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ABSTRACT

This thesis investigates how Discrete Event Simulation (DES) can support internal logistics
design and fleet size optimization in a new manufacturing facility during the concept design
phase. The study addresses the challenge of dimensioning internal transport resources, such as
forklifts and AMRs, when operational data are limited and the facility exists only as a CAD-
based layout.

A mixed-method case study was conducted in collaboration with Volvo Construction Equipment.
Interview data from forklift operators and a manager were used to estimate operational
parameters such as loading and unloading times, vehicle speed, charging behaviour, task volume,
and congestion effects. These inputs were combined with CAD-based process-time calculations
and implemented in a DES model developed in FACTS Analyzer. Two alternative layout
variants were evaluated: a Main Layout and a Footprint Reduction Layout. Scenario experiments
were performed for different forklift and AMR fleet configurations, and the results were assessed
using throughput, utilization, tasks completed per day, and bottleneck behaviour.

The results show that increasing fleet size mainly reduces resource utilization, while annual
throughput changes only marginally. For forklifts, the smallest tested configuration, 1 inbound
forklift and 1 supermarket-area forklift, was sufficient to meet the modelled production target.
For AMRs, one vehicle was sufficient under the tested assumptions. The simulation also showed
that the Footprint Reduction Layout produced slightly different transport cycle times, but the
effect on overall fleet requirements was limited. Bottleneck analysis indicated shifting
constraints rather than one stable system bottleneck.

The thesis concludes that DES is a useful decision-support tool for early-stage internal logistics
planning in greenfield manufacturing environments. It helps identify minimum viable fleet
configurations and shows that layout changes may affect local transport performance without
necessarily changing overall system output.

Keywords: Discrete Event Simulation, internal logistics, fleet sizing, forklift, AMR,
supermarket placement, manufacturing system design, greenfield facility, Conceptual design.
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1. INTRODUCTION

In modern manufacturing environments, efficient internal logistics and material transportation are
crucial for ensuring productivity and minimizing operational costs. When a manufacturing facility
is still in the conceptual design phase and represented only by a CAD-based layout, determining
the appropriate internal transport configuration becomes highly uncertain due to the absence of
real operational data. Consequently, identifying the appropriate number and type of internal
transport resources—such as forklifts, AGVs, and AMRs—is particularly challenging in such
early-stage environments. This thesis aims to investigate how Discrete Event Simulation (DES)
can support fleet size optimization and internal logistics design in a new manufacturing facility
by enabling decision makers to test transport scenarios and evaluate fleet performance prior to
physical implementation.

1.1. Background

Manufacturing systems are inherently complex and dynamic, characterized by stochastic
behavior, resource constraints, and interdependent processes. Traditional analytical methods often
struggle to capture these dynamics and provide reliable support for system design decisions
(Negahban & Smith, 2014). Discrete Event Simulation (DES) is widely recognized as an effective
modelling technique that represents a production system as a sequence of discrete activities, where
state changes occur at distinct event points in time. As such, DES can capture variability in process
routing, resource utilization, and material flows that deterministic models often overlook, making

it particularly suitable for manufacturing contexts where flow behavior is unpredictable
(Negahban & Smith, 2014).

DES has been increasingly applied to manufacturing system design and performance evaluation,
enabling researchers and practitioners to test alternative configurations and operational strategies
in a risk-free virtual environment. Extensive literature reviews show that DES has been used to
evaluate production layouts, scheduling policies, and material distribution while identifying
bottlenecks and quantifying performance metrics such as throughput, lead time, and resource
utilization (Negahban & Smith, 2014). The flexibility of DES enables modelers to represent
complex material and information flows accurately and test “what-if”” scenarios without disrupting
real operations. This ability is particularly relevant in new facility design, where no historical data
exists but robust decisions are needed prior to implementation. This situation is especially
common in manufacturing facilities that are still in the conceptual design phase, where only CAD-
based layout representations are available, and operational data has not yet been validated.

In addition to general manufacturing system design, Discrete Event Simulation (DES) has
increasingly been applied to internal logistics and material handling systems, particularly in the
context of automated transport resources such as AGVs and AMRs. Recent studies demonstrate
that simulation-based approaches are effective for evaluating fleet sizing decisions under
stochastic travel times, variable demand, and dynamic production conditions (Lidberg et al.,
2019). Fleet sizing problems in internal logistics are inherently complex due to congestion effects,
routing interactions, and resource sharing, which often cannot be captured through static analytical
models. For instance, integrated simulation models have been shown to support optimization of
transport resources while accounting for system variability and layout constraints (Boysen et al.,
2015). Furthermore, discrete-event simulation has been applied to determine vehicle requirements
in AGV systems by dynamically modelling operational variability and system interactions,



supporting evidence-based fleet dimensioning decisions prior to implementation (Fu et al., 2021).
These findings reinforce the suitability of DES for supporting fleet size decisions in newly planned
manufacturing facilities where empirical operational data is limited and system behavior must be
evaluated dynamically.

Beyond capturing system dynamics, research has highlighted the integration potential of DES with
other analytical techniques in material flow studies. Combining DES with material flow analysis
allows simultaneous economic and environmental assessment, extending the value of simulation
models beyond conventional performance metrics (Wohlgemuth et al., 2006). Such integration is
especially valuable in greenfield manufacturing, where strategic decisions regarding layout, flow
paths, and resource placement have long-term implications for sustainability and efficiency.

Despite the broad adoption of DES in manufacturing research, practical use in early design stages
remains less widespread than its potential suggests. Many applications focus on operational
troubleshooting rather than proactive system design, which indicates a gap between academic
research and industrial practice (Negahban & Smith, 2014). Although DES has strong potential to
support manufacturing system design, studies indicate that simulation is more frequently applied
reactively to address operational problems rather than proactively in early-stage system design
(Jahangirian et al., 2010; Negahban & Smith, 2014). Moreover, recent developments in simulation
and digital twin technologies are pushing simulation’s capability further, facilitating real-time
decision support and performance optimization in complex manufacturing systems (Wooley et al.,
2025). Nonetheless, the core strength of DES lies in its ability to represent discrete processes and
material flows with high fidelity, enabling exploration of alternative designs and their impacts on
performance.

In the context of a new manufacturing facility, DES provides a virtual framework to study internal
logistics performance and fleet behavior before physical construction and operation. By modeling
the planned production processes, DES can support decision makers in identifying flow
bottlenecks, evaluating layout alternatives, and improving transport resource allocation and fleet
dimensioning decisions. As such, it is a valuable tool for supporting internal logistics and fleet
design decisions in greenfield projects, offering analytical and visual insights that traditional
planning methods cannot provide.

1.2. Problem formulation

Efficient internal transportation and material handling are essential for maximizing production
efficiency, as highlighted by Jonsson et al. (2008). Achieving effective internal logistics
management depends on the careful planning of transport operations and proper product handling
processes, such as loading, unloading, palletizing, and packing (Jonsson et al., 2008; Tompkins et
al., 2010). A significant issue within logistics systems is the fleet-sizing problem: determining the
optimal number of vehicles needed to execute all assigned tasks within a specified timeframe
while minimizing operational costs (Sinriech & Tanchoco, 1992). This challenge is further
complicated when the manufacturing facility is still in the conceptual phase, represented only by
a CAD-based shopfloor layout, where key operational data is not yet available.

During the concept phase of design, actual operational data such as transport frequencies, travel
times, congestion effects, and resource utilization rates are typically unavailable and must be
estimated (Banks et al., 2010; Law, 2015). Existing literature predominantly focuses on fleet



sizing within automated warehouses, external supply chains, or operational facilities. However,
there is a notable gap in research addressing the integrated design of internal material flow for
newly planned manufacturing facilities at the shopfloor layout stage, especially when only a CAD
representation is available and empirical operational data is lacking.

Simulation is highly valuable for companies, as it enables practitioners to model and better
understand the structure and behavior of possible alternatives before they are physically built
(Shannon, 1998). In this way, tests can be conducted without disrupting company operations and
with fewer resources compared to physically implementing the system (Banks et al., 2005).

Therefore, the main purpose of this thesis project is to develop a simulation model and optimize
the internal logistics of a new manufacturing facility by determining the number of internal
transport vehicles (AGVs, AMRs, and forklifts), or fleet size, required to meet the effective
logistics demand using Discrete Event Simulation (DES) as the primary tool. The optimal fleet
size and composition are constrained by the total available budget and a specified time window
(Mohamed et al., 2024). This number should not be too high to avoid excessive costs, nor too low
to prevent shortages in demand satisfaction (Turnquist & Jordan, 1986). Discrete Event
Simulation (DES) has been widely used as a powerful tool for modeling and optimizing
production systems for many years (Nackfors, 2016). Although many other simulation methods
exist, DES is proposed as a suitable solution because it conforms to characteristics necessary for
dynamic evaluation of production processes and allows comparison between future and current
production states (Sonke & Erik, 2013).

1.3. Aim and Research Questions

The aim of this thesis is to support decision-making during the concept design phase of a new
manufacturing facility by evaluating internal material flow and transport resource requirements
using Discrete Event Simulation (DES), to assess the required fleet size and composition of
internal transport resources.

To achieve this aim, the following research questions are formulated:

RQ1: What is the required fleet size and composition of internal transport resources to achieve
production targets during the concept design phase?

RQ2: To what extent does supermarket-area interface placement affect supermarket transport
cycle times (as a proxy for distance), forklift utilization, and forklift fleet sizing requirements?

1.4. Project limitations

Although this research contributes to simulation-supported material flow design, several
limitations must be acknowledged.

1.4.1 Scope Limitation
This study is limited to internal material flow within the planned manufacturing facility during

the concept design phase. The analysis includes transport activities between the inbound area,
supermarket, kitting zone, sub-assembly, and main assembly.



To reduce modeling complexity and ensure feasibility within the project timeframe, the simulation
model explicitly represents five key components of the base product model. These components
were selected due to their expected impact on internal transport frequency and material flow
intensity. Other components included in the full product structure are not modeled in detail and
are assumed to have a limited influence on overall transport resource requirements.

The study also considers alternative component placement configurations within the supermarket
area to evaluate their influence on internal transport performance.

External supply chain processes, supplier variability, and outbound logistics are excluded from
the model. Consequently, the findings are limited to internal production logistics within the
defined system boundaries.

1.4.2 System Boundaries and Assumptions

The Discrete Event Simulation (DES) model is developed based on available engineering data
and planning assumptions relevant to the concept design phase. These include estimated
processing times, transport speeds, loading and unloading durations, routing logic, and production
demand rates.

Operational variability is incorporated using statistical distributions where appropriate. However,
extreme real-world disruptions such as major equipment failures, labor shortages, or unexpected
demand fluctuations are not explicitly modeled.

As with all simulation-based studies, the validity of the results depends on the accuracy of input
data and the transparency of the assumptions applied (Banks et al., 2010; Law, 2015).

1.4.3 Performance Metrics Considered

Performance is evaluated in terms of travel distance, fleet utilization, bottleneck frequency, and
takt time deviations. Economic or environmental metrics (e.g., energy consumption and
emissions) are outside the scope of this study.

1.4.4 Scenario Exploration Constraints

Due to computational limitations, only a representative set of material flow scenarios, fleet
configurations, and component placement alternatives in the supermarket area are simulated.
Exhaustive evaluation of all possible permutations is not performed (Jahangirian et al., 2010).

2. RESEARCH METHOD
2.1 Research design and overall approach

This thesis is conducted as an applied, industrial case study in collaboration with Volvo
Construction Equipment (Volvo CE), focusing on the concept design phase of a new excavator
manufacturing facility. The study adopts a mixed-method approach, combining: Quantitative,
model-based analysis through Discrete Event Simulation (DES) to evaluate internal material flow
behaviour and fleet performance, and Qualitative fieldwork through targeted interviews with
internal logistics personnel to estimate critical handling and charging parameters for forklift
operations as part of the overall internal transport fleet.



In this thesis, fleet refers to the complete set of internal transport resources in the facility, including
forklifts and AMRs. The research follows an analytic—-deductive and exploratory logic: the
research questions are formulated from known challenges in concept-phase industrial logistics
(limited operational data, uncertainty in transport times and handling activities), and simulation is
then used to explore and evaluate alternative system configurations and fleet sizing scenarios
under these uncertain conditions. Rather than testing formal hypotheses in a strictly deductive
sense, the simulation model serves as an engineering-oriented decision-support tool for structured
exploration and evaluation of logistics design alternatives. The methodology is aligned with the
view that simulation provides a controlled environment to evaluate complex logistics behavior
under uncertainty and variability, and that credibility depends strongly on model
verification/validation and transparent assumptions (Schruben, 1980; Sargent, 2013).

2.2 Literature Search Strategy

This study includes a structured literature search to identify relevant research related to internal
logistics, discrete event simulation, fleet sizing, and supermarket placement in manufacturing
systems. Since the research topic spans multiple related domains rather than a single established
field, a broad and systematic search strategy was applied.

The literature search was conducted using several academic databases, including Scopus,
ScienceDirect, IEEE Xplore, and Google Scholar. These databases were selected to ensure
coverage of high-quality peer-reviewed journal articles and conference papers relevant to the
research area.

To capture relevant studies, search terms were grouped into key thematic areas aligned with the
research questions. These included:

(1) internal logistics and material handling systems,

(2) discrete event simulation and modeling in manufacturing,

(3) fleet sizing and transport resource allocation, and

(4) facility layout and supermarket placement in production environments.

29 G

Examples of search keywords include combinations of terms such as “internal logistics”, “material

flow”, “discrete event simulation”, “fleet sizing”, “AMR systems”, “supermarket layout”, and
“facility design”.

The selection process followed a stepwise screening approach. First, titles were reviewed to
identify potentially relevant studies. Second, abstracts were examined to assess alignment with
the research aim. Finally, full-text reading was conducted for publications that appeared relevant.
Only peer-reviewed articles and conference papers with sufficient methodological transparency
were included to ensure scientific reliability.

In addition, backward snowballing was applied by reviewing the reference lists of key articles to
identify further relevant sources. This approach helped to expand the literature base and ensure
that important foundational studies were not overlooked.

All selected literature was systematically organized and categorized based on themes related to
the theoretical framework. This enabled comparison across studies and supported the development
of the conceptual model used in this research.

This structured approach ensures that the selected literature directly supports the research
questions and the development of the simulation model.



