which is measured in seconds.

The obtained operating time must be converted into hours to determine the total energy con-

sumption cost. This conversion is accomplished by dividing the time value by 3600, corresponding

to the conversion factor from seconds to hours. The resulting value, obtained by multiplying the

operating time with the total energy consumed, represents the energy consumption in kilowatt-

hours (kWh). To determine the financial implications of energy usage during the AGV’s task

execution, this energy consumption value is multiplied by the cost per kWh, which has been set

at 0.14C based on the information provided in [61]. This computation yields the total energy

consumption cost, offering insights into the financial impact of AGV’s energy consumption.

5.2.3 AGVs’ Charging Cost

In addition to the aforementioned performance measures, an additional function was developed to

assess the cost associated with charging the AGVs. This function takes into account the following

variables:

• Number of chargers of the AGVs during the unloading operation of the ship.

• Average charging time of an AGV.

• Average charging rate of an AGV.

• Energy cost per kWh.

The number of charges represents the total number of times the AGVs need to be charged

during the simulation run. The charging time refers to the duration required for a single charging

session. The charging rate represents the average rate at which the AGVs consume energy during

the charging process. Finally, the cost per kWh indicates the monetary value associated with each

unit of energy consumed.

As mentioned in subsection 3.4, the average charging time for an AGV is 1.5 hours. To deter-

mine the average charging rate, it is considered a typical AGV with a voltage of 48V and a battery

capacity of 400Ah. The average charging rate can be calculated using the formula presented in

equation 5.2.

AverageChargingRate =
BatteryCapacity ·Voltage

AverageChargingTime
(5.2)

By substituting the variables with their corresponding values, a value of 12.8 kW for the av-

erage charging rate is obtained. The energy cost per kW is the same as considered in the energy

consumption cost function. Hence, it is possible to calculate the average charging rate considering

the formula depicted in equation 5.3.

ChargingCost = Numbero fCharges ·ChargingTime ·ChargingRate ·Cost perkWh (5.3)
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This computation comprehensively evaluates the overall cost incurred for charging the AGVs

within the simulation model. It serves as a valuable indicator for evaluating the best scenario

for a container terminal in terms of available resources, guiding effective resource allocation, and

enabling the selection of cost-effective approaches. This performance measure supports informed

decision-making, allowing container terminal managers to identify optimal charging strategies and

achieve operational excellence while minimizing expenses.

5.3 Experiments in FlexSim

To collect data from these performance measures, it was necessary to use the Experimenter in

FlexSim. It is a powerful tool that enables the design, execution, and analysis of simulation

experiments. It provides a structured framework for running experiments by defining different

experimental factors and their corresponding levels. These factors may include model parameters,

input variables, or different simulation model configurations. The Experimenter facilitated the

systematic exploration of these factors to assess their impact on the performance and behavior of

the model.

One of the main features of the Experimenter is the ability to automate the execution of mul-

tiple simulation runs with different combinations of experimental factors. This enables the gen-

eration of a comprehensive data set for analysis and comparison. The Experimenter also allows

for replication of runs to ensure the reliability and validity of results. In addition, the Experi-

menter provides powerful statistical analysis functions to analyze the output data generated from

the simulation runs.

The analysis of the results for both the base case and its extensions involved the utilization

of the Experimenter tool, with the number of AGVs and QCs serving as the decision variables.

To ensure meaningful comparisons between different iterations of the simulation model, consis-

tent scenarios were maintained throughout each experiment. Seven distinct scenarios were care-

fully constructed, taking into account the model parameters associated with the decision variables,

namely the "Number_AGV" and "Number_QC" parameters as shown in table 5.2.

Table 5.2: Scenarios considered in Experimenter

Number of AGVs Number of QCs
Scenario 1 1 1

Scenario 2 2 1

Scenario 3 3 1

Scenario 4 4 1

Scenario 5 2 2

Scenario 6 3 2

Scenario 7 4 2
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When constructing these scenarios, a critical consideration was made to ensure that the num-

ber of QCs never exceeded the number of AGVs. This was a deliberate choice to avoid a situation

where there would be insufficient AGVs available to meet the demands of the QCs. Such an im-

balanced configuration would result in excessive idle time for the QCs, rendering the scenario

impractical and unprofitable. Furthermore, a decision was made to set the number of replications

per scenario at 30. The choice of conducting 30 replications per scenario in the Experimenter

tool of FlexSim was made to ensure reliable and statistically significant results for this disserta-

tion. Additionally, conducting a sufficient number of replications helps minimize the influence of

random variations and captures the underlying trends and patterns in the studied system.

Upon examining the figure B.3, a comprehensive comprehension of the Experimenter tool

interface can be attained. The deliberate selection involved solely two input parameters, signifying

the decision variables that govern the trajectory of each scenario. Consequently, the outcomes

derived from this base model are contingent upon the respective values assigned to these variables:

the number of QCs and AGVs available within each scenario.

5.4 Analysis of Scenarios

The focus of this section is on examining and evaluating different scenarios within the context of

the simulated container terminal. The primary objective is to gain a comprehensive understand-

ing of the system’s performance and behavior under varying conditions. The section begins by

establishing a baseline with the base model, which serves as a reference point for comparison.