2.3 Case study context and study scope

The industrial context is a greenfield manufacturing project where the facility is still under
planning and represented mainly by a CAD-based shopfloor layout, defined transport routes, and
a preliminary production plan (takt time and annual production targets). At this stage, real
operational data (e.g., measured travel times, congestion patterns, observed loading/unloading
durations) is not yet available, which makes it difficult to dimension internal transport resources
reliably.

The internal logistics system in this thesis covers material flow from inbound to supermarket, and
from supermarket to downstream production areas (kitting/subassembly/main assembly interfaces
as defined in the project scope). A key practical decision in the case is fleet dimensioning:
determining the required fleet size and composition to meet production targets while keeping
utilization and transport performance at acceptable levels.

In the current industrial plan, inbound-to-supermarket movements are primarily performed by
forklifts, while in-plant transport is performed by AMRs depending on the transport segment.
Accordingly, the simulation model represents the full internal transport system from the start,
including forklifts and AMRs as fleet resources, while scenario experiments vary fleet size, fleet
composition, and task-allocation rules to evaluate performance.

2.4 Research questions and method alignment

The methodology is explicitly structured around the two research questions:

RQI1: What is the required fleet size and composition of internal transport resources to achieve
production targets during the concept design phase?

— Addressed mainly through DES model experiments that vary fleet size and resource
composition, observing logistics KPIs (throughput support, vehicle utilization, delays/queues).
RQ2: To what extent does supermarket placement affect transport distance, resource utilization,
and fleet size requirements?

— Addressed through DES scenario design where supermarket location/configuration and
component placement alternatives are tested, measuring distance-driven KPIs and how these
changes propagate to fleet needs.

This approach follows simulation-based decision support logic widely used for in-house logistics:
building a virtual representation of internal logistics activities and then running systematic
experiments to compare scenarios on performance indicators (Agalianos et al., 2020). It also
matches recent research where simulation is used to support logistics design decisions and
capacity planning under dynamic and uncertain conditions (Rizqi et al., 2024; Zeng et al., 2024).
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Figure 2-1 Research process diagram for simulation-based fleet sizing and internal logistics design.

The research process begins with literature review and industrial case analysis. Engineering data
and interview-based operational parameters are collected and used to develop a Discrete Event
Simulation model in FACTS Analyzer representing the internal logistics fleet. Scenario
experiments are conducted to evaluate fleet size and supermarket placement alternatives
corresponding to the research questions. The resulting performance indicators are analyzed to
support logistics design decisions during the concept design phase.

2.5 Methodological rationale for using Discrete Event Simulation

Internal logistics in manufacturing is a dynamic system shaped by variability in handling times,
travel times, dispatching decisions, and interactions between resources (e.g., shared routes and
possible congestion). DES is appropriate because it models system evolution through discrete
events (e.g., loading starts, travel begins, unloading finishes), enabling analysis of queues, waiting
times, and utilization patterns that are difficult to capture with static calculations.

Simulation-based studies in in-house logistics emphasize that DES can be used as a decision
support tool for analyzing internal logistics operations when operational disruptions are
impossible (or when systems do not yet exist), allowing evaluation of alternative policies and
layouts without physical implementation (Agalianos et al., 2020; Rosova et al., 2020).
Furthermore, simulation is increasingly combined with optimization logic and scenario analysis
to support capacity planning and resource dimensioning decisions, such as vehicle capacity
planning and operational trade-offs (Rizqi et al., 2024). In warehouse and internal logistics
contexts, dynamic simulation frameworks are also used to reproduce operational decision-making
processes and validate performance against multi-dimensional metrics (Zeng et al., 2024).

2.6 Data sources and input data strategy

The main categories of input data used to build the simulation model and their corresponding data
sources are summarized in Table 2-1:



Table 2-1 Simulation input data and data sources

Input dat
niput cata Description Data source
category
Shopfloor geometry includes department locations, Engineering CAD
CAD layout aisle structures, and spatial configuration used to  layout of the planned

calculate transport distances. facility

Predefined transport paths including inbound-to-  Layout analysis and
Transport routes supermarket and supermarket-to-destination routes engineering design
used for routing logic in the simulation model. documentation

Estimated handling times for pallet loading and  Interviews with forklift
unloading operations. These parameters are refined operators and
using operator experience. operational estimates

Loading /
unloading time

Material flow demand based on expected
Demand rates production volume and annual production plannin
assumptions.

Production planning
£ data

Target production takt time used to define required . .
Production planning

Takt time delivery frequency and logistics flow intensity in taroets
the system. g
Forklift charging Charging time, charging policies (e. g.., opportunity Tech‘nical‘
. . charging or fixed schedules), and the impact of specifications and
characteristics

charging on forklift availability. expert estimates

To reduce bias and improve realism, the methodology follows a principle that simulation input
development should be based on the best available sources improved iteratively as new
information becomes available during early-stage system design—especially relevant for
concept-phase projects (Rosova et al., 2020). When precise distributions are unknown, the study
uses conservative ranges and sensitivity tests.

2.7 Qualitative fieldwork: interviews with forklift operators and manager

A focused interview effort is included because material handling operations often contain tacit
knowledge not represented in engineering documents (e.g., micro-delays, practical constraints in
loading/unloading, charging habits). Two forklift operators and one manager are interviewed to
estimate: 1-Typical and range-based loading times (inbound pick-up, staging, paperwork). 2-
Typical and range-based unloading times (supermarket drop-off, placement/confirmation). 3-
Charging behavior (how often, how long, when charging is triggered; constraints such as charger
availability).

The interviews are semi-structured, meaning a prepared question guide is used, but the interviewer
can probe details when operators describe real work patterns. Data from interviews is coded into
measurable parameters and translated into simulation inputs. For example, operator-provided time



ranges are mapped to probability distributions or discrete time scenarios, then tested via sensitivity
analysis.

Qualitative analysis is used primarily as an input calibration mechanism rather than an interpretive
social study. Still, to maintain rigor, the interview notes are summarized, validated with
respondents (member-checking), and stored as traceable evidence for model assumptions. This
supports simulation credibility, aligning with the view that model trust depends on transparent
assumptions and stakeholder involvement (Schruben, 1980; Coelho et al., 2021).

2.8 Simulation tool and model implementation: FACTS Analyzer

The DES model is implemented in FACTS Analyzer, which is used in industrial contexts for
modelling production and logistics flows. In this thesis, FACTS Analyzer is used to build a
facility-level internal logistics model using the components summarized in Table 2-2.

Table 2-2 Main components of the DES model implemented in FACTS Analyzer

Model component  Description in the simulation model

The CAD-based layout of the facility is imported or replicated in the
simulation environment at an appropriate abstraction level, including
aisles, nodes, and workstation locations. This layout defines the spatial
structure used for transport routing and distance calculations.

Layout representation

Internal transport resources representing the fleet are modeled, including
Transport resources  forklifts and AMRs. Each resource is assigned specific operational
(Fleet) parameters such as travel speed, loading and unloading time, and
availability of constraints.

Key logistics processes are represented through stations in the simulation
Processes and stations model, including inbound receiving points, supermarket storage
locations, delivery destinations, and loading/unloading activities.

Transport routes are defined based on the layout structure. Travel times
Routing logic are calculated using distance between nodes and vehicle speed
parameters.

Task assignment rules determine how transport requests are allocated to
Dispatching logic available vehicles. Examples include nearest available vehicle rules,
FIFO task queues, and priority-based dispatching.

These components collectively define the structure and operational logic of the simulation model
used to evaluate fleet size and internal logistics performance.

Using simulation software as a decision support tool requires selecting a modular expansion and
scenario exploration in industrial logistics simulation models (Rizqi et al., 2024). Therefore, the
model is designed as a modular structure: inbound, supermarket, and downstream delivery



processes are separated as modules that can be adapted when new design information becomes
available.

2.9 Conceptual model, input modeling, and scenario design

The conceptual model defines the main entities, resources, locations, and events that characterize
the internal logistics system studied in this thesis. These elements are summarized in Table 2-3
and provide the basis for the implementation of the Discrete Event Simulation (DES) model in
FACTS Analyzer. The model represents the internal material flow system of the planned Volvo
CE manufacturing facility at a level of abstraction suitable for concept-phase decision support,
with particular focus on transport performance, fleet requirements, and layout-dependent logistics
behavior.

Table 2-3 Conceptual model elements and system representation

Model element Representation in this study

Transport tasks (e.g., inbound pallet delivery to the supermarket and
replenishment deliveries from the supermarket to kitting or subassembly
areas) and material units such as pallets or containers corresponding to
selected components.

Entities

Internal transport fleet resources include forklifts (electric forklifts with
charging behavior affecting availability), and AMRs. Operator actions and
dispatching decisions are represented through resource logic and time
penalties during handling activities.

Resources

Key logistics locations in the facility include inbound receiving and unloading
Locations points, supermarket storage areas and pick/drop points, and delivery
destinations such as kitting, subassembly, and main assembly interfaces.

Discrete events in the simulation include task generation based on demand
Events rate or takt-driven replenishment logic, vehicle dispatch and travel start,
v . . . . . .

loading and unloading operations, charging start and completion for electric

vehicles, and queue formation when resources are unavailable.

The conceptual model provides the basis for the subsequent implementation of the Discrete Event
Simulation model in FACTS Analyzer.

System boundaries exclude external supply chain variability, supplier delays, and outbound
logistics. This delimitation is consistent with the purpose of the study, which is to evaluate internal
material flow and transport resource requirements during the early design phase. It also supports
model feasibility, since limiting the scope reduces modeling complexity and improves
interpretability in concept-stage industrial projects.

Concept-phase modeling requires explicit assumptions because operational data are not yet fully
available. In this study, the main assumption areas include demand generation logic, travel time
estimation, handling times, charging and availability behavior, and resource availability. Material
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demand is derived from takt time and production planning assumptions and translated into task
arrival patterns in the simulation model. Travel times are calculated from route distances and
vehicle-specific speed parameters for forklifts and AMRs. Congestion effects are initially
represented through simplified assumptions, such as reduced speed factors in narrow aisles, and
are considered in the scenario analysis where relevant. Loading and unloading times are
represented as distributions or discrete ranges based on interview data from forklift operators,
while forklift charging behavior is modelled as downtime affecting resource availability. AMR
availability is represented according to the defined operational concept, including availability
schedules and task assignment logic. In addition, shift calendars and planned breaks are included
in the model to reflect the expected operating conditions of the system.

Because variability is central to logistics performance, DES inputs are represented stochastically
where possible. This is consistent with recent logistics simulation research emphasizing the value
of simulation for capturing variability and random behavior in warehouse and internal transport
systems (Agalianos et al., 2020), as well as with simulation frameworks that validate logistics
performance using multiple operational metrics (Zeng et al., 2024).

To answer the research questions, the simulation model is used in a structured experimental design
consisting of baseline, single-factor, and combined scenario experiments. The scenario ranges
were defined to reflect realistic variation in the design space rather than purely theoretical
extremes. They were selected based on engineering constraints, practical feasibility, and
sensitivity thresholds considered relevant for early-phase logistics design decisions. This was done
to ensure that the simulated alternatives represent both realistic and decision-relevant variations
in system configuration.

2.9.1 Baseline scenario

The baseline scenario represents the concept design reference case. It uses the initial CAD layout,
the initial supermarket placement, current routing assumptions, and a starting fleet size suggested
by the company’s preliminary planning. This scenario establishes the baseline KPIs against which
alternative configurations are compared.

2.9.2 Fleet sizing scenarios (RQ1)

To address RQ1, a set of fleet sizing scenarios systematically varies by the size and composition
of the internal transport fleet. This includes variation in the number of transport resources as well
as in the mix between forklifts and AMRs, together with the allocation of transport tasks across
these resource types. For each scenario, the model evaluates key performance indicators such as
vehicle utilization, idle time, charging time, task waiting time, queue lengths, transport lead time
per task, on-time delivery performance relative to takt-driven targets, and bottleneck indicators in
the logistics process, such as excessive waiting at inbound points or supermarket areas. This is
aligned with prior research where simulation is used to test alternative decision configurations and
evaluate system behavior before implementation (Rosova et al., 2020).

2.9.3 Supermarket placement scenarios (RQ2)

To address RQ2, supermarket placement is varied through alternative spatial configurations and
internal component assignment changes. These scenarios represent different supermarket
placement configurations within the planned facility layout. The evaluation focuses on total travel
distance, distance per task type, and the resulting effect on utilization and required fleet capacity
across forklifts and AMRs. In this way, the model captures how changes in spatial layout influence
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both transport efficiency and fleet requirements. This follows research showing that in-house
logistics performance is highly sensitive to spatial structure and internal flow design, and that
simulation-based methods are suitable for evaluating such alternatives (Coelho et al., 2021).

2.9.4 Combined scenarios and trade-off analysis

After the separate experiments for RQ1 and RQ2, a combined set of scenarios is used to analyze
interactions between fleet configuration and supermarket placement. For example, an alternative
supermarket placement may reduce travel distance while simultaneously affecting congestion
patterns or changing the fleet size required to maintain takt compliance. This combined analysis
supports decision-making by identifying robust and practically feasible logistics design
alternatives rather than suggesting a single isolated optimum.

2.10 Replications, run length, and statistical treatment

The simulation includes stochastic inputs; therefore, results are generated using multiple
replications for each scenario. A warm-up period is applied if the system requires stabilization
(e.g., inventory to fill levels or initial queues). Performance measures are reported as averages
with confidence intervals.

To increase credibility, scenario results are compared using statistical tests when appropriate,
following practices used in validated logistics and warehouse simulation studies. For example,
(Coelho et al., 2021) validate and compare simulation indicators using statistical tests (e.g., t-test
and non-parametric alternatives such as Wilcoxon) when distributional assumptions differ, which
provides a useful reference for selecting analysis methods.

Although replications were performed for all simulation scenarios, the primary purpose of the
study is comparative engineering evaluation and decision support rather than inferential statistical
generalization. Therefore, the analysis focuses mainly on interpreting relative differences in key
performance indicators across scenarios rather than conducting extensive inferential statistical
testing.

2.11 Verification and validation strategy

Model credibility is supported through a structured Verification and Validation (V&V) approach:

e Verification (building the model right):
o Stepwise testing of each module (inbound, supermarket, delivery)
o Logic checking with extreme cases (e.g., zero demand, very high demand)
o Animation/visual checks of routing and service sequences
o Unit-level event tracing
(task creation — assignment — travel — load/unload — completion)
e Validation (building the right model):
Because the facility is not yet operating, validation is performed through:
o Face validation with company stakeholders: reviewing flows, assumptions, and
outputs for plausibility
o Cross-validation with expected performance bounds (e.g., takt-driven
requirements)
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o Sensitivity validation: testing whether outputs behave logically when key inputs
change (e.g., increasing load time should increase queueing and utilization)
o Comparing model indicators to comparable real-world patterns reported in
logistics simulation and digital twin research (Rizqi et al., 2024; Agalianos et al.,
2020).
This approach aligns with established guidance that credibility depends on systematic V&V and
transparency of assumptions (Schruben, 1980; Sargent, 2013).

2.12 Quality of the study: reliability, validity, and limitations

The quality of this thesis is supported through Table 2-4:

Table 2-4 Research quality criteria and their application in the simulation-based study

Quality criterion Application in this study

Reliability is ensured through documented simulation
modeling procedures in FACTS Analyzer, consistent
scenario definitions for fleet configurations and supermarket

Reliability placement, and replication of simulation runs. Input data such
as CAD layouts, transport routes, production demand, and
takt time are traceable to engineering documentation and
interview-based operational estimates.

Internal validity is supported by controlling experimental
variables within the simulation model. Scenario experiments
systematically vary fleet size, fleet composition (forklifts and
AMRs), and supermarket placement while keeping other
parameters constant, ensuring that observed KPI changes are
caused by these controlled factors.

Internal validity

Although the simulation results are specific to the studied
Volvo CE manufacturing facility, the applied methodology—
combining Discrete Event Simulation, engineering input
External validity / data, expert interviews, and scenario-based
Transferability experimentation—can be replicated for similar concept-
phase greenfield manufacturing projects.

The simulation model is developed based on concept-phase
planning data and estimated operational parameters. Since
the facility is not yet operational, certain parameters such as
transport variability or congestion effects may change in real
production. Therefore, results should be interpreted as

Study limitations
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decision-support insights rather than exact operational
predictions.

Limitations remain due to concept-phase uncertainty: operational data is estimated and may differ
from real performance once the facility is built. However, simulation is still valuable precisely
because it enables early exploration of “what-if” designs and identifies decision risks before
investment (Rosova et al., 2020).

2.13 Ethical and practical considerations
The study involves limited human-subject input through interviews. Ethical handling includes:

e Informing participants about the study purpose

e Keeping interview notes confidential and using them only for parameter estimation

e Reporting results in aggregated form without identifying individuals
In practice, collaboration with the company requires managing data sensitivity. Therefore, layout
details, volumes, and proprietary flow structures are described at an abstraction level sufficient
for academic reporting but respectful of confidentiality constraints.

3. THEORETICAL FRAMEWORK

This chapter presents the theoretical framework that forms the foundation of this study. The
reviewed literature focuses on key concepts related to internal logistics in manufacturing systems,
including material handling technologies, transport resource planning, facility layout design, and
simulation-based analysis. These theoretical perspectives provide a conceptual basis for
understanding how internal logistics systems can be designed and evaluated in manufacturing
environments.

Figure 3-1 illustrates the conceptual structure of the theoretical framework and how the reviewed
literature domains are connected to the research questions addressed in this thesis.
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Figure 3-1 Conceptual structure of the theoretical framework and its relation to the research questions

As illustrated in Figure 3-1, the theoretical framework begins with the broader context of
manufacturing systems and internal logistics theory, which describes how material flows,
transport systems, and facility layouts interact within production environments. The framework
then narrows toward specific internal logistics components, including material handling
technologies and internal transport fleet design.
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Subsequently, the literature on layout design and supermarket placement is reviewed to highlight
how spatial configuration influences logistics performance. These theoretical perspectives are
combined with research on logistics system performance evaluation and simulation-based
analysis. Together, these domains provide the foundation for identifying the research gap and
formulating the research questions addressed in this thesis.

3.1 Internal logistics in manufacturing systems

Internal logistics plays a critical role in manufacturing systems by ensuring that materials,
components, and subassemblies are delivered to the correct location at the required time and in
the required quantity. Efficient internal logistics is essential for maintaining production continuity,
minimizing waiting times, and supporting synchronized production flows. In modern
manufacturing environments, production performance is strongly influenced by how effectively
internal material flows are organized and managed.

Internal logistics systems typically include material handling, transportation, storage, and
distribution activities within the boundaries of a manufacturing facility. These activities connect
various production stages such as inbound receiving, storage areas, supermarkets, kitting zones,
and assembly lines. The performance of these systems directly affects production lead times,
resource utilization, and overall operational efficiency (Tompkins et al., 2010).

Material transportation within factories is commonly performed using a combination of manual
and automated transport systems. Traditional material handling systems often rely on forklifts
operated by human drivers, while modern facilities increasingly integrate automated transport
solutions such as Automated Guided Vehicles (AGVs) and Autonomous Mobile Robots (AMRs).
These transport resources collectively form the internal logistics fleet responsible for executing
transport tasks within the factory (Boysen et al., 2015).

Managing internal logistics systems is challenging because manufacturing environments are
inherently dynamic and stochastic. Transport tasks are generated based on production demand;
routing paths depend on facility layout, and resource availability may fluctuate due to charging
requirements, operator availability, or congestion effects. As a result, internal logistics systems
exhibit complex interactions between transport resources, material flows, and spatial layout
structures (Negahban & Smith, 2014).

In newly planned manufacturing facilities, these challenges have become even more significant.
During the concept design phase, production systems are typically represented only by
engineering drawings or CAD-based layouts, and reliable operational data such as travel times,
congestion patterns, and handling durations are not yet available. Consequently, planning internal
logistics systems in such environments requires analytical methods capable of evaluating system
behavior under uncertainty and incomplete information.

For this reason, research in manufacturing logistics increasingly emphasizes the importance of
analytical and simulation-based tools that allow engineers to evaluate alternative logistics
configurations before physical implementation. Such approaches enable decision makers to test
different layouts, transport resource configurations, and material flow strategies in a virtual
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environment, thereby reducing the risks associated with large-scale industrial investments
(Jahangirian et al., 2010).

This is directly relevant to the present study, as it highlights the importance of understanding
internal material flows and their interaction with transport resources in early-stage manufacturing
system design. These aspects form the basis for addressing research questions related to internal
logistics performance and system configuration.

3.2 Material Handling Systems and Transport Resources

Material handling systems form the backbone of internal logistics operations within
manufacturing environments. These systems are responsible for the movement, storage,
protection, and control of materials throughout the production process. Efficient material handling
ensures that materials arrive at the right place, at the right time, and in the correct quantity, thereby
supporting continuous production flow and minimizing operational disruptions (Tompkins et al.,
2010).

In manufacturing facilities, internal transport activities are typically performed using different
types of material handling equipment. Among the most common transport resources are forklifts,
Automated Guided Vehicles (AGVs), and Autonomous Mobile Robots (AMRs). Each of these
technologies has distinct operational characteristics and plays a specific role in supporting internal
material flow.

Forklifts represent the most traditional and widely used transport resource in industrial
environments. They provide a flexible and cost-effective solution for handling palletized materials
and are particularly suitable for inbound logistics operations, warehouse handling, and low-to-
medium automation environments. However, forklift operations are often associated with
variability due to human operation, differences in operator behavior, and operational interruptions
such as battery charging or waiting times (Tompkins et al., 2010).

In contrast, Automated Guided Vehicles (AGVs) are driverless vehicles that follow predefined
paths using guidance technologies such as magnetic strips, wires, or laser navigation. AGVs are
widely used in manufacturing and warehouse environments for repetitive transport tasks and
structured logistics flows. Their main advantages include predictable routing behavior, reduced
labor requirements, and improved operational safety. However, AGV systems typically require
structured environments and predefined infrastructure, which may limit flexibility in certain
production settings (Boysen et al., 2015).

Autonomous Mobile Robots (AMRSs) represent a more recent development in material handling
technology. Unlike AGVs rely on onboard sensors, mapping algorithms, and artificial intelligence
to navigate dynamically within the facility. This allows AMRs to adapt to changing environments
and avoid obstacles without requiring fixed guidance infrastructure. As a result, AMRs provide
greater flexibility compared to traditional AGV systems, making them increasingly attractive for
modern manufacturing and logistics operations (Lidberg et al., 2020).

In many contemporary manufacturing systems, internal logistics fleets consist of a hybrid
combination of forklifts, AGVs, and AMRs. The combination of these transport resources allows
organizations to balance flexibility, automation, and operational efficiency. However, determining
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the appropriate mix and number of vehicles remains a complex decision-making problem because
transport tasks, routing patterns, and system congestion interact dynamically across the facility
(Boysen et al., 2015).

For this reason, effective internal logistics planning requires analytical methods capable of
evaluating the interaction between transport resources, production demand, and facility layout.
Understanding the operational characteristics of different transport technologies is therefore
essential for designing efficient internal logistics systems and determining appropriate fleet
configurations.

In the context of this study, understanding the characteristics of different transport resources is
essential for evaluating fleet composition and its impact on logistics performance, which is
directly linked to the first research question concerning fleet sizing decisions.

3.3 Fleet Sizing in Internal Logistics Systems

Fleet sizing refers to the problem of determining the appropriate number and composition of
transport vehicles required to perform all logistics tasks within a system while maintaining
acceptable service levels and minimizing operational costs. In internal logistics systems, fleet
sizing decisions directly influence system performance indicators such as transport lead time,
resource utilization, congestion levels, and overall production responsiveness (Sinriech &
Tanchoco, 1992).

Determining the optimal fleet size is inherently complex because transport demand varies
dynamically over time and depends on production schedules, routing distances, and operational
constraints. If too few vehicles are deployed, transport tasks may experience delays, causing
production disruptions and increased waiting times. Conversely, an excessively large fleet leads
to unnecessary capital investment and inefficient resource utilization.

Traditional approaches to fleet sizing often rely on analytical models based on queueing theory or
deterministic calculations. These methods attempt to estimate vehicle requirements using
simplified mathematical representations of transport processes. While such models provide useful
theoretical insights, they often struggle to capture the stochastic and dynamic nature of real
manufacturing logistics systems (Sinriech & Tanchoco, 1992).

In modern manufacturing environments, fleet sizing problems are further complicated by several
interacting factors, including facility layout design, congestion effects, vehicle routing logic, and
variability in transport demand. For example, the spatial configuration of workstations and storage
areas directly influences travel distances and transport frequencies, which in turn affect the
number of vehicles required to maintain desired service levels (Boysen et al., 2015).

Because of these complexities, researchers increasingly employ simulation-based methods to
analyze fleet sizing problems in manufacturing logistics. Simulation models allow researchers to
represent transport processes dynamically and evaluate different fleet configurations under
varying operating conditions. Discrete Event Simulation (DES) enables detailed representation of
vehicle movements, loading and unloading operations, queue formation, and resource utilization
within the logistics system (Negahban & Smith, 2014).
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Simulation-based fleet sizing approaches have been widely applied in studies of automated
transport systems, particularly AGV systems in manufacturing environments. For example, (Fu et
al., 2021) demonstrated how simulation models can be used to determine vehicle requirements in
AGYV systems by capturing operational variability and system interactions. Similarly, research has
shown that simulation can support decision-making by enabling systematic evaluation of
alternative transport resource configurations and identifying system bottlenecks before
implementation (Rosova et al., 2022).

For greenfield manufacturing facilities that are still in the design phase, simulation-based
approaches are particularly valuable. At this stage, operational data is limited or unavailable, and
transport system performance must be estimated using engineering assumptions and planning
data. Simulation provides a virtual testing environment where alternative fleet configurations can
be evaluated before physical implementation, thereby supporting informed decision-making
during facility design (Banks et al., 2010).

Consequently, simulation-based fleet sizing has become an important research topic in
manufacturing logistics, particularly for systems involving multiple transport technologies such
as forklifts, AGVs, and AMRs. By evaluating fleet performance through simulation experiments,
organizations can identify efficient transport configurations that balance resource utilization,
service levels, and operational robustness.

This is closely aligned with the objective of this study, which focuses on evaluating fleet sizing
decisions in internal logistics systems under uncertain conditions. The reviewed literature provides
the theoretical foundation for analyzing how different fleet configurations influence system
performance.

3.4 Supermarket Logistics and Layout Design in Manufacturing

In modern manufacturing systems, efficient material supply to production lines is essential for
maintaining stable production flow and minimizing operational disruptions. One widely adopted
concept in internal logistics is the supermarket system, which originates from lean manufacturing
and the Toyota Production System. The supermarket concept refers to a controlled inventory
buffer where components are stored and replenished based on downstream consumption signals,
typically through pull-based replenishment mechanisms such as kanban systems (Tompkins et al.,
2010).

A supermarket functions as an intermediate storage location between upstream material supply
and downstream production processes. Components are stored in predefined locations and
replenished when consumption occurs in the production system. This approach enables production
systems to maintain continuous material availability while reducing excess inventory and
improving flow transparency.

The design and placement of supermarkets within manufacturing facilities significantly influence
internal logistics performance. From a theoretical perspective, supermarket placement can be
linked to facility layout design and material flow optimization principles. According to facility
planning theory, the spatial arrangement of storage areas and workstations should minimize
material handling costs and travel distances while supporting efficient flow patterns (Tompkins et
al., 2010). In addition, flow-oriented layout design emphasizes reducing unnecessary movements
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and ensuring proximity between interdependent processes, which directly affects transport system
performance and fleet requirements (Boysen et al., 2015). Because supermarkets act as central
nodes in internal material flow networks, their spatial location affects transport distances, vehicle
utilization, congestion levels, and delivery of lead times. Consequently, the physical placement of
supermarkets in relation to production areas and inbound logistics can strongly impact the
efficiency of internal transport operations.

Several studies emphasize that layout design decisions and internal logistics infrastructure are
closely interconnected. Facility layout determines the spatial arrangement of departments,
workstations, storage areas, and transport routes within a factory. These structural decisions
directly influence material flow patterns and travel distances between locations. As a result, layout
design is often considered one of the most influential factors affecting internal logistics
performance in manufacturing systems (Boysen et al., 2015).

In practice, supermarket placement decisions must balance several competing objectives. Locating
supermarkets close to production lines can reduce delivery of lead times and transport distances
for replenishment operations. However, limited floor space near assembly areas may constrain
storage capacity or create congestion in transport routes. Conversely, placing supermarkets further
away from production areas may increase transport distances and require larger internal transport
fleets to maintain the same service level.