Subsequently, it delves into the exploration of specific scenarios, such as the effects of decreasing

AGVs’ speed and increasing AGVs’ speed, to assess their impact on overall system performance.

Additionally, the section investigates the influence of different AGV routes on the efficiency and

effectiveness of container handling operations.

5.4.1 Base Model

Upon completion of the base model’s execution, encompassing all the scenarios outlined in ta-

ble 5.2, a Performance Measure Report was generated through the Experimenter tool. This re-

port facilitates a comprehensive comparison of the performance measure values attained across

the diverse scenarios formulated. In conjunction with these indicators, the metrics derived from

FlexSim’s dashboard, as elaborated upon in subsection 4.6, were also taken into account. No-

tably, the assessment of the container terminal’s performance within the base model entailed the

manipulation of available AGV and QC quantities, coupled with the incorporation of stochastic

times for container unloading and loading operations executed by QCs and YCs. The influence of

these variables on the computed performance measures is contingent upon their respective values

throughout each replication of the simulation model.
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• Total Operation Time

The outcomes obtained from the execution of the three designated scenarios were subjected to

thorough comparison and analysis. The replications chart of the Total Operation Time, depicted in

figure 5.3, visually represents the variations and dependability inherent in the simulation results.

The chart’s X-axis corresponds to each scenario, while the Y-axis pertains to the total duration re-

quired for ship unloading. Upon careful examination of the graph, it becomes evident that Scenario

7 exhibits the shortest time span for ship unloading. This can be attributed to the availability and

utilization of all pertinent equipment, namely 4 AGVs and 2 QCs, which efficiently execute their

respective tasks. Conversely, Scenario 1 encompasses the lengthiest unloading duration, encom-

passing approximately 45 hours to accomplish this operation. This scenario employs the minimum

number of resources, namely 1 AGV and 1 QC, contributing to the prolonged time frame for task

completion.

Figure 5.3: Replications Plot of Total Operation Time

In Scenarios 2 and 5, the utilization of two AGVs is common to both, with the sole distinction

lying in the number of QCs employed. Scenario 2 entails the simulation of the model employing

a solitary QC, while Scenario 5 encompasses the model incorporating two QCs. The graph shows

that the total duration required to unload the 250 containers from the ship in both scenarios is

notably similar, approximately 23 hours. This observation leads to the inference that introducing

an additional QC when two AGVs are available does not yield substantial benefits in expediting

the operation’s pace.

Scenarios 3 and 6 involve the consideration of three AGVs, with the distinction lying in the

availability of QCs. Specifically, Scenario 3 incorporates a single QC, whereas Scenario 6 features

the operation of two QCs. In this particular context, the justification for employing an additional

QC becomes evident as the total operation time in Scenario 6 is lower compared to that observed in

Scenario 3. Throughout the execution of Scenario 3’s replications, the maximum total operation
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time recorded was approximately 18 hours, while Scenario 5 exhibited a maximum time of 17

hours. Although the difference may not be particularly substantial, it can impact the port’s overall

performance.

In Scenario 4, the provision was made for four AGVs and one QC. The maximum recorded

operation time among the 30 replications of this scenario amounted to approximately 16 hours,

reflecting a highly favorable outcome. However, it is crucial to note that the assessment of this

performance measure cannot be conducted in isolation; it necessitates consideration of the remain-

ing performance measures within the context of the study.

The presence of dispersion among certain data points in the scenarios can be attributed to the

inherent variability in the loading and unloading times of the QCs and YC. This variability stems

from the deliberate incorporation of stochastic times into the simulation model, aiming to mimic

the inherent uncertainties encountered in real-world port operations. As a result, the resulting

data points exhibit variations that are representative of the dynamic nature of the system under

examination.

While the total operation time serves as a valuable indicator for analyzing the different sce-

narios, relying solely on this performance measure is insufficient to determine the most efficient

scenario. If the optimization of a ship’s unloading operation were solely based on this measure,

Scenario 7, which employs the maximum number of available resources in the model, would be

the preferred choice. However, it is crucial to recognize that increasing the utilization of equip-

ment entails certain drawbacks, including an associated increase in energy consumption. Hence,

to establish a sustainable model, it is imperative to consider the energy aspect alongside other

performance considerations.

• Energy Consumption Costs

Figure 5.4 depicts the replications plot that examines the energy consumption cost across all

performed scenarios. Upon scrutinizing the graph, it becomes apparent that the energy consump-

tion by the AGVs is notably higher in Scenarios 3 and 4, which entail the utilization of 1 QC

alongside 3 and 4 available AGVs, respectively. In contrast, Scenarios 6 and 7, which solely differ

from Scenarios 3 and 4 in terms of the number of QCs employed (using 2), exhibit a compara-

tively lower energy consumption cost. The discrepancy in energy consumption costs between the

scenarios with 1 QC compared to the scenarios with 2 QCs can be attributed to several factors.

Firstly, the number of available QCs directly impacts the efficiency of the unloading process. With

only 1 QC in the former scenario, the workload is concentrated on a single QC, potentially lead-

ing to longer waiting times for AGVs and increased idle time for the QC itself. Consequently,

the AGVs may spend more time idling, resulting in prolonged operation time and higher energy

consumption.