Because these interactions involve complex trade-offs between spatial layout, material flow
intensity, and transport resource utilization, analytical evaluation of supermarket placement
decisions is challenging to use static planning methods. In recent years, simulation-based
approaches have increasingly been used to evaluate alternative layout and material flow
configurations in manufacturing systems. Simulation models allow engineers to represent spatial
structures and transport routes explicitly, enabling systematic evaluation of how layout changes
affect logistics performance indicators such as travel distance, utilization levels, and delivery lead
times (Coelho et al., 2021).

For manufacturing facilities that are still in the concept design phase, such as greenfield projects,
simulation becomes particularly valuable. At this stage, physical layouts exist primarily as CAD
representations, and operational data is not yet available. Simulation therefore provides a virtual
environment where alternative supermarket placements and material flow structures can be
evaluated before the facility is physically constructed (Negahban & Smith, 2014).

Consequently, evaluating supermarket placement through simulation enables engineers to analyze
how spatial layout decisions influence internal logistics performance and transport resource
requirements. By comparing alternative layout scenarios, decision makers can identify
configurations that minimize transport distances, improve resource utilization, and support stable
production flow within the manufacturing system.

This is particularly relevant for this study, as it investigates how supermarket placement influences
internal transport performance and fleet requirements. These aspects are directly connected to the
second research question, which examines the impact of layout decisions on logistics system
performance.
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3.5 Discrete Event Simulation in Manufacturing System Design

Manufacturing systems are characterized by complex interactions between resources, materials,
and processes. These systems often exhibit stochastic behavior due to variability in processing
times, transport durations, equipment availability, and production demand. Traditional analytical
approaches frequently struggle to capture these dynamic interactions, particularly when systems
involve multiple interconnected processes and shared resources. As a result, simulation-based
approaches have become increasingly important for analyzing and designing manufacturing
systems (Negahban & Smith, 2014).

Discrete Event Simulation (DES) is one of the most widely used simulation techniques in
manufacturing system analysis. In DES models, the system states change only at specific points
in time when discrete events occur, such as the start of a transport task, the completion of a loading
operation, or the arrival of materials at a workstation. This event-driven modelling structure allows
DES to represent operational processes with a high level of detail while capturing the dynamic
behavior of production systems (Banks et al., 2010).

One of the key advantages of DES is its ability to represent stochastic variability in manufacturing
environments. By incorporating probability distributions for process times, transport durations,
and arrival patterns, DES models can realistically simulate system behavior under uncertain
conditions. This capability allows engineers to evaluate system performance across a range of
operational scenarios rather than relying on deterministic estimates.

DES has been widely applied to evaluate manufacturing system performance, including
production line design, scheduling policies, material handling systems, and internal logistics
operations. Extensive literature reviews show that DES is frequently used to analyze throughput,
resource utilization, bottlenecks, and system responsiveness in complex manufacturing
environments (Jahangirian et al., 2010; Negahban & Smith, 2014).

In the context of internal logistics systems, DES provides a particularly powerful modelling
framework because it can explicitly represent vehicle movements, loading and unloading
operations, queue formation, and interactions between transport resources. This enables engineers
to evaluate how transport resources interact with production demand and facility layout, which is
essential when designing logistics systems in manufacturing facilities (Agalianos et al., 2020).

Another important advantage of DES is its ability to support “what-if” analysis. Simulation
models allow decision makers to test alternative system configurations and operational strategies
without disrupting real production operations. This capability is especially valuable in the early
stages of facility design, where simulation can be used to evaluate alternative layouts, transport
systems, and logistics strategies before physical implementation (Shannon, 1998).

Consequently, DES has become a widely accepted decision-support tool for manufacturing system
design. By enabling engineers to model system dynamics and evaluate multiple design
alternatives, DES provides valuable insights into system performance and supports more informed
design decisions.

A typical simulation study follows a structured modelling process to ensure that the simulation
model accurately represents the studied system and produces reliable results. This process

20



generally includes several sequential stages, from defining the problem and developing the
conceptual model to conducting simulation experiments and analyzing results. The general
process of conducting a simulation study is illustrated in Figure 3-2.
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Figure 3-2 Seven-step approach for conducting a successful simulation study (adapted from Law, 2009).

As illustrated in Figure 3-2, a simulation study typically begins with problem formulation, where
the objectives and system boundaries are defined. The next step involves collecting relevant
system information and constructing a conceptual model that represents the key entities, resources,
and processes of the system. After the conceptual model has been validated, the simulation model
is implemented and programmed in a simulation environment. Verification and validation are then
performed to ensure that the model behaves correctly and accurately represents the real system.
Finally, simulation experiments are designed and conducted, and the results are analyzed and
documented to support decision making.

In this study, DES is used as the primary analytical approach to model internal logistics operations
and evaluate different system configurations. This enables systematic analysis of fleet sizing and
layout decisions under realistic and uncertain operating conditions.
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3.6 Simulation-Based Decision Support for Logistics System Design

Simulation-based decision support has become an increasingly important approach in
manufacturing and logistics system planning. In complex industrial environments, decision
makers must evaluate multiple interacting variables, including resource capacity, material flow
intensity, facility layout, and operational variability. Simulation models provide a structured
analytical environment where these interactions can be studied systematically (Negahban &
Smith, 2014).

Simulation-based decision support systems allow organizations to test alternative system
configurations and evaluate their performance before implementing changes in real operations.
This capability is particularly valuable in logistics system design, where infrastructure investments
and layout decisions often involve significant cost and long-term operational implications (Rosova
et al., 2020).

In internal logistics systems, simulation-based approaches are commonly used to support
decisions related to transport resource allocation, routing strategies, storage location planning, and
material flow organization. By modeling the interactions between vehicles, transport routes, and
production demand, simulation enables detailed analysis of logistics system performance under
different operating conditions (Coelho et al., 2021).

Recent research has also highlighted the growing role of simulation in supporting digital factory
and digital twin initiatives. In these contexts, simulation models act as virtual representations of
manufacturing systems that can be used to evaluate system behavior, identify bottlenecks, and
optimize logistics operations before implementing physical changes. Such simulation-driven
decision support approaches are increasingly used to support planning activities in manufacturing
system design (Rizqi et al., 2024).

Simulation-based approaches are particularly valuable in greenfield manufacturing projects,
where facilities are designed from scratch and operational data are not yet available. In such
environments, decision makers must rely on engineering estimates and planning assumptions
when designing internal logistics systems. Simulation models provide a virtual experimentation
environment where alternative system configurations can be tested under different assumptions,
thereby reducing uncertainty in the design process (Banks et al., 2010).

Through structured scenario experiments, simulation models allow engineers to evaluate the
performance implications of different design decisions, such as changes in fleet size, routing
policies, or layout configurations. By analyzing key performance indicators such as transport lead
time, resource utilization, and system throughput, simulation supports evidence-based decision
making in manufacturing system design (Zeng et al., 2024).

Therefore, simulation-based decision support has become an essential tool for analyzing and
designing internal logistics systems. By enabling systematic evaluation of alternative design
scenarios, simulation helps organizations identify efficient logistics configurations while reducing
the risks associated with large-scale industrial investments.
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This supports the overall aim of the study by providing a decision-support framework for
evaluating alternative logistics system designs and identifying efficient configurations based on
simulation results.

3.7 Theoretical Synthesis and Research Gap

The literature reviewed in this chapter highlights the importance of internal logistics planning in
modern manufacturing systems and demonstrates the increasing role of analytical and simulation-
based methods in supporting logistics design decisions. Manufacturing systems involve complex
interactions between material flows, transport resources, and facility layouts, which makes
internal logistics planning a multidimensional decision problem (Tompkins et al., 2010).

Previous research shows that material handling technologies such as forklifts, Automated Guided
Vehicles (AGVs), and Autonomous Mobile Robots (AMRs) play a central role in supporting
internal material flow within manufacturing environments. However, determining the appropriate
fleet size and composition of these transport resources remains a challenging task due to dynamic
demand patterns, spatial constraints, and system variability (Boysen et al., 2015; Sinriech &
Tanchoco, 1992).

The fleet sizing problem has been studied extensively in transportation and logistics research,
particularly in automated transport systems such as AGV-based material handling systems. These
studies often apply analytical or optimization models to estimate the number of vehicles required
to maintain acceptable service levels (Sinriech & Tanchoco, 1992). However, such approaches
often rely on simplifying assumptions and may not fully capture the stochastic and dynamic nature
of real manufacturing environments.

To address these limitations, simulation-based approaches have increasingly been adopted in
manufacturing system design and logistics analysis. Discrete Event Simulation (DES) enables
detailed representation of operational processes, including transport tasks, queue formation, and
interactions between resources. As a result, simulation models allow researchers and practitioners
to analyze system behavior under realistic operational conditions and evaluate alternative system
configurations before implementation (Banks et al., 2010; Negahban & Smith, 2014).

Several studies have demonstrated the effectiveness of simulation in analyzing internal logistics
systems, evaluating transport performance, and supporting capacity planning decisions (Agalianos
et al., 2020; Coelho et al., 2021). Simulation-based decision support approaches have been shown
to be valuable for evaluating logistics system design alternatives and identifying operational
bottlenecks in manufacturing environments (Rosova et al., 2020).

Despite the extensive literature on manufacturing simulation and material handling systems,
research addressing internal logistics fleet sizing in newly planned manufacturing facilities
remains limited. Much of the existing literature focuses on operational optimization in already
functioning systems or on specific automated transport systems such as AGVs and AMRs in
warehouse environments (Boysen et al., 2015; Fu et al., 2021). Comparatively fewer studies
investigate logistics system design problems in greenfield manufacturing environments, where
facilities are still in the concept design phase and operational data is not yet available.
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In such early-stage design environments, logistics planning must rely on engineering estimates,
layout drawings, and planning assumptions rather than empirical operational data. This creates
significant uncertainty when determining fleet size, transport routing structures, and internal
material flow organization. As a result, there is a need for analytical approaches that allow
engineers to evaluate logistics system performance under uncertain conditions before the facility
becomes operational.

This thesis addresses this research gap by applying Discrete Event Simulation to analyze internal
logistics system design in a greenfield manufacturing facility. Specifically, the study evaluates the
required fleet size and composition of internal transport resources while also analyzing how spatial
layout decisions, particularly supermarket placement, influence transport performance and fleet
requirements.

By integrating simulation modeling with engineering planning data and interview-based
operational estimates, the study contributes to existing research on simulation-supported logistics
system design. The findings aim to provide insights into how simulation can support internal
logistics planning and fleet dimensioning decisions during the concept design phase of
manufacturing facilities.

Based on the reviewed literature, it can be concluded that internal logistics performance is strongly
influenced by the interaction between transport resources, facility layout, and material flow
structures. Although previous studies provide valuable insights into simulation-based analysis and
fleet sizing, most of them focus on already operational systems or specific technologies such as
AMRs.

There is limited research addressing internal logistics system design in greenfield manufacturing
environments, where decisions must be made under uncertainty and in the absence of reliable
operational data. In particular, the combined impact of fleet sizing and supermarket placement on
logistics system performance remains insufficiently explored.

Therefore, this study contributes to the existing literature by applying discrete event simulation to
evaluate internal logistics system design under uncertainty, with a specific focus on fleet sizing
and supermarket placement decisions. The theoretical concepts presented in this chapter provide
the foundation for developing the simulation model, defining experimental scenarios, and
analyzing the results in relation to the research questions, specifically addressing fleet sizing
decisions (RQ1) and the impact of supermarket placement on logistics performance (RQ2).

4. RESULT (Empirics):

This chapter presents the empirical findings used to address research questions. The empirical
material consists of interview-based inputs, qualitative themes from the interview analysis,
analytically derived process-time inputs based on the CAD layouts, and simulation outputs from
FACTS Analyzer. The empirical findings are structured as follows: Section 4.1 provides an
overview of the interview informants, Section 4.2 summarizes the main qualitative factors
affecting fleet size, Section 4.3 reports the CAD-based process-time calculations together with the
simulation outputs for the evaluated layout and fleet scenarios. The section is descriptive and does

not interpret the findings.
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4.1 Informant Details

The Informants were selected based on their direct involvement in forklift operations, fleet
management, and logistics planning. Table 4-1 summarizes the key characteristics of the
interviewees.

Table 4-1 Details of Informants Who Provided Interview Data

Informant/Respondent Industry Pl(};ltg(:n Relevant Operational Expertise
Forklift . .
Speaker 2 Manufacturing | Operator Forklift Operations
Manufacturing Forkl} fi Fleet management, shift planning,
Speaker 3 Operations .
task allocation
Manager
Speaker 4 Manufacturing Forklift Forklift Operations
Operator

These Informants/respondents provided insights into the operational realities of forklift
deployment, task allocation, battery management, and throughput requirements, which are critical
for informing fleet sizing decisions.

4.2 Thematic Analysis of Factors Affecting Fleet Size

Thematic analysis of the interview data identified several key factors that directly influence the
determination of forklift fleet size. These factors are categorized under themes such as demand
characteristics, task time and variability, resource capacity, equipment performance, operational
constraints, and adjustment mechanisms.

A structured table 4-2 was developed to present the themes, codes, and supporting interview
excerpts, ensuring a clear connection to the empirical data (Appendix A).