In contrast, the scenarios with 2 QCs allow for a more balanced distribution of the workload.

The presence of an additional QC facilitates smoother and faster unloading operations, ensuring

a more efficient flow of containers from the ship to the storage yard. As a result, the AGVs

experience reduced waiting times, increased productivity, and optimized energy utilization. The
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synergy between multiple QCs and AGVs leads to a more synchronized and coordinated operation,

ultimately reducing energy consumption costs.

Additionally, the availability of multiple QCs enables parallel processing, allowing for simul-

taneous unloading activities. This parallelism enhances the system’s overall throughput, reducing

bottlenecks and minimizing idle time for both QCs and AGVs. The increased coordination and

collaboration among the equipment in the scenarios with 2 QCs contribute to a more streamlined

and energy-efficient operation, leading to lower energy consumption costs compared to the sce-

narios with only 1 QC.

Figure 5.4: Replications Plot of Energy Consumption Cost

In conclusion, the higher energy consumption costs observed in Scenarios 3 and 4 can be

attributed to the inefficient allocation of resources and the lack of parallelism in the unloading

process. Scenarios 6 and 7 demonstrate the benefits of more balanced workload distribution and

enhanced coordination, resulting in improved operational efficiency and reduced energy consump-

tion costs.

• Charging Costs

The charging cost function, another crucial performance measure examined in the conducted

scenarios, encompasses varying values in each replication influenced by the frequency of AGV

battery recharging.

The graph depicted in figure 5.5 showcases the computed battery loading costs of the AGVs

across all replications of the seven scenarios. As anticipated, the loading cost exhibits an upward

trend in scenarios that involve a greater number of AGVs, specifically Scenarios 3, 4, 6, and 7.

Conversely, Scenario 1, which employs only one AGV, exhibits the lowest loading cost among all

the scenarios.
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Figure 5.5: Replications Plot of Charging Cost

In Scenario 3, where there is 1 QC and 3 AGVs, the charging cost exhibits some variability due

to the interaction between the limited resources and the stochastic nature of the loading/unloading

operations. The random fluctuations in the timing of these operations can lead to variations in the

charging requirements of the AGVs, resulting in different charging costs across the replications.

Similarly, in Scenario 4, with 1 QC and 4 AGVs, the increased number of AGVs intro-

duces additional complexity and potential resource contention. The stochastic times of the load-

ing/unloading operations, combined with the higher AGV count, can contribute to greater vari-

ability in the charging cost. The competition for resources among the AGVs may result in varying

charging patterns and, consequently, different charging costs observed in the replications.

In Scenario 7, where there are 2 QCs and 4 AGVs, the presence of additional resources helps

to mitigate the resource contention issues. As a result, the charging cost may exhibit relatively

less variability compared to Scenario 3 and Scenario 4. The availability of multiple QCs allows

for more efficient coordination and distribution of the charging process, reducing the impact of

stochasticity on the overall charging cost.

• Performance measures interrelationships

In addition to individual analysis of the performance measures obtained from the execution

of different scenarios, it is crucial to examine the interrelationships among them in order to make

informed decisions regarding the most efficient and sustainable scenario. By considering the inter-

play between these performance measures, a comprehensive evaluation can be conducted, enabling

a more holistic assessment of the scenarios’ effectiveness and sustainability.

Figure 5.6 illustrates the correlation plot between energy consumption and charging costs,

providing insights into the relationship between these variables across different scenarios. The

correlation coefficient, denoted as "r", measures the strength and direction of the linear association

between the variables.
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Figure 5.6: Correlation Plot between Energy Consumption Cost and Charging Cost

Scenarios 1, 2, 5, and 6, where there is no correlation (null r) between energy consumption and

charging costs, indicate no linear relationship between these variables. In other words, changes in

one variable do not correspond to predictable changes in the other variable. This null correlation

can be attributed to the low variability of the replications data for both measures. Tables B.1

and B.2 show the low variability of these performance measures data in what concerns these

scenarios. The limited variability in energy consumption and charging costs indicates the system

operates under relatively consistent conditions. In Scenario 1, with only one QC and one AGV,

fewer factors influence energy consumption and charging costs, resulting in a more stable and

predictable relationship between these two variables.

In Scenarios 3, 4, and 7, the positive value of "r" indicates a positive correlation between en-

ergy consumption and charging costs. This suggests that as the energy consumption cost increases,

the charging cost also tends to increase. The positive correlation may be attributed to higher en-

ergy consumption requiring more frequent, resulting in increased charging costs. The positive

relationship between these variables implies that controlling and optimizing energy consumption

can positively impact the overall charging cost. The correlation between energy consumption and

charging costs can be evaluated in the considered scenarios due to the significant variability ob-

served in their values, as depicted in tables B.1 and B.2. This variability provides an opportunity

to examine the relationship between these two performance measures in a more comprehensive

manner.

Another essential correlation plot to consider is between the total operation time and the en-

ergy consumption cost, as figure 5.7 shows. As anticipated, a positive correlation is generally

observed between the total operation time and the energy consumption cost in most scenarios

(positive r-value) since the higher the total operation time, the higher the energy consumption by

the AGVs. The strongest correlation is observed in Scenario 4, which exhibits the highest corre-

lation coefficient, followed by Scenario 3. This can be attributed to the prolonged waiting time

experienced by the AGVs when only one QC is available for unloading containers from the ship

resulting in more significant data variability. In such scenarios that have a higher data variability,
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it is easier to make conclusions concerning the correlation between performance measures.

In contrast, Scenario 5 (2 QCs and 2 AGVs) demonstrates an inverse relationship between

these variables, suggesting that the energy consumption cost decreases as the total operation time

increases. One possible explanation for this unexpected result could be the presence of outliers or

unusual data points in the dataset. These outliers might be caused by the stochastic times of the

unloading/loading operation of the QCs and YC. These exceptional situations can lead to longer

total operation times while the energy consumption cost remains relatively low. As a result, it can

create a negative correlation between the two variables.

Figure 5.7: Correlation Plot between Total Operation Time and Energy Consumption Cost

The correlation charts provide valuable insights for informed decision-making, as they allow

for an examination of the interdependencies between various performance measures and their

mutual influence. By considering the relationships between these measures and their respective

behaviors, a more comprehensive understanding of the system’s performance can be obtained,

enabling more informed decision-making processes.

• Metrics from the FlexSim’s dashboard

In addition to the aforementioned performance measures, the evaluation of the extensions also

took into account several metrics calculated within the FlexSim simulation software’s dashboard.

These metrics were deemed crucial indicators for comparing the results derived from the execution

of the extensions.

Figures B.4 to B.10 depict a series of pie charts illustrating the state distribution of each AGV

throughout the execution of the respective scenarios, explicitly focusing on replication 1. In Sce-

nario 1, the transportation of containers between the quay area and the storage yard is solely

assigned to a single AGV. Consequently, all the workload is concentrated on a single vehicle, as

evident in figure B.4.

As the number of AGVs increases in the subsequent scenarios, the distribution of workload

becomes more evenly spread, thereby contributing to a more efficient operation. Notably, in Sce-

narios 5, 6, and 7, the inclusion of additional QC results in a marginal rise in the "Travel Loaded"
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state of the AGVs, mainly observed in Scenarios 6 and 7. This observation aligns with the ear-

lier findings from the graph in figure 5.3, indicating that incorporating an extra QC when there

are already 2 AGVs in operation does not significantly enhance the performance of the container

terminal in terms of total operation time.

Figures B.11 to B.17 provide a visual representation of the behavior of the QCs throughout

the different scenarios. As anticipated, an increase in the number of operating AGVs corresponds

to higher utilization of the QCs. This relationship between the two equipment types is particularly

evident in Scenarios 1, 2, 3, and 4, where only a single QC is employed. In these scenarios, the

limited availability of QCs necessitates a more concentrated use of the single QC to accommodate

the workload generated by the AGVs.

Conversely, in scenarios where two QCs are made available, Scenario 7 demonstrates a more

effective utilization of the QCs. With the presence of four operating AGVs, as depicted in figure

B.9, the workload distribution allows for a more balanced utilization of the two QCs. This ob-

servation is reinforced by figures B.15 and B.16, illustrating a notable QC usage disparity when

transitioning from two AGVs to three AGVs. The inclusion of an additional AGV in Scenario 6

results in a significant increase in the demand for QC services.

The distance traveled by AGVs, a metric of interest, is depicted in the bar charts presented

in figures B.18 to B.23. Notably, a comparison of scenarios with the same number of AGVs but

differing numbers of QCs reveals a substantial reduction in AGV travel distance when two QCs

are operational as opposed to only one.

The observed phenomenon, where the distance traveled by the AGVs is smaller when two QCs

are considered instead of one, can be attributed to the efficient allocation of resources. When two

QCs are available, the workload is distributed between them, allowing for a more balanced and

optimized assignment of containers to the AGVs. As a result, the AGVs can handle the unloading

tasks more effectively, minimizing unnecessary travel distances between the ship and the storage

area. In scenarios with only one QC, the workload is concentrated on a single crane, potentially

leading to suboptimal container assignments and longer travel distances for the AGVs.

5.4.2 Impacts of AGVs’ Speed Decrease

The analysis of the results obtained from this extension of the base model offers a comprehensive

assessment of the effectiveness and implications of the introduced modifications.

Initially, it will be examined the effects of reducing the AGVs’ speed by approximately 20%

and its implications on the performance measures across all simulated scenarios compared to the

obtained results from the execution of the base model.

As expected, this adjustment increased the total operation time, as evident in figure 5.8. The

AGVs take longer to travel from the quay area to the storage yard and vice-versa, causing an in-

crease in the transportation of the containers. Also, the incorporation of triangular distributions for

the AGVs’ velocities introduced a more significant variability in the data, deviating from determin-

istic times and embracing stochastic elements. This stochastic approach accounts for the inherent
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uncertainties and unpredictability in the system, further enhancing the realism of the simulation

model and reflecting real-world operational scenarios.

Figure 5.8: Replications Plot of Total Operation Time after decreasing AGVs’ speed

Lowering the speed means it takes longer for the AGVs to complete their tasks, increasing the

total operation time, as already mentioned. During this extended period, the AGVs continue to

consume energy, causing a higher overall energy consumption, as figure 5.9 illustrates.