Table 4-2 Empirical Factors Influencing Forklift Fleet Size Determination in a Manufacturing Facility

Theme Code Analytlcz.ll INlustrative Data Excerpt
Interpretation
Demand Numb(?r of tasks pet “We do approximately today 2700
.. Task volume | day drives fleet size »
Characteristics . tasks every day.” (Speaker 3)
requirements.
. Fleet requirements “We cover the 24 hours weekend
Chzg;g:g(sitics Sl(lg;t;?d vary across shifts (day, | shift” “morning daytime night shift”
night, weekend). (Speaker 3)
Throughput Fixed Requlred task cadence “Every 9 minutes we have to move
. movement influences fleet v
Requirement . . aready axle” (Speaker 4)
interval allocation.
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Task durations affect

“Lifting something that's couple

C}}; ?;lz tginslteics %ﬁ’?i(lilln%izled the number of forklifts seconds”; “it’s only a couple
& needed per shift. seconds” (Speaker 4)
Task Time Unloading Ur}loadlng times “Unloading will also like couple of
L. ) contribute to total task v
Characteristics time . seconds only” (Speaker 2)
duration.
Task Time . Congestion and “Approximately 30 seconds to 60
L Travel time . . \
Variability & variabilit distance cause task seconds depends on if there's people
Uncertainty Y time fluctuations. in the way” (Speaker 4)
. “There's a lot of traffic trucks in the
. Pedestrian Frequent stoppages . .
Congestion & . . way or persons in the way”’; “People
.. and vehicle reduce forklift .
Waiting interference roductivit walks, we have to wait
P Y (Speaker 4)
. Daytime Higher traffic during | “Especially on daytime there’s a lot
Congestion & . . .
Waitin congestion daytime increases the of people and a lot of trucks so in
& effects required fleet size. daytime, it is slower” (Speaker 4)
Resogrce Share'zd Slngle‘ forkhfts SCIVINE | «One forklift that serves all the lines
Capacity & forklift multiple lines affect on daytime” (Speaker 4)
Allocation resource fleet sizing. Y p
Equipment Forklift Speeq constr‘alnts “8 kilometres are the speed of the
determine achievable "
Performance speed truck” (Speaker 4)
task rates.
. Speed « . .
Equipment . Load does not reduce Same speed with load or without
independent »
Performance travel speed. load” (Speaker 4)
of load
Battery Swap Bat“[ery' SWaps redgce “Per shift one time”; “5 minutes
frequency & | availability, affecting . "
Management . D maximum” (Speakers 3 & 4)
duration fleet sizing.
Recharge Charging time limits A.bOl.lt 8 hqur, 10 hours”; “battery
Battery . . lifetime will be worse threshold
duration & operational o
Management . S could have to change very early
variability availability.
(Speaker 4)
Load & Load Truck capacity must | “The axles 3 ton”; “To lift the 3-ton
Handling capacity match load to axle, we need the 3-ton truck”
Constraints requirements | determine fleet size. (Speakers 3 & 4)
Load Effects Load- Heavier lifts re@qce “If you lift heavier stuff the battery
on Energy dependent endurance, requiring won't hold as long” (Speaker 4)
Usage battery usage additional trucks. £ P
Layout & - Complex routing “Rig in the middle of the line left
. Multi-line . . . : ». <
Routing routin increases travel time side or right depends”; “We have
Complexity £ and fleet needs. many different line” (Speaker 3)
Access Restricted Areas inaccessible “On the lines, no trucks not allowed
Restrictions & arcas forklifts reduce in all areas because of a lot of
Safety Zoning operational flexibility. | people moving around” (Speaker 4)
Planning Heur%stlc / Fleet S1zing relies on “Thinking back in time I talk a lot
Approach experience- staff experience and with my staff” (Speaker 3)
bp based historical observation. Y P
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“We go down to 15 now it's not
. Fleet adjusted enough now we have to have 16
. Trial-and- . . Vs
Adjustment error / iteratively based on again”; “we have to get more trucks
Mechanism . observed performance to cope with the pressure if the
scaling . "
and demand changes. production goes up
(Speakers 3 & 4)

Table 4-2 presents the thematic analysis of empirical data obtained from interviews with
operational managers, focusing on factors that influence the determination of forklift fleet size for
a new factory. The table synthesizes insights related to demand characteristics, task execution,
resource capacity, equipment performance, operational constraints, and adjustment mechanisms.
These themes collectively inform how fleet requirements are assessed and operationalized in
practice.

4.3 Quantitative Empirical Findings:

4.3.1 System scope and modelled parts:

The quantitative assessment is based on five selected main components: Upper Frame, Lower
Frame, Counterweight, Boom Arm, and Engine. In addition, the inbound flow of pallets
containing auxiliary components is included to represent supermarket-related logistics.

4.3.2 Two CAD layout variants were evaluated:

e Main Layout: Stations 1 and 2 are sequential; the supermarket-area conveyor interface is
oriented horizontally relative to the supermarket area.
o Footprint Reduction Layout: Stations 1 and 2 are repositioned in parallel with Stations 3
and 4; the supermarket-area conveyor interface is oriented vertically.
All other modelling assumptions were kept constant to enable comparison.

4.3.3 CAD-based process-time calculations:

Travel time calculation approach:

As the factory is currently in the conceptual design phase, operational time study data were not
available at the time of the study. Consequently, process times for both forklift and AMR transport
activities were estimated analytically using the CAD layouts. For each movement, the transport
distance was measured directly in the layout, and the corresponding travel time was calculated

using the standard relationship:

a
t==<

v
where t denotes travel time, denotes the travel distance for the activity, and denotes the assumed

vehicle speed. The forklift travel speed was set to 2.2 m/s, based on the qualitative assessment
conducted in the study. For AMR related calculations, speed assumptions were taken from an
internal document, with 1.0 m/s applied for loaded travel and 1.5 m/s for unloaded travel. These
assumptions were applied consistently across all evaluated activities to ensure comparability of
the resulting cycle time estimates.

The same calculation procedure was applied to both CAD variants, with distances measured
separately in each layout to reflect the respective geometry and routing.
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Inbound forklift cycle-time inputs (main parts):

In the studied configuration, the warehouse is located outside the assembly plant; however, both
the assembly plant and the external warehouse are situated within the same gated premises. Trucks
deliver main parts to the receiving area, where they are unloaded by a dedicated forklift, hereafter
referred to as the inbound forklift. The inbound forklift operates exclusively in the outdoor area
and performs two primary tasks: (i) unloading arriving trucks and (ii) transporting the materials
received to their designated downstream points. When the incoming truck carries main parts, the
inbound forklift transfers the load to a buffer location. When the incoming truck carries pallets
with auxiliary components intended for internal handling systems, the inbound forklift transfers
these pallets to the conveyor interface.

Table 4-3 Forklift inbound process times for main parts for Main and Footprint reduction layout

Inbound Forklift Main
Main Parts Load [Unload Takt

Upperframe 52sec | 58sec | Imin50sec
LoweFrame 52sec | 58sec | 1min50sec
Counter Weight | 30sec | 32sec | Iminlsec
BoomArm 30sec | 30sec 60sec
Engine 42sec | 32sec | 1minl3sec

Inbound Forklift Foot Print
Main Parts Load [Unload Takt

Upperframe S54sec | 60sec | Imin54sec
LoweFrame S56sec | 57sec | 1min53sec
Counter Weight | 40sec | 34sec | Iminl4sec
BoomArm 30sec | 34sec 64sec
Engine 48sec | 34sec | Imin21sec

Table 4-3 presents analytically derived cycle-time components (load, unload, and resulting takt)
for inbound forklift handling of five main parts under the Main Layout and the Footprint
Reduction Layout. The table provides the input parameters used to represent inbound forklift
activities in the subsequent simulation experiments.

Supermarket area forklift cycle-time input:

The forklift in the supermarket area, hereafter referred to as the forklift SMA, is responsible for
transporting pallets containing auxiliary components from the conveyor interface to the
supermarket storage area, where they are initially placed by the inbound forklift at conveyor.

Table 4-4 Reports the cycle time for the supermarket activity for Main and Footprint reduction layout.

Forklift SMA_ Main

Activity Load |Unload| Takt
Conveyor--> SMA 52se | 52sec | Imin44se

Forklift SMA_Footprin

Activity Load |Unload| Takt
Conveyor--> SMA 50sec | 50sec [ Imin40se
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Table 4-4 reports the calculated cycle time for the conveyor-to-supermarket transport activity
executed by the supermarket area forklift (Forklift SMA) in both layout variants. These values
serve as standardized process-time inputs for modelling supermarket replenishment movements
in the simulation model.

AMR cycle-time inputs (main parts):

The AMR transports main parts from the buffer, where they are initially placed by the inbound
forklift, to the corresponding kitting areas serving the relevant subassembly operations.

Table 4-5 AMR process times for main parts for Main and Footprint Reduction Layout
AMR_Main
Main Parts Load Unload Takt

Upperframe |Ilminlsec| Iminlsec | 2min2sec

LoweFrame |1minSsec| 1mindsec | 2min9sec

Counter Weight | IminSsec | Imin4sec | 2min9sec

BoomArm Imin7sec | IminSsec | 2minl3sec

Engine 31sec 30sec Imin2sec
AMR_Footprint
Main Parts Load Unload Takt

Upperframe | IminSsec| Imin7sec | 2minl2sec

LoweFrame |1min8sec| 1min8sec | 2minl7sec

Counter Weight [ Imin7sec | 1min9sec [ 2minl6sec

BoomArm [Iminl2sec| 1min8sec | 2min21sec

Engine 30sec 34sec IminSsec

Table 4-5 reports analytically derived AMR load and unload times and associated takt times for
transporting the selected main parts between the buffer and kitting areas in the two layout variants.
The table operationalizes the AMR transport-time assumptions that are later evaluated through
scenario-based simulation runs.

Production planning parameters:

Table 4-6 Represents takt time required per part produced and throughput of factory for first year.

ProductionYear Taktime per part Throughput per year

IstYear lhour7min48sec 1500

Table 4-6 states the year-1 production planning parameters, namely the takt time per unit
produced and the annual throughput target. This table defines the production requirement used
as a benchmark when interpreting simulation outputs.
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4.3.4 Simulation model outputs (FACTS Analyzer):

Model representation:

A discrete-event simulation model was developed in FACTS Analyzer to evaluate internal
logistics performance for two alternative factory CAD layouts: the Main Layout and the Footprint
Reduction Layout. Each layout was modelled separately using the same modelling logic and input
assumptions, enabling a controlled comparison between layout variants. The model represents the
internal material supply system comprising (i) inbound receiving and downstream
transport performed by the inbound forklift, (ii) supermarket logistics or logistic tasks performed
by the supermarket-area forklift (Forklift SMA), and (iii) main-part delivery to Kkitting
areas performed by AMRs. Material movements are modelled as transport tasks between defined
handover points (e.g., receiving area, buffer, conveyor interface, supermarket storage, and kitting
areas, sub-assembly lines and main assembly lines can be seen in fig 4.1). Process times are
parameterized using the calculated cycle times for the respective transport activities. To assess
capacity and performance, simulation experiments were executed for four forklift resource
configurations, denoted 1+1, 1+2, 2+1, and 2+2, where the first number indicates the number
of inbound forklifts and the second number indicates the number of Forklift SMA resources.
Model outputs were recorded for each scenario in terms of throughput per year, logistics tasks
completed per day, and resource utilization.

In addition, AMR performance was evaluated under 1-AMR and 2-AMR configurations
using AMR utilization, throughput, and tasks completed per day.

Each scenario was simulated over a horizon corresponding to one production year, represented
by 226 working days. To address stochastic variability in model inputs, each scenario was
evaluated using 50 independent replications. The reported key performance indicators (KPIs)
namely annual throughput, tasks completed per day, and resource utilization are therefore based
on replication averages for each scenario and layout variant.

Two discrete-event simulation models were implemented in FACTS Analyzer, one for the Main
Layout and one for the Footprint Reduction Layout, using identical modelling logic and input
assumptions to enable a controlled comparison. Within each layout model, two sets of scenario
experiments were conducted: (i) forklift fleet-sizing scenarios (varying the number of inbound
forklifts and supermarket-area forklifts) and (ii) AMR fleet-sizing scenarios (varying the number
of AMRs). Fleet-size recommendations were derived primarily from resource utilization in
combination with the supporting KPIs (throughput and tasks/day).
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Figure 4-2 Dependency and routing logic, Main Layout (forklift scenario)

=
t -
= T xis = -
. + 4447
! d 3+ 3 T o=
1" ¥ N S g e =
E et S S Tt L E e " '.("’""E:‘-'Is -
-— ¥ = - = - 1
S A I e > e I G = T
T ™ ES { 5 T 4 .
¥ ¥ # A |- T | f & L 5
* 1 3 . T _T,_. 1 3 1
il A v e < = | = i 1
e %< 1 = =
= a2 S o

Figure 4-3 Analyzer model view, Footprint Reduction Layout (forklift scenario)
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Figure 4-4 Dependency and routing logic, Footprint Reduction Layout (forklift scenario)
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Figure 4-8 Dependency and routing logic, Footprint Reduction Layout (AMR scenario)

Figures 4-1, 4-3, 4-5 and 4-7 provide visual documentation of the discrete-event simulation model
implementation in FACTS Analyzer for the Main Layout and the Footprint Reduction Layout, in
two different scenarios forklift and AMR respectively. The figures illustrate the modelled logistics
network, including the receiving area, supermarket-related flows, kitting interfaces, and

downstream production areas, thereby clarifying the spatial and functional scope of the simulated
internal logistics system.

Figures 4-2, 4-4, 4-6 and 4-8 present the dependency and routing logic representation for the two
layout variants, in two different scenarios forklift and AMR respectively. These visuals document
the process logic structure used to connect transport tasks and resources across model elements,
supporting transparency of the simulated task-allocation and flow relationships.

Bottleneck analysis output:

A bottleneck analysis was conducted as part of the simulation study for both layout variants and
scenario types.
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Figure 4-10 Bottleneck chart, AMR scenario (Main + Footprint)

Figure 4-9 and 4-10 reports the bottleneck analysis outcome for the simulated system. The chart
indicates that system constraints are not concentrated in a single, persistent bottleneck; rather,
bottlenecks shift among resources and process steps over time.

Bottleneck analysis was conducted for both layout variants. For each scenario type (Forklift and
AMR), the bottleneck results were consistent across the Main Layout and the Footprint Reduction
Layout, indicating that the overall constraint pattern did not change with the tested layout
modification. In both cases, the bottleneck chart shows no single, persistent sole bottleneck;
instead, the system exhibits a predominance of shifting bottlenecks, meaning that the most
capacity-constraining resource or process step varies over time. This outcome suggests that
capacity limitations are distributed across multiple elements in the modelled internal logistics
system rather than being dominated by one consistently limiting element.