Figure 5.9: Replications Plot of Energy Consumption Cost after decreasing AGVs’ speed

The longer operation time and increased energy consumption necessitate more frequent charg-

ing of the AGVs’ batteries. Charging the batteries incurs charging costs, as electricity is needed to

replenish the energy used by the AGVs. Therefore, the charging costs increase with longer oper-

ation times and increased energy consumption. The presence of outliers in the graph presented in

figure 5.10, particularly in Scenarios 1, 3, 4, and 7, can be attributed to the inclusion of stochastic

times in the AGVs’ speeds and the loading and unloading operations conducted by the QCs and
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YC. These stochastic times introduce variability and randomness into the simulation, resulting in

occasional extreme values that deviate from the expected pattern.

Figure 5.10: Replications Plot of Charging Cost after decreasing AGVs’ speed

In summary, the analysis of the graphs leads to the conclusion that the reduction in AGV

speeds has a significant impact on the unloading time of the ship, resulting in increased costs

associated with energy consumption and AGV battery charging. This observation is consistent

across all simulated scenarios.

Furthermore, an important indicator highlighting the consequences of this change pertains to

the idle time of the QCs. As previously mentioned, the decrease in AGV speeds leads to prolonged

transportation times for containers, subsequently increasing the waiting time for the QCs. This

observation is evident when comparing the figures illustrating the idle time of QCs, B.24 to B.30.

Notably, in all executed scenarios, the downtime of the QCs exceeds that of the base case.

These findings imply that the reduction in AGV speeds negatively affects the overall efficiency

and performance of the container terminal operations. The increased unloading time and idle time

of the QCs indicate a potential bottleneck in the system, resulting in more extended waiting periods

for container transportation and subsequent processing.

The implications of these outcomes are significant, as they highlight the importance of main-

taining optimal AGV speeds to ensure smooth and timely operations within the container terminal.

By considering the impact of speed reduction on various performance measures, including unload-

ing time, energy consumption costs, charging costs, and QC downtime, it becomes evident that a

careful balance needs to be struck to achieve efficient and cost-effective operations.

5.4.3 Impacts of AGVs’ Speed Increase

The second part of the extension to the base model focused on increasing the speeds of the AGVs

by 20%. This modification aimed to assess the impact of higher AGV speeds on the performance

and operational outcomes of the container terminal.
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By enabling AGVs to operate at an increased speed, the unloading process of the ship in the

container terminal is expedited, resulting in a reduction of the total operation time. This improve-

ment arises from the AGVs’ ability to transport containers more swiftly, thereby enhancing the

overall efficiency and effectiveness of the model. The impact of increased AGV speeds on the

"Total Operation Time" performance measure is clearly depicted in figure 5.11. Although the

decrease in operation time may not be substantial compared to the base case, it becomes more

evident when contrasting it with scenarios involving lower AGV speeds.

Figure 5.11: Replications Plot of Total Operation Time after increasing AGVs’ speed

Figure 5.12 displays the relative costs associated with the energy consumption of the AGVs,

resulting from the execution of the scenarios with the increased AGV speed.

Figure 5.12: Replications Plot of Energy Consumption Cost after increasing AGVs’ speed

This graph provides an overview of the energy consumption costs relative to the base case,

allowing for a comparative analysis of the impact of AGV speed adjustments on energy usage. By

examining the data, it is evident that the scenarios with increased AGV speeds exhibit a reduction
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in energy consumption costs compared to the base case. This observed slight decrease in energy

consumption costs across all simulated scenarios can be attributed to the increase in AGVs’ speed.

As the AGVs operate at a higher speed, they can complete their tasks more quickly, resulting in

reduced overall operation time. The decreased operation time leads to a lower energy consump-

tion cost, as the AGVs spend less time in operation, utilizing fewer resources. This efficiency

gain in energy consumption is consistent across the scenarios, highlighting the positive impact of

increased AGV speed on reducing energy requirements and optimizing resource utilization within

the container terminal.

Upon analyzing the replications plot of the charging costs results 5.13, it is evident that these

values in the scenarios with varied AGV speeds are generally comparable to those observed in the

base model. However, a noteworthy observation can be made regarding Scenario 3, where a slight

decrease in charging costs is apparent. This can be attributed to the increased speed of the AGVs,

which enables them to complete their tasks more quickly. As a result, the AGVs spend less time

in transit and require fewer charging intervals to replenish their batteries. The reduced charging

costs in Scenario 3 indicate improved energy efficiency and optimization of resource utilization,

leading to cost savings in the overall operation of the container terminal.

Figure 5.13: Replications Plot of Charging Cost after increasing AGVs’ speed

Based on the analysis of the obtained results, it can be inferred that the augmentation of AGV

speeds has contributed to enhanced operational efficiency within the container terminal. The in-

creased speed has reduced the ship’s unloading time, thereby expediting the overall process. In

terms of energy consumption, the impact of this change is more prominent, primarily affecting

the costs associated with energy usage. The accelerated movement of AGVs due to the speed in-

crease has effectively minimized the time taken for AGV travel, both when loaded and unloaded.

Consequently, this effect has influenced the computation of energy consumption costs, decreas-

ing their magnitude. However, the impact on charging costs is relatively minimal, with only a

slight reduction observed in Scenario 3, wherein three AGVs and one QC are employed. These
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findings suggest adjusting AGV speeds can positively influence operational efficiency and energy

consumption costs within the container terminal.

To comprehensively evaluate the impact of the model, the idle time of QCs serves as an impor-

tant factor. The bar charts presented in figures B.31 to B.37 provide insights into the changes in

QC idle time across various scenarios. In Scenarios 1, 2, and 3, a slight reduction in QC idle time

is observed compared to the baseline model. However, in the remaining scenarios, the utilization

of QCs remains relatively consistent with that of the base model.

Based on these observations, it can be inferred that utilizing AGVs with higher speeds is only

advantageous in scenarios involving a single QC, with the exception of the scenario characterized

by one QC and four AGVs. In these specific scenarios, the higher speed of AGVs enables more

efficient utilization of QCs, leading to a decrease in idle time and improved operational perfor-

mance. In the scenarios involving the utilization of two QCs, the advantages of increasing the

AGVs’ speed in terms of QC utilization are not as prominent. Analysis of the corresponding met-

rics reveals no notable improvement in QC utilization when AGV speed is increased. Therefore,

it can be concluded that the increase in AGV speed does not significantly impact the utilization of

QCs in scenarios featuring two QCs. These findings suggest that other factors or strategies should

be considered to enhance the efficiency of QC utilization in such scenarios.

5.4.4 Impacts of Different AGV Routes

After conducting the simulation of the seven scenarios involving the AGVs’ new rectangular route,

an evaluation of the obtained results was performed, focusing on performance measures and the

distance traveled by the AGVs.

By restricting the available path options for the AGVs and imposing a fixed route, they are

compelled to follow a predetermined trajectory. This change in the AGVs’ movement pattern

leads to a slight increase in the total unloading time of the ship, as demonstrated in figure 5.14.

Figure 5.14: Replications Plot of Total Operation Time after the first change of AGVs’ route
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The total operation time increases due to a higher value of the distance traveled by the AGVs

compared to the base model, as observed from figure B.38 to figure B.43. The increased distance

traveled by the AGVs leads to a corresponding increase in the energy consumed by them in all

scenarios, as depicted in figure 5.15.

Figure 5.15: Replications Plot of Energy Consumption Cost after the first change of AGVs’ route

Despite the increase in energy consumption costs of the AGVs, the charging costs remained

unchanged in comparison to the baseline model, except for Scenario 4, where a slight increase

was observed in figure 5.16. One possible explanation for this could be the utilization of the

AGVs in Scenario 4. With only one QC and four AGVs, the AGVs may have a higher workload

and more frequent tasks than other scenarios with more QCs. The increased workload can result

in more frequent movements and longer operating times for the AGVs, leading to higher energy

consumption and, subsequently, higher charging costs.

Figure 5.16: Replications Plot of Charging Cost after the first change of AGVs’ route
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In summary, the modification of the AGV route to the one depicted in figure 5.1 resulted

in a slight increase in ship unloading time due to the extended distance traveled by the AGVs.

Consequently, the costs associated with energy consumption by the AGVs significantly increased.

Despite this rise in energy costs, the charging costs for the AGVs remained nearly unchanged

compared to the base model.

After executing the scenarios with the rectangular route, it was modified to a route with addi-

tional path options for the AGVs, as illustrated in figure 5.2. The added path in the route of the

baseline model reduces the distance traveled by the AGVs between the storage yard and the quay

area and vice versa. This reduction in distance can be observed from figure B.44 to figure B.49,

where it is evident that the distance traveled by the AGVs is significantly lower compared to the

baseline model.

Despite this factor, the total ship unloading time undergoes minimal changes, with only a slight

decrease observed in Scenarios 1, 4, and 7 (figure 5.17).

Figure 5.17: Replications Plot of Total Operation Time after the second change of AGVs’ route

This slight decrease in the total operational time can be attributed to the loading/unloading

time of the QCs, as this time remained unchanged. Consequently, it becomes challenging for the

QCs to keep up with the early arrival of the AGVs.,

The significant reduction in the distance traveled by the AGVs positively impacted the costs

associated with energy consumption. These values decreased considerably compared to the base-

line case, as depicted in figure 5.18.
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Figure 5.18: Replications Plot of Energy Consumption Cost after the second change of AGVs’
route

Similar to the previously executed scenario, the charging costs obtained in the second route

are mainly similar to those in the baseline case, with the exception of Scenario 6, which exhibits a

slightly higher maximum value due to an outlier, as shown in figure 5.19.

Figure 5.19: Replications Plot of Charging Cost after the second change of AGVs’ route

In summary, the modification of the AGV routes significantly influences the distance traveled

by the AGVs, subsequently affecting the energy consumption values. However, this alteration

does not substantially impact the charging costs of the AGVs and only slightly influences the

total operation time. This is primarily due to the fact that the unloading/loading times of the QCs

and YC are not adjusted to accommodate the changes in AGV routes. These times are randomly

generated, which may increase the AGVs’ waiting times.
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Chapter 6

Conclusions and future work

The findings related to the work completed during the course of the project are presented in this

chapter. The contributions of this dissertation will be examined and analyzed to see whether the

goals were achieved. In addition to findings, some recommendations for future work are also

provided, bearing in mind a philosophy focused on constant progress and awareness of what is yet

possible.