Forklift scenario outputs:

The simulation model outputs are exported to excel and organized into three result categories: (i)
resource utilization, (ii) logistics tasks completed per day, and (iii) annual throughput. The results
are reported for both layout variants (Main Layout and Footprint Reduction Layout) and for four
forklift resource configurations (1+1, 1+2, 2+1, 2+2), where the first digit denotes the number of
inbound forklifts and the second digit denotes the number of supermarket-area forklifts (Forklift
SMA).
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Figure 4-11 Forklift utilization by resource configuration and layout for Main Layout: Resource 1(Res 1)
means Inbound Forklift and Resource 2 (Res 2) means Forklift SMA
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Figure 4-12 Forklift utilization by resource configuration and layout for Footprint Reduction: Resource
1(Res 1) means Inbound Forklift and Resource 2 (Res 2) means Forklift SMA

Figures 4-11 and 4-12 present forklift utilization levels for the inbound forklift (Resource 1) and
the supermarket area forklift (Resource 2) across four resource configurations (1+1, 1+2, 2+1,
2+2) for the Main Layout and the Footprint Reduction Layout. The figures provide a comparative
empirical basis for assessing how alternative forklift allocations affect resource loading under each
layout.
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Production Output by Forklifts
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Figure 4-13 Annual production output (throughput) by forklift resource configuration (Main Layout vs
Footprint Reduction Layout)

Figure 4-13 reports simulated annual production output (throughput) for the four forklift resource
configurations in both layouts. The figure provides the primary outcome measure used to compare
the effect of forklift fleet sizing on year-level production performance.
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Figure 4-14 Logistics tasks completed per day by forklift resource configuration (Main Layout vs Footprint
Reduction Layout)

Figure 4-14 presents the simulated number of logistics tasks completed per day under each forklift
resource configuration for both layout variants. This figure complements the throughput results
by reporting the execution volume of internal logistics missions achieved by the forklift resources.

For the Main Layout, annual throughput ranges from 1440 to 1462 units/year, and tasks completed
per day range from 266 to 294. Resource utilization spans 0.43 to 0.80 for Resource 1(Inbound
Forklift) and 0.38 to 0.86 for Resource 2(Forklift SMA) across scenarios. For the Footprint
Reduction Layout, annual throughput ranges from 1420 to 1458 units/year, and tasks completed
per day range from 261 to 297. Resource utilization spans 0.45 to 0.80 for Resource 1 and 0.38 to
0.87 for Resource 2 across scenarios.

36



Table 4-7 Summarizes the simulation outputs for two layout variants, the Main Layout and the Footprint
Reduction Layout, under four forklift resource configurations

Scenario Results

| Utilization of | Utilization of
Layout | Scenario Throughput/Year | Task/Day
141 1440 266

Main Layout ~79% ~76%
Main Layout 1+2 1443 269 ~80% ~ 38%
Main Layout 2+1 1462 293 ~43% ~86%
Main Layout 2+2 1462 294 ~43% ~43%
Footprint Reduction 1+1 1420 261 ~ 790% ~T74%
Footprint Reduction 1+2 1420 265 ~B0% ~38%
Footprint Reduction 2+1 1458 297 ~ 455 ~87%
Footprint Reduction 2+2 1458 296 ~ 45% ~43%

Table 4-7 consolidates the simulation outputs for both layouts and all forklift configurations,
reporting annual throughput, tasks completed per day, and utilization for Resource 1 (inbound
forklift) and Resource 2 (Forklift SMA). The table functions as a structured empirical summary
enabling cross-scenario comparisons on key performance indicators.

Determine Fleet size for AMR:

The simulation outputs for AMR scenarios were exported to Excel and organized into three result
categories: (i) AMR utilization, (ii) tasks completed per day, and (iii) annual throughput. Results
are reported for both layout variants (the Main Layout and the Footprint Reduction Layout) under
two AMR fleet-size configurations (1 AMR and 2 AMR). In this notation, the configuration
indicates the number of AMRs available to execute the modelled main-part transport tasks
between the buffer and the corresponding kitting areas.

Utilization of AMR
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Figure 4-15 AMR utilization by resource configuration and for main and Footprint reduction layout

Figure 4-15 reports AMR utilization outcomes for two AMR fleet-size configurations (1 AMR
and 2 AMR) under both layout variants. The figure provides empirical evidence on AMR capacity
loading as a function of fleet size and layout geometry.

37



Production Line Output Including AMR
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Figure 4-16 Annual production output (throughput) by AMR resource configuration (Main Layout vs
Footprint Reduction Layout)

Figure 4-16 presents simulated annual production output for the AMR configurations (1 AMR vs
2 AMR) in both layouts. The figure supports comparison of whether changes in AMR fleet size
are associated with changes in year-level throughput.
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Figure 4-17 Logistics tasks completed per day by AMR resource configuration (Main Layout vs Footprint
Reduction Layout)

o Infig4-17, “Production line tasks” are defined as AMR missions supporting the assembly
line.

o “Logistic tasks” are defined as other AMR missions not classified as production-line
support.

Figure 4-17 reports on AMR task completion per day disaggregated into production-line-related
tasks and other logistics tasks for the Main Layout and the Footprint Reduction Layout, under 1
AMR and 2 AMR configurations. The figure characterizes how AMR workload distribution varies
by task category, layout variant, and fleet size.
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5. ANALYSIS:

This chapter analyses the empirical findings and relates them to the study's aim and research
questions. The analysis integrates qualitative interview insights with CAD-based calculations and
simulation outputs to assess (i) fleet sizing implications and (ii) the effect of supermarket-area
interface placement.

5.1 Analysis of qualitative findings (interviews):

Demand Characteristics emerged as a central factor. The total daily task volume and the
distribution of demand across multiple shifts were identified as primary drivers of fleet size.
Specifically, the number of tasks per day and the cadence of required axle movements (“every 9
minutes we have to move a ready axle”) provide the baseline workload that forklifts must
accommodate. Shift-based variations highlight that peak periods (daytime shifts) require higher
fleet availability, whereas off-peak periods demonstrate underutilization. This relates to the
internal logistics perspective in Chapter 3, where transport performance is shaped by the
interaction between material flow, resource availability, and production demand.

Task Time Characteristics and Variability were found to significantly influence effective fleet
capacity. Loading and unloading durations are generally short, on the order of seconds, but travel
times are highly variable due to differences in distances and intermittent congestion. These
uncertainties, compounded by pedestrian and vehicular interference, directly affect the number of
forklifts needed to maintain production throughput. Additionally, daytime operations are slower
due to higher congestion, further increasing fleet requirements during peak periods. This is
consistent with the literature on internal logistics and facility layout, which emphasizes that spatial
arrangement and congestion influence transport efficiency.

Resource Capacity and Equipment Performance represent operational limitations that must be
considered in fleet sizing. Forklift speed, independent of load, defines the maximum achievable
task rate, while shared resources (one forklift serving multiple lines) constrain availability.
Battery-powered forklifts introduce further complexity: battery swap frequency, swap duration,
recharge time, and load-dependent energy consumption impose periods of unavailability that
reduce effective fleet capacity. Load constraints also require matching truck capacity to axle
weight, directly influencing the type and number of forklifts needed. This aligns with the theory
that internal logistics systems must balance transport demand with vehicle availability, equipment
constraints, and service level requirements.

Layout and Routing Complexity and Access Restrictions introduce operational constraints that
affect productivity. Multi-line routing, variable pickup points, and restricted areas (e.g., pedestrian
zones) increase travel distances and reduce forklift flexibility, necessitating additional fleet
resources to ensure timely completion of tasks. This is in line with the literature on facility layout
and internal logistics, which argues that spatial configuration and routing structure affect transport
efficiency.

Finally, Planning Approach and Adjustment Mechanisms reveal a reliance on heuristic and
experience-based methods. Managers use historical data, staff knowledge, and trial-and-error
adjustments to determine fleet size iteratively. This approach compensates for uncertainties in
demand, downtime, and operational constraints but also highlights the lack of formal analytical
tools or predictive models in the current planning process. This reflects the literature on fleet sizing
in internal logistics, where dimensioning transport resources is difficult when systems are dynamic
and data are incomplete.
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Overall, the interview-based findings provide a grounded understanding of how tasks are assigned
to forklifts, the operational speeds typically achieved in industrial environments, and the main
utilization of losses affecting forklift productivity. These insights were used to inform simulation
model development by supporting the selection of realistic parameter values and by highlighting
key sources of variability that should be reflected in scenario design and interpretation.

5.2 Quantitative Analysis and Discussion:

This section analyses the empirical results reported in Chapter 4.3 and links the measured or
analytically derived process times and the simulation outputs to the study objective of assessing
internal logistics performance and fleet sizing for the two layout variants. Where relevant, results
are interpreted in relation to (i) the evaluated layout differences, (ii) resource configurations, and
(iii) the year-1 production target.

5.2.1 Interpretation of analytically derived process times (CAD based)

Inbound forklift times across layouts:

Across the five considered main parts, the inbound forklift takt times are consistently higher in
the Footprint Reduction Layout than in the Main Layout (Table 4-3). For example, Upper frame
increases from 1:50 to 1:54, Lower Frame from 1:50 to 1:53, Counterweight from 1:01 to 1:14,
Boom Arm from 1:00 to 1:04, and Engine from 1:13 to 1:21. This indicates that, under the CAD
measured routes, the footprint layout induces longer or less direct inbound travel paths and or
maneuvering. While these differences are non-trivial at the single cycle level (especially for
Counterweight and Engine), their effect on system level performance depends on mission
frequency. This suggests that modest increases in inbound cycle time are unlikely to change the
inbound fleet requirement within the scope studied, but they can reduce the available margin under
higher demand or if additional non-modelled tasks are added. This is consistent with facility layout
theory, according to which spatial arrangement influences travel distance and material handling
efficiency.

5.2.2 Supermarket interface placement and Forklift SMA cycle time:

The Forklift SMA cycle for the conveyor to supermarket movement is 1:44 in the Main Layout
and 1:40 in the Footprint Reduction Layout (Table 4-4). Since the same handling logic is assumed
and load and unload times are slightly lower in the footprint case (50 s vs 52 s), this result implies
a small reduction in the effective travel and handling component for the supermarket
replenishment task. Quantitatively, the difference is 4 seconds per task, corresponding to an
approximately 3.85% reduction relative to the Main Layout. This supports that the conveyor
interface arrangement and its relation to the supermarket area can slightly improve the cycle time
of supermarket replenishment tasks. However, whether this translates into a measurable change
in required fleet size depends on how large the supermarket's task volume is relative to total
available forklift time. This supports the theoretical expectation that layout design affects material
handling performance through changes in routing and distance.

5.2.3 AMR transport times:

For the five main parts, AMR takt times are higher in the Footprint Reduction Layout than in the
Main Layout for all listed parts (Table 4-5), e.g., Upper frame 2:02 — 2:12, Lower Frame 2:09
— 2:17, Boom Arm 2:13 — 2:21, Engine 1:02 — 1:05. This indicates longer or more constrained
routes between the buffer and the kitting areas in the footprint variant.
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Given that AMR utilization is later shown to be below 0.70 in the 1-AMR scenario and halves
when a second AMR is added, the increased AMR cycle times in the footprint layout appear to
reduce capacity margin but do not become throughput limiting in the reported simulation.

5.3 Simulation outcomes: fleet capacity, utilization, and production performance:
5.3.1 Forklift configurations and throughput response:

Across both layouts, throughput changes only marginally across forklift scenarios (Table 4-7). For
the Main Layout, throughput increases from 1440 (1+1) to 1462 (2+1 or 2+2). For the Footprint
Reduction Layout, throughput increases from 1420 (1+1 or 1+2) to 1458 (2+1 or 2+2).
Importantly, increasing forklifts does not produce proportional gains in throughput, and in some
cases yields no gain (e.g., Main Layout 1462 for both 2+1 and 2+2). This pattern indicates that
forklifts are not the primary system constraint under the modelled demand and control logic.
Instead, throughput is governed by other system elements, consistent with the synchronized line
assumption and the bottleneck assessment (Section 5.3.3). This finding is consistent with fleet
sizing theory, which argues that the optimal fleet is not necessarily the largest possible fleet, but

the one that provides sufficient service without unnecessary overcapacity.

5.3.2 Tasks/day versus throughput:

Utilization results show that adding capacity primarily redistributes work and reduces utilization
for the resource being increased (Figures 4-11 and 4-12; Table 4-7). For example, in the Main
Layout, Resource 2 (Forklift SMA) utilization decreases from approximately 0.76 in
the 1+1 configuration to approximately 0.38 in 1+2, while annual throughput changes only
marginally from 1440 to 1443 units/year (Figure 4-11; Figure 4-13; Table 4-7). Similarly, when
inbound forklift capacity increases (2+1), Resource 1 (Inbound Forklift) utilization drops to
approximately 0.43, while Resource2 (Forklift SMA) utilization increases to approximately 0.86,
again with limited throughput change (Figure 4-11; Figure 4-13; Table 4.7).

The tasks/day KPI increase with higher capacity, for example Main Layout: 266 to 293-294
tasks/day and Footprint Reduction Layout: 261 to 296-297 tasks/day (Figure 4-14; Table 4-7).
However, the absence of a corresponding increase in annual throughput (Figure 4-13; Table 4-
7) suggests that tasks/day reflect logistics activity volume and mission execution, rather than
production-limiting output. This distinction is important: higher tasks/day can indicate more
frequent deliveries, smaller batch deliveries, or different dispatch patterns, without increasing
annual production if line pacing remains unchanged. This aligns with the literature on DES in
manufacturing, where simulation is used to identify whether the system is truly transport-
constrained or whether capacity additions only shift idle time within the system.

5.3.3 Bottleneck behavior:

The bottleneck charts show predominantly shifting bottlenecks (Figure 4-9 for the forklift scenario
and Figure 4-10 for the AMR scenario). This implies that constraints are not consistently
dominated by one single logistics resource. Under such conditions, increasing one resource (e.g.,
adding a second Forklift SMA) does not necessarily translate into measurable throughput gains,
because system limitations may shift elsewhere. This observation is consistent with the theoretical
framework on simulation-based decision support. DES is particularly useful in systems with
dynamic interactions and uncertain bottleneck locations because it can reveal how constraints
move over time.
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5.4 Fleet sizing implications (forklifts and AMRs):
5.4.1 ForKklifts:

The simulation results show that the 1+1 scenario yields throughput close to the higher-capacity
scenarios, while keeping utilization at a relatively high level (Figures 4-11, 4-13; Table 4-7).
Adding forklifts reduces utilization substantially but does not provide corresponding throughput
gains. Under the stated model scope and demand, this supports 1+1 as the baseline fleet size
recommendation from a capacity perspective. This fits well with the theoretical view of fleet
dimensioning in internal logistics, where the aim is to balance service level, robustness, and
resource efficiency rather than maximize the number of vehicles.

5.4.2 AMRs:

AMR results show that adding a second AMR approximately halves utilization (Figure 4-15)
while annual throughput remains unchanged (Figure 4-16). This indicates that one AMR is
sufficient to execute the modelled transport demand without becoming throughput-limiting in the
tested configurations. The AMR tasks/day split further suggests that the production-line task
volume is served already under 1 AMR (Figure 4-17), and that the main effect of 2 AMRs is
increased idle capacity rather than increased production output.