6.1 Conclusions

The primary aim of this study was to design and develop a comprehensive FlexSim simulation

model to serve as a decision-support tool for optimizing the overall performance of container

terminals within seaports. The conceptual model focused explicitly on the unloading operations

of ships and internal processes within container terminals, taking into consideration the increasing

automation and sustainability concerns of these facilities.

The developed simulation model incorporated autonomous electric vehicles, known as AGVs,

for container transport within the terminal. This choice aligned with the objectives of green ports

and the growing adoption of environmentally friendly practices. The model’s decision variables

revolved around the quantity of equipment employed, serving as input parameters for seven simu-

lated scenarios. These scenarios enabled the evaluation of terminal behavior under varying com-

binations of AGVs and QCs. The model’s performance was assessed through calculated perfor-

mance measures and metrics provided by FlexSim’s dashboard.

To enhance the value of the research, two extensions to the base model were implemented: (1)

adjustment of AGV speeds and (2) modification of AGV routes. Analysis of the results indicated

that changing AGV speeds significantly impacted the duration of ship unloading and subsequent

energy consumption. Additionally, it was observed that AGV speeds notably influenced the wait-

ing time of QCs. Conversely, altering AGV routes substantially affected the distance traveled by

the vehicles, consequently impacting energy costs.
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The established objectives for this dissertation were successfully achieved, resulting in the

implementation of a decision-support tool that helps the optimization of port operations by con-

sidering multiple performance measures and metrics within the FlexSim environment. Although

the simulation model was designed for a simplified container terminal with a limited number of

equipment, it can be readily customized to suit the specific characteristics of individual ports by

adjusting the input parameters and leveraging other relevant features of FlexSim pertaining to

AGVs.

In conclusion, the approach developed in this study lays the foundation for the future devel-

opment of a methodology that enables decision-makers to proactively assess the behavior of a

container terminal with the aim of optimizing its operations. This framework opens up possi-

bilities for enhancing the efficiency and effectiveness of container terminal management through

informed decision-making and strategic planning.

6.2 Future Work

In summary, this dissertation’s results and contributions lay a solid platform for further study and

innovation targeted at improving container port operations. Several topics need consideration and

investigation in order to expand on current work and further enhance performance.

First, the current simulation models can be enhanced in the future. There is potential for

improvement and growth even if the built FlexSim simulation model is performed as a valuable

decision-support tool. Future initiatives should concentrate on including further elements and

variables that affect container terminal operations. This might entail taking into account various

ship types, various container sizes, and dynamic resource allocation, enabling a more thorough

and accurate simulation of actual terminals.

Second, sophisticated optimization methods present potential directions for further study. The

best methods for scheduling, allocating, and routing equipment inside the terminal can be found

using mathematical optimization, evolutionary algorithms, or machine learning techniques. Con-

tainer terminals may increase efficiency, productivity, and resource utilization by utilizing these

strategies, which will improve overall performance.

Furthermore, the marine sector is becoming increasingly concerned with sustainability. The

integration of more sustainable practices and green technology into container terminals should be

the main topic of future study. In order to do this, it may be necessary to examine the environmen-

tal effects of various operating strategies, determine the potential of renewable energy sources,

and put creative waste management and emission reduction solutions into practice. Container ter-

minals may improve their competitiveness, lessen their environmental impact, and help create a

better future by adopting sustainability.

Moreover, investigations that compare and benchmark performance are valuable tools for per-

formance evaluation. Future research can undertake extensive studies comparing the productivity,

efficiency, sustainability, and customer happiness of various terminals. Container terminals may
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learn about potential areas for improvement and promote continual optimization by establishing

best practices and performance standards.

By looking at these topics, academics may contribute to the continued creation of novel so-

lutions that improve container terminal operations’ productivity, efficiency, and environmental

sustainability.
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Appendix A

Simulation Model for the Case Study

A.1 Implementation in FlexSim

A.1.1 3D Model

Figure A.1: Relevant properties of ASRS vehicle in FlexSim
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Figure A.2: Relevant properties of the crane in FlexSim
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Figure A.3: AGV type’s features defined in FlexSim

A.1.2 Process Flow

Figure A.4: Ship arrivals table

A.1.3 Parameters

Figure A.5: Model’s parameters
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A.1.4 Dashboard

Figure A.6: Example of a time plot indicating the AGV battery during the execution of replication
1 of scenario 7

Figure A.7: Example of a time plot indicating the number of chargers of the AGVs during the
execution of replication 1 of scenario 7
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Figure A.8: Example of a time plot indicating the AGVs’ speed during the execution of replication
1 of scenario 7
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Appendix B

Results Analysis

B.1 Design of Experiments

B.1.1 Extension 1 (Impacts of Different AGV Speeds)

Figure B.1: Triangular distribution implemented in the AGV Network to increase the AGVs’ speed
by 20%

Figure B.2: Triangular distribution implemented in the AGV Network to decrease the AGVs’
speed by 20%
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B.2 Experiments in FlexSim

Figure B.3: Experimenter interface in FlexSim

B.3 Analysis Scenarios of Base Model

Table B.1: Summary of charging cost values after the execution of the seven scenarios considering
the base model

Summary
Mean

(95% Confidence Interval)
Sample Std Dev

Scenario 1 32.25599999999999312 ± 0.00000000000000540 0.00000000000001445

Scenario 2 34.94399999999998840 ± 0.00000000000000809 0.00000000000002168

Scenario 3 45.33760000000001611 ± 0.86346603053315818 2.31266416900956129

Scenario 4 58.77759999999999252 ± 0.34699162494593472 0.92936498898905018

Scenario 5 34.94399999999998840 ± 0.00000000000000809 0.00000000000002168

Scenario 6 40.32000000000001450 ± 0.00000000000000270 0.00000000000000723

Scenario 7 59.40479999999999450 ± 0.30622795384371837 0.82018561397973300
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Table B.2: Summary of energy consumption cost values after the execution of the seven scenarios
considering the base model

Summary
Mean

(95% Confidence Interval)
Sample Std Dev

Scenario 1 35.1766190 ± 0.0001030 0.0002759
Scenario 2 35.3257110 ± 0.0156929 0.0420312
Scenario 3 36.9913547 ± 0.0580716 0.1555360
Scenario 4 38.8066253 ± 0.0437761 0.1172477
Scenario 5 35.2077637 ± 0.0045969 0.0123121
Scenario 6 35.2572263 ± 0.0073142 0.0195899
Scenario 7 35.3867200 ± 0.0111136 0.0297661

Figure B.4: Pie Chart indicating the state of the AGV during the execution of replication 1 of
scenario 1

Figure B.5: Pie Chart indicating the state of the AGVs during the execution of replication 1 of
scenario 2
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Figure B.6: Pie Chart indicating the state of the AGVs during the execution of replication 1 of
scenario 3

Figure B.7: Pie Chart indicating the state of the AGVs during the execution of replication 1 of
scenario 4

Figure B.8: Pie Chart indicating the state of the AGVs during the execution of replication 1 of
scenario 5
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Figure B.9: Pie Chart indicating the state of the AGVs during the execution of replication 1 of
scenario 6

Figure B.10: Pie Chart indicating the state of the AGVs during the execution of replication 1 of
scenario 7

Figure B.11: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 1
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Figure B.12: Bar Chart indicating the state of the QCs during the execution of replication 1 of
scenario 2

Figure B.13: Bar Chart indicating the state of the QCs during the execution of replication 1 of
scenario 3

Figure B.14: Bar Chart indicating the state of the QCs during the execution of replication 1 of
scenario 4

Figure B.15: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 5
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Figure B.16: Bar Chart indicating the state of the QCs during the execution of replication 1 of
scenario 6

Figure B.17: Bar Chart indicating the state of the QCs during the execution of replication 1 of
scenario 7

Figure B.18: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 2

Figure B.19: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 3
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Figure B.20: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 4

Figure B.21: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 5

Figure B.22: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 6
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Figure B.23: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 7

B.4 Analysis Scenarios of Extension 1 (Impacts of Different AGV
Speeds)

Figure B.24: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 1 after decreasing the AGVs’ speed

Figure B.25: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 2 after decreasing the AGVs’ speed



100 Results Analysis

Figure B.26: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 3 after decreasing the AGVs’ speed

Figure B.27: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 4 after decreasing the AGVs’ speed

Figure B.28: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 5 after decreasing the AGVs’ speed

Figure B.29: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 6 after decreasing the AGVs’ speed
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Figure B.30: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 7 after decreasing the AGVs’ speed

Figure B.31: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 1 after increasing the AGVs’ speed

Figure B.32: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 2 after increasing the AGVs’ speed

Figure B.33: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 3 after increasing the AGVs’ speed
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Figure B.34: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 4 after increasing the AGVs’ speed

Figure B.35: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 5 after increasing the AGVs’ speed

Figure B.36: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 6 after increasing the AGVs’ speed

Figure B.37: Bar Chart indicating the state of the QC during the execution of replication 1 of
scenario 7 after increasing the AGVs’ speed
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B.5 Analysis Scenarios of Extension 2 (Impacts of Different AGV
Routes)

B.5.1 First Modification of AGVs’ Route

Figure B.38: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 2 after the first change of the AGVs’ route

Figure B.39: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 3 after the first change of the AGVs’ route

Figure B.40: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 4 after the first change of the AGVs’ route
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Figure B.41: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 5 after the first change of the AGVs’ route

Figure B.42: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 6 after the first change of the AGVs’ route

Figure B.43: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 7 after the first change of the AGVs’ route
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B.5.2 Second Modification of AGVs’ Route

Figure B.44: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 2 after the second change of the AGVs’ route

Figure B.45: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 3 after the second change of the AGVs’ route

Figure B.46: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 4 after the second change of the AGVs’ route
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Figure B.47: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 5 after the second change of the AGVs’ route

Figure B.48: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 6 after the second change of the AGVs’ route

Figure B.49: Bar Chart indicating the distance traveled by the AGVs during the execution of
replication 1 of scenario 7 after the second change of the AGVs’ route
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