5.5 Implications for RQ2: supermarket-area interface placement:

The empirical inputs show a small reduction in the Forklift SMA conveyor-to-supermarket cycle
time in the Footprint Reduction Layout (Table 4-4). However, the simulation outputs do not
indicate a corresponding change in annual throughput or a different forklift fleet-size requirement
under the evaluated scenarios (Figures 4-11, 4-14; Table 4-7).Within the scope of this study, the
interface-placement effect is therefore evidenced mainly at the cycle-time input level rather than
at the system-output level. This pattern is consistent with the theoretical expectation that layout
affects transport performance through changes in distance and routing structure. A stronger test
of RQ2 would require extracting and reporting explicit distance-based KPIs from the simulation
(e.g., total distance/day and distance/mission for the relevant flows) to quantify the distance effect
directly rather than inferring it through time inputs.

6. DISCUSSION:

The results of this study indicate that Discrete Event Simulation can support internal logistics
design in a greenfield manufacturing context where operational data are limited and transport
decisions must be made during the concept phase. The simulation model made it possible to
compare alternative fleet configurations and layout variants in a structured manner, which is
particularly valuable when the facility has not yet been built and empirical performance data are
unavailable. In this sense, the study confirms the role of DES as a decision-support method for
early-stage logistics planning.

A central finding is that increasing fleet size did not lead to proportional improvements in
throughput. Instead, additional forklifts and AMRs mainly reduced resource utilization. This
suggests that the system was not primarily constrained by transport capacity alone, but by the
interaction between production demand, task allocation logic, and the broader flow structure of
the system. From a theoretical perspective, this is consistent with literature arguing that internal
logistics performance is shaped by the combined effects of layout, routing, resource availability,
and flow synchronization rather than by fleet size in isolation. The observed pattern also reflects

42



a common characteristic of simulation-based logistics studies, where resource additions often
improve availability margins without necessarily increasing system output.

For RQI, the findings indicate that a relatively small fleet was sufficient under the modelled
assumptions. In particular, the minimum tested forklift configuration was able to support the
production target, while one AMR was enough to handle the evaluated transport demand. This
means that, in the studied system, transport resources appear to have reached a level of sufficiency
rather than constraint relief through expansion. The results therefore suggest that fleet sizing in
the concept phase should be approached as a problem of identifying the point at which transport
capacity is adequate for the intended demand, not as a goal of maximizing resource count. At the
same time, the bottleneck analysis showed shifting constraints rather than one fixed limiting
resource. This is an important result because it implies that system performance is distributed
across multiple interacting elements. When the bottleneck changes over time, adding more
vehicles does not necessarily remove the limiting factor. Instead, the constraint may move to
another part of the system, such as task generation, routing, or synchronization between flows.
This helps explain why throughput changed only marginally across the tested scenarios.

Regarding RQ2, the layout comparison shows that supermarket-area interface placement had an
effect at the process level, but only a limited effect at the system level. The Footprint Reduction
Layout changed the calculated cycle times for supermarket-related movements, which indicates
that spatial configuration can influence local transport efficiency. However, these changes did not
produce substantial differences in annual throughput or fleet-size requirements. This suggests that
the tested layout modification was not large enough to alter the overall capacity structure of the
system. In other words, the layout affected travel time inputs, but not strongly enough to change
the performance outcome of the full logistics system.

This distinction between local and system-level effects is important for interpreting layout
decisions in early design. A layout change may improve a specific transport task without
necessarily improving the performance of the logistics system. The results therefore show that
route distance alone is not sufficient to predict fleet needs; the broader interaction between task
frequency, bottlenecks, and resource allocation must also be considered. This aligns with the
theoretical framework, which emphasizes that spatial design affects logistics performance through
its influence on flow patterns and transport interactions.

The interview findings also support the interpretation of the simulation results. The operators and
manager described fleet sizing as a largely experience-based process, influenced by task volume,
congestion, battery availability, and shift structure. Their responses confirm that transport
performance is not determined by nominal fleet count alone, but by how effectively vehicles can
be used during actual operating time. In particular, the reported effects of congestion, waiting, and
battery-related downtime help explain why resource utilization can remain low even when more
vehicles are added. These qualitative insights strengthen the credibility of the simulation
assumptions and provide practical context for the quantitative results.

Methodologically, the study demonstrates the usefulness of combining CAD-based calculations,
interview-derived parameter estimates, and DES modelling in a concept-phase manufacturing
project. This combination made it possible to study a system that does not yet exist physically,
while still grounding the model in engineering data and operational experience. At the same time,
the study also highlights the limitations of concept-phase simulation. Because the model is based
on estimated input values rather than measured operational data, the results should be interpreted
as scenario-dependent rather than universally generalized. The absence of real operational data
also makes it more difficult to judge the exact magnitude of the layout effect.
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Overall, the discussion shows that the main analytical value of the study lies in revealing how
internal logistics performance emerges from the interaction between fleet size, layout, and
operating conditions. The findings suggest that transport resource increases may improve
flexibility and reduce utilization pressure, but they do not automatically increase throughput when
the system is constrained elsewhere. Similarly, spatial layout changes may affect local cycle times
without substantially changing system-wide performance. These observations are consistent with
the theoretical literature on internal logistics and simulation-based decision support.

7. CONCLUSIONS AND RECOMMENDATIONS

This thesis addressed the challenge of designing and dimensioning an internal logistics system in
a greenfield manufacturing facility, where operational data is limited and decisions must be made
based on engineering assumptions and early-stage planning inputs. The study specifically
investigated how Discrete Event Simulation (DES) can support fleet sizing decisions and evaluate
the impact of supermarket-area interface placement on internal logistics performance.

The results demonstrate that simulation-based analysis is a valuable decision-support tool in
concept-phase manufacturing design. By integrating CAD-based calculations, interview-derived
parameters, and DES modelling, the study successfully developed a structured approach to
evaluate internal logistics configurations under uncertainty. Overall, the study achieved its aim by
providing a simulation-based framework for evaluating fleet sizing and layout decisions in a
concept-phase manufacturing environment.

The knowledge produced by this thesis is that, in a concept-phase greenfield manufacturing
context, simulation can be used not only to test whether a logistics system has enough transport
capacity, but also to identify when additional transport resources become unnecessary. The study
shows that DES can support early decision-making by distinguishing between capacity that is
required to meet production targets and capacity that mainly creates idle time or robustness
margins. This is valuable because it shifts the role of simulation from simply increasing transport
capacity toward avoiding over-dimensioning of internal logistics resources under uncertainty.

With respect to the first research question, the study achieved a clear outcome regarding fleet
sizing. The simulation results indicate that a minimal fleet configuration (1 inbound forklift and 1
supermarket-area forklift) is sufficient to meet the defined production targets under the given
assumptions. Increasing the number of forklifts leads to reduced resource utilization but does not
result in significant improvements in annual throughput. Similarly, for AMR operations, one
AMR is sufficient to handle the modeled transport demand, while adding additional AMRs
primarily increases idle capacity rather than system performance. These findings are consistent
across both evaluated layout configurations and are supported by simulation of outputs related to
throughput, task completion rates, and utilization levels. This indicates that the main contribution
of the fleet-sizing analysis is not the identification of the largest possible transport capacity, but
the identification of the minimum viable fleet configuration that can support the production target
without unnecessary resource over-dimensioning.

However, the study also reveals that internal logistics performance is not solely determined by
fleet size. The bottleneck analysis indicates the presence of shifting bottlenecks rather than a single
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dominant constraint, suggesting that system performance is influenced by interactions between
multiple elements, including routing, task allocation, and production synchronization.

Regarding the second research question, the results show that supermarket-area interface
placement has a measurable effect on individual task cycle times, particularly in the conveyor-to-
supermarket transport process. The Footprint Reduction Layout resulted in a slight reduction in
cycle time for supermarket replenishment tasks. However, this improvement did not translate into
a significant change in overall system performance or fleet size requirements within the scope of
the study. Therefore, the impact of supermarket placement is verified at the micro (process-time)
level but not strongly verified at the macro (system performance) level.

While the study achieved its primary objective of evaluating fleet size and layout effects using
simulation, some aspects remain unverified. In particular, the lack of real operational data limits
the validation of model assumptions related to travel time variability, congestion behavior, and
task execution patterns. Additionally, the absence of explicit distance-based performance
indicators in the simulation outputs limits the ability to fully quantify the impact of layout changes
on material flow efficiency.

From a practical perspective, the findings provide valuable guidance for early-stage decision-
making in manufacturing system design. The study suggests that over-dimensioning of transport
resources should be avoided, as increasing fleet size does not necessarily improve production
performance. Instead, decision-makers should focus on balancing resource utilization and system
robustness. Furthermore, the results highlight the importance of considering layout design and
routing efficiency alongside fleet sizing, as these factors jointly influence logistics performance.
These findings also suggest broader implications for internal logistics system design, indicating
that system performance is driven by the interaction between resources, layout, and operational
control strategies rather than fleet size alone.

For practitioners, the findings can be translated into three actionable rules. First, DES should be
used to identify the minimum viable fleet size required to meet production targets before adding
extra resources. Second, increases in fleet size should primarily be treated as robustness buffers
rather than direct performance levers, especially when throughput does not improve. Third, when
added resources mainly reduce utilization without increasing throughput, this indicates
diminishing returns and a risk of over-dimensioning.

Based on the findings of this study and in relation to the defined research questions, the following
recommendations for future work are proposed:

1. Methodological recommendation: Integration of real operational data for improved
validation (RQ1 & RQ2).
Future research should incorporate real operational data once the facility becomes
operational. This would improve the accuracy of input parameters such as travel times,
congestion effects, and handling variability, thereby strengthening the validation of
simulation results related to both fleet sizing (RQ1) and layout-dependent performance
(RQ2).

2. Technical recommendation: Extension of performance metrics to better capture layout
effects (RQ2)
To more explicitly evaluate the impact of supermarket placement, future studies should
include additional performance indicators such as transport distance, distance per task,
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and energy consumption. This would allow a more direct assessment of how spatial
configuration influences logistics performance, complementing the time-based analysis
used in this study.

3. Managerial recommendation: Exploration of advanced dispatching strategies beyond fleet
sizing (RQI)

While this study focused on fleet dimensioning, further research should investigate dynamic
dispatching rules and control strategies for transport resources. Such approaches may provide
greater improvements in system performance than increasing fleet size alone and could help
managers decide when additional vehicles are needed for robustness and when they would mainly
create idle capacity.

In conclusion, this study demonstrates that Discrete Event Simulation can effectively support
internal logistics system design in early-stage manufacturing environments. While certain
limitations remain due to concept-phase uncertainty, the developed approach provides a structured
and practical framework for evaluating fleet sizing and layout decisions. The findings contribute
to bridging the gap between theoretical simulation research and practical industrial application in
greenfield manufacturing projects.
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9. APPENDICES

Number and give describing names to your appendices to help the reader to grasp the contents of
your report.

Appendix A: Transcript (Operators 1.m4a) Audio file: Operators 1.m4a

Type: Semi structured interview transcript

Speakers:

Speaker 1: Interviewer

Speaker 2: Interviewer

Speaker 3: Operator

Speaker 4: Operator

Speaker 1: We have a permission to of course. Thank you. Thank you. Yes, we can
start.Speaker 2: Asking to hear our master thesis on the material flow. We want to
understand more details on the forklift like what will be the forklift loading times,
unloading times like that. So how the loading time will be there for forklift for
heavy, heavy material and medium weight materials and low weight materials,
okay.Speaker 3: Yeah, loading time means pick up, take it.Speaker 4: How long it
takes for. So heavy material, I don't know. Heavy material, I don't know if we do
that. The heaviest we have is.Speaker 1: We have a skin of the gearbox. Yeah, for
example, it's a heavy.Speaker 4: That's heavy.Speaker 3: OK, for

example.Speaker 4: And then how long it takes to unload it from point A to point
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B or just lifting it up?Speaker 2: Lifting first, only the lifting, lifting next steps we
will ask.Speaker 4: Okay, so lifting something that's couple seconds. Okay, yes,
okay.Speaker 3: And because it's heavy, we are very easy to take.Speaker 4: And
you have to be careful, but it's only a couple seconds. Okay.Speaker 2: And
unloading will also like couple of seconds only. Yeah, that would say so. And any
disturbances you find in between like that, like other forklifts are coming across.
So how much disturbances overall it is in seconds.Speaker 4: There's a lot of
traffic in this plant, there's a lot of traffic. So sometimes, yes, there's in the yeah,
there's trucks in the way or persons in the way and so on so.Speaker 3: PR
walking.Speaker 1: Parking.Speaker 2: So how much approximate how much
waiting time?Speaker 1: Will be minimum and maximum for example.Speaker 4:
Yeah, that's hard to say. We don't move the transmissions anymore in our
apartment. That's another apartment now, but we used to we do deliver. Axle, the
axle, the axle, yes, that we do move only now. And I would say approximately
somewhere around 30 seconds to 60 seconds from point A to point B, about that
time, sometimes more, but depends, depends if when we move ready axle, that's
finished to be painted, we move it into the paint, but sometimes it has to go to the
rig and be cleaned first before they go to the paint. But it depends, but maybe
okay, 30 seconds to one and a half minute. Depends if there's people in the way or
if it's problems in the sometimes it's full of axles, then it would be a little bit
tricky.Speaker 3: And the rig, the place, the rig is in the middle of the line. And we

take the axle on the left side of the line or right. It depends which side.Speaker 1:
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The distance, yeah.Speaker 3: We have many different line.Speaker 1: Yeah. And
do you have a specific task, for example, just taking the gearbox? The skin of
gearbox and specific, nothing else.Speaker 4: Yeah, yes.Speaker 3: And which
question is we have one forklift for axles?Speaker 4: One forklift that serves all the
lines on daytime, on daytime, on daytime.Speaker 2: Yeah. And what will be the
speed of that forklift in this industry?Speaker 4: 8 kilometres is the speed of the
truck. Okay.Speaker 3: All forklift going in.Speaker 2: With weight and without
weight, is there any difference in the speed?Speaker 4: No, same speed with load
or without load also. OK.Speaker 1: And do you use the electric forklift?Speaker 4:
Yeah, inside we use electric. They have now moved over to electric on the outside
too, but we used to use do these.Speaker 1: So we just ask about yeah, electric
forklift inside only electric. Can I use the electric forklift for the new factory? And
what's the approach of charging that middle of the shift or after the shift?Speaker
4: When we change the whole battery out. So when the battery is low, you have
always renewable to replace it immediately. We have a few trucks, the one that
drives axles, that one we plug in to charge. But the other trucks, we change the
battery.Speaker 1: Good.Speaker 2: How frequent you will change in working
hour?Speaker 4: I would say 2 on a whole day. So one on the day and one on the
evening.Speaker 2: Per shift one time.Speaker 4: Yeah, per shift one
time.Speaker 2: And how much time it will take.Speaker 3: And if you have a bad
day, you can change 2.Speaker 2: Yeah, sometimes load depending upon how

much frequency it takes.Speaker 3: Yes.Speaker 4: Yeah.Speaker 1: And how long
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does it take to be charged?Speaker 4: To be charged? About 8 hour, 10 hours,
something like that.Speaker 2: To fix the new battery in the forklift. How much
time?Speaker 4: That's individual dependent, but approximately 5 minutes, 5
minutes maximum. Yeah, max.Speaker 1: Yeah, good here.Speaker 2: How many
times the forklift is used here? The frequency of the forklift per shift, like how
many times you go and back?Speaker 3: Oh, many times, many times, many
times. We ordered 177100 reds order on 3 shifts, day shifts, evening shifts, and
night shifts. 3 shifts, yeah. So for 24 hours, 7800.Speaker 2: OK today and
sometimes you told that it can happen 2 times you need to change the battery at
that time what will be this value 1700 above like 2000 something?Speaker 4: One
more time explain.Speaker 2: Per shift per shift sometimes 2 times the battery
need to be changed. Yeah at that time what will be the volume for example now
in. For example, today for one shift you have changed 2 times the battery of the
forklift.Speaker 4: You mean why we have to change battery 2 times? That's
sometimes it is because the battery lifetime will be worse and worse and we have
a threshold until we change the battery. So sometimes the battery starts to be a
little bit bad and because of that we might have to change 2 times, and it could be
also because there's no set time where you change it, because you change it when
it's in a certain threshold. So if someone changes early on the.Speaker 3: The shift
before.Speaker 4: Yeah, if they change it early, you could have to change it on the
evening shift very early and then it won't hold for the whole shift.Speaker 1: Yeah,

you can't run it in the whole shift.Speaker 3: Yes, in the evening shift they are 10.
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We working 10 hour and the early shift it's 8.Speaker 1: Okay, good.Speaker 2:
How you feel while picking the means if the material is high rank or medium at the
low place its make any difference for the forklift or it is OK wherever the in the
shelf wherever you keep the material it is OK or it will make in a shelf. Yeah when
you keep materials are there then you need to load from the shelf or you need to
unload to the shelf. If it is a bottom middle and up is there it makes any
difference?Speaker 4: Yeah of course I think it should. It should be because it's
more load for the truck.Speaker 2: Like how if it is up means it will take much
more time.Speaker 4: Yeah, if you lift heavier stuff, of course, the battery won't
hold as long.Speaker 3: Okay, yeah, or you can drive one side of the factory to
other side.Speaker 1: Do you know? What's the biggest weight of the parts that
you handle?Speaker 3: Yes, the axles, the axles, axles, 3 ton.Speaker 4: Yeah, 3
ton. We have 3 ton trucks, 2 and we have what's the smaller one and a half ton, 2
ton, yeah, 2 ton and. To lift the 3 ton axle, we need the 3 ton truck. We can't lift it
with the smaller truck, but I think the heaviest we can lift with the smaller truck,
the 2 ton truck is.Speaker 1: The income of that, yeah, 1.8, yeah, because the
excavator is a very heavy and very heavy parts. Yeah, 4 ton, 5 ton. Yeah, the
forklifts should be used for the excavators components. It's very powerful. Yeah,
and. Do usually charge forklift at, you said, the fixed timer whenever.Speaker 2:
Yeah, you said like how we will come over to the congestions whenever the
congestions are there in between one forklift with other forklift. How we

congestions will be there like?Speaker 4: When there are trucks and people in the
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way.Speaker 2: People in the way. Yeah, you will wait for that.Speaker 3: Yes,
yeah, we have to.Speaker 4: People walks, we have to wait.Speaker 2: OK, that is
also one kind of disturbances.Speaker 3: Yes, yeah, OK.Speaker 4: And also we
have one rule that a working truck, everybody has to wait for it. So if a truck is
doing a work, we have to wait for it. That's just a rule.Speaker 2: OK.Speaker 1:
Based on your experience, what factor usually affects the travel time inside the
factory? Which factor?Speaker 4: I don't know if I understand the question right,
but we don't really look at it like a delay because someone is walking over it. It's
baked into the process.Speaker 1: Yeah, it can be one cost.Speaker 4: Yeah, it can
be a cost.Speaker 1: Yes, yeah.Speaker 4: But we rarely do late deliveries because
we're almost never not on time, but we have it's baked into the process. But yeah,
it is a lot of especially on daytime, because now we have more people on daytime
than we have on evening time. And because of that, there's a lot of people and a
lot of trucks on daytime. So in daytime, it is slower to move out there. Yeah. So the
other trucks and the people are a delay. Yes, yeah, it is.Speaker 3: And the fastest
line we have is 9 minutes. OK, every 9 minutes.Speaker 1: Every 9 minutes from
point A to point B.Speaker 3: No, a completed axle.Speaker 4: Yeah, every 9
minutes we have to move a ready axle. Yeah.Speaker 1: And between that, what
do you do?Speaker 4: Other stuff. The truck that moves the axles, they have
several lines they have to be for so they only drive between the lines and the paint
or the rig.Speaker 2: How much you will utilise your forklift per shift? Like now in

10 hours the shift is there, the forklift will be continuously working or it will have
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brakes?Speaker 4: We do have breaks. Yeah, but otherwise continuously
working.Speaker 2: Forklift is continuously working, like for example, operator will
have a break at the time the assigned forklift.Speaker 4: Oh no, the truck will be
still under the break. Yes, under.Speaker 2: The break. Yes, it won't work.Speaker
4: No. Okay.Speaker 2: And you have any idea about this AGV AMRs, how they
work here?Speaker 4: AGV.Speaker 1: AGV. It's transport. It's
automated.Speaker 4: Automated. Yeah, the lines use it. Some do without the
operator. Some you have to manually drive it.Speaker 2: Yeah, if there is any ramp
up like the products are producing more, if they want demand of material is more
than how you will manage with the forklifts?Speaker 4: We can see in the system
how many orders because everything is scanned or done by a system. So we in
the truck, we get on the screen an order, you can see, okay, go here, do
that.Speaker 3: And finish the order.Speaker 4: Yeah. And when we finish the
order, it's in the statistics. So we know how many orders we do per day. And if you
see an increase in that, we sometimes we change in the shift form, but sometimes
we have to get more trucks to cope with the pressure if the production goes
up.Speaker 2: OK, good. And then you will have some contract contact
person.Speaker 4: Yeah, yes, use Linde.Speaker 2: OK. And is there any areas
here in the factory where forklifts can't move there?Speaker 4: Where it can't
move? Yes, where it can't like work on the lines, all the work areas we can't move
in with our trucks.Speaker 2: What forklift way means it forklifts are not allowed in

all areas.Speaker 4: No, they are not allowed in all areas.Speaker 2: In what areas
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forklifts are allowed in?Speaker 4: On the lines, no trucks. In cells only the small
hand operated trucks. And some areas where trucks usually can go, we have rules
that say they can't go because of a lot of people moving around there. So we can't
drive the trucks there, even if it's built to drive trucks there. But we have put a rule
that we can't.Speaker 1: Thank you so much.Speaker 4: Thank you.Speaker 1:
Thank you. It's very useful for us, especially the charging time.Speaker 2: Yeah,
anything you want to advise as well because you are working on the material flow
and we have to determine how many forklifts are required at the inbound logistics
at the outer layer, outer side means from coming from inbound to supermarket
area. That's it. Loading and unloading. So what things you suggest us to?Speaker
3: Consider forklifts on the outside. So put in the conveyor.Speaker 5: Yes, exactly
the same is the same.Speaker 4: Will there be any requirements to cleanliness
and so on in the new factory? Because there's one concept that the outside trucks
should not ever go inside and the inside trucks should never go outside. We do
that though here, but there's a goal to not do that.Speaker 1: Yeah. It's a
dream.Speaker 4: That's a dream. Yes, that's a dream. Yes. Yeah. And if that
would be conceivable, that would be very good. Okay. Thank you.Speaker 2:
Thanks for your advice.Speaker 1: Thank you for your time. Thank you. It was very

useful. Thank you. Have a good rest of the day.Speaker 4: Yeah, the same.
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o Speaker 1: Interviewer

o Speaker 2: Interviewer

« Speaker 3: Manager (Morgan Orb)

TranscriptSpeaker 1: Yeah, very good. We can start here.Speaker 2: Okay. We
have taken information on the forklift operations like speed, velocity,
loading times, unloading times from the forklift operators. Thanks for that.
Now we want to know how you determine how many forklifts are required
for this day.Speaker 3: There are 16 forklifts here, and 33 people working for
me on four different shifts. So you have the basic two shifts in the morning
and in the afternoon. And then we have daytime. The morning shift starts at
06:00 and the daytime starts at 07:00.Speaker 1: So 8 hours in the morning
and 10 hours in the evening.Speaker 3: And then we have a night shift. So we
cover 24 hours and we have a weekend shift. They work Saturday and Sunday
from 06:00 in the morning to 18:00 in the evening, so 12 + 12 hours.Speaker
1: If you have a plan for a new product or production line, how do you assign
the forklifts and decide how many you need?Speaker 3: That’'s a very tricky

question because we really don’t have that type of measurement tool. We
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have Power BI where we pick data from SAP on how many movements we do
every day, and then you have to calculate with those numbers. WhatIdoisI
look at these numbers. We do approximately 2700 tasks every day. When this
rises or goes down, you have to think about where it is or what time of the
day. This is the data I can get from Power BI. Then I have to think about the
total volume in the factory, how many pieces are going out in a year. Last
year we had 40,000 products out and then I had 33 people and 4 shifts. When
we have very high output, we have 5 shifts. I even had people working
evenings, weekends, nights. Depending on how the production line is looking
and the volume, there is no exact method. It’s more like looking at the
numbers and thinking back in time.Speaker 1: If I understood correctly, for a
new factory you might have 2000 tasks and you know for each task how
many forklifts you need, and divide them?Speaker 3: The problem is the
factory is very big. We start with the high bay. Sometimes you drive 20
meters, next time you drive to the other side of the factory, and so on. We
tried to calculate this with colleagues (thesis work on this), but it was so
complicated to get help with the system to calculate what happens if we do
more axles or transmissions. We got a little bit but not the whole way. Too
complicated, too much data. We decided to classify tasks as short, middle,
and long.Speaker 1: So experience helps you.Speaker 3: Sadly, it’s like that. I
talk a lot with my staff. They can tell me: “You remember 2 years ago

when...” and then we were 2 more people or one more truck. A couple of
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years ago we were 16 forklifts and then we went down to 15 to save money.
After one to one and a half years, volumes slowly change. Sometimes it’'s
okay, then it's not enough with 15, then we need 16 again and more people.
It’'s a lot of feeling. I listen to the people working here.Speaker 1: It’s kind of
trial and error.Speaker 3: Yes.Speaker 1: A very important question for us is
availability and utilization.

Speaker 2: Utilization.Speaker 3: If we look at 16 forklifts, it’s terrible.
Between 07:00 and 16:00, 16 forklifts are working. From 06:00 to 07:00, 8
forklifts are working. From 16:00 to 23:00, 8 forklifts. From 23:00 to 06:00, 2
forklifts. So half of my forklifts are standing still a third of the day. That's
because production says assembly should be on daytime because it’s
cheaper. We tried to calculate it, but it’s terrible.Speaker 1: We are talking
just about inbound to the warehouse or supermarket, not inside the line. We
need useful time per shift for availability and utilization. Don’t you have
something like that?Speaker 3: No, we don’t have that. We should have it,
but we don’t. We have a kind of silent agreement: this is how it works in the
factory. We want everything to go on daytime or two shifts. Two shifts is
much better. Then maybe we don’t need 16 forklifts, maybe 10 in the
morning and 10 in the afternoon. But right now we don’t have those
figures.Speaker 1: We also need MTTR, mean time to repair.Speaker 3: We
have Linde forklifts and Linde has one guy working here. As soon as one

breaks down, we call him. Sometimes it's minutes. If he doesn’t have the
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spare part, it could be a day. Today a hydraulic hose went off; I'd say it took
30 minutes. Lucky he had the spare part. If not, it would be
tomorrow.Speaker 2: How do you check utilization min and max across
forklifts?Speaker 3: Of the 16, there are 14 exactly the same. There are two
heavy lifters. One is only daytime (8 hours). The other runs on four shifts.
That one has battery charging issues because it’'s bigger, you can’t change
the battery, you have to charge it every time you take a break. That one runs
around the clock because it serves some cells outside.Speaker 2: Previously
you cut down forklifts. How did you decide?Speaker 3: The amount of tasks in
Power BI and volume in the factory. I can see different shifts, night shift, etc.
Some percentage and some calculations, then: now we can manage with one
less.Speaker 2: What KPIs influence that decision?Speaker 3: The amount of
tasks. That is the most important.Speaker 2: Are tasks defined from A to B by
distance?Speaker 3: No. One task is one task whether it’s 5 meters or 1
kilometer. I can assume based on what I see, but we don’t calculate it. We
should have it, but we don’t.Speaker 1: Based on your experience, which
factors affect travel time?Speaker 3: The task is one. If you handle big axles,
you can’t go full speed. We do 8 km/h here. Traffic is important. In this
factory we have to stop for walking people. We measured this: between 07:00
and 16:00 we brake on average 850 times per day because people cross the
road. In the new factory, you don’t walk and drive in the same area where

possible. Sometimes it’s impossible, but it should be separated where
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possible.Speaker 1: In the new factory, forklifts will work from inbound to
supermarket or warehouse only. We might decide maybe 2 forklifts
(assumption).Speaker 3: It's difficult to say, but one forklift in one day is
about 150 tasks. Maximum 130 to 150 tasks per day for easy tasks. If it's too
long, minimum maybe around 100, then I'm not pleased.Speaker 1: Thank
you for your time, Morgan.Speaker 3: If there are more questions or you

want to see something, just call us..
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