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Management summary

This thesis conducted at Scania Production Zwolle, focuses on redesigning the pallet supply warehouse
for a new location. The thesis has found three possible new layouts with a lower average throughput
time, a smaller required area, and a lower Full Time Employee (FTE) requirement than the current
situation.

Context

The largest assembly plant of Scania (a global manufacturer of trucks and busses) is located in Zwolle
(Scania Production Zwolle). Within Scania Production Zwolle, the warehouse for the pallet unit supply
flow is in an outdated and unconditioned building. This limits the possibilities for warehouse
automation and optimization. In addition, Scania may need the location of this warehouse for other
activities. Therefore, Scania is considering relocating the pallet unit supply flow warehouse to another
building (building Y).

As the layout of the current warehouse is not efficient, relocating the warehouse to building Y provides
an opportunity to improve its warehouse layout. Furthermore, relocating the warehouse to building Y
affects the logistic flows to the production area. Therefore, this research provides Scania with an
overview of the expected effects of relocating to building Y for different warehouse layouts and supply
methods. Based on this Scania can make an informed decision on whether to relocate to building Y
and, if so, how to design the process and the warehouse. We formulate the overall research goal of this
thesis as follows:

Determine the layout and internal logistics for relocating the unit supply flow and analyze the effects
this would have compared to the current situation.

Approach

To measure the performance of the layout designs and flow types, this research has set up a
performance measurement system. The performance measurement system consists of KPIs in
accordance with Scania’s objectives. Furthermore, the method of performance measurement is
determined. A literature study showed that a Discrete Event Simulation would be the most appropriate
way to analyze the expected performance of the layout and flow types in this case.

The literature study also presented existing methods for warehouse design and storage allocation
policies. Based on the literature study we made a selection of layouts and storage allocation policies
for implementation, from which four layouts and three allocation policies are designed for the case of
Scania. These include two variations of conventional layouts, a flying-v layout and a layout based on
the design of a CPU (a new method introduced by this thesis). For the allocation policies, the research
includes a random allocation policy, a class-based policy (ABC storage policy), and finally a combined
allocation policy adapted to the CPU-based layout. For the flow types, this thesis introduces three
options considered by Scania. These consist of two variants of lorry transport and one flow type using
a bridge over which pallet trucks transport pallet trailers.

A Discrete Event Simulation (DES) model measures the performance of the combinations of warehouse
designs, storage allocation policies, and flow types. In the DES model, the possible warehouse designs,
storage allocation policies, and flow types are implemented as well as the current situation. After
setting up the experiments, the simulation model runs the experiments to obtain the results of the
provided options.

Results
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The experiment results consist of two main parts, firstly there is the part that only concerns the internal
warehouse processes. These results do not consider what happens after the pallets leave the
warehouse and only focus on finding the best possible warehouse layout and allocation policy. These
results show that the current warehouse design is inefficient compared to the layouts generated in this
research. The best-performing warehouse designs are the two CPU-based layouts with a combined
allocation policy and a conventional layout with dedicated half-euro locations using an ABC storage
policy. These options achieve improvements on all the established KPls.

For the three most promising solutions from the internal warehouse processes (described above), this
thesis analyzed the effects of the adjusted logistic flows due to the relocation. The results show that if
Scania uses a bridge to transport towards the production area and implements one of the three best
layouts, Scania can achieve significant performance improvements at the cost of an investment. If
Scania does not invest in a bridge and uses lorry transport instead, relocating to the Y-building would
result in an increase of average throughput time per order but an improvement in the other KPIs. Table
1 gives an overview of the expected outcomes for Scania’s options on the KPIs. Note that in the table
the average order throughput time is split up in the total throughput time and the throughput time
within the warehouse.

Decision Average order Required Percentage Required space for
throughput time number of FTE | of pallet the warehouse
trailers on
time
No relocation or 30:05 26 98,82% 7249 m?
n::’deSI.gn (current In warehouse: 16:25
situation)
Relocation without | 53:46 (+78.68%) 24 (-7.69%) 100% 3666 m? (-49.43%)
bridge conventional in warehouse: 15:12 (+1.18%)
layout C2
Relocation without | 53:28 (+77.67%) 24 (-7.69%) 100% 4242 m? (-41.48%)
bridge CPU-based (+1.18%)

layout alternative 1 In warehouse: 14:40

Relocation without | 53:24 (+77.49%) 24 (-7.69%) 100% 4112 m? (-43.28%)

bridge CPU-based +1.189
riage as.e In warehouse: 14:56 ( %)
layout alternative 2
Relocation with 28:18 (-5.94%) 20 (-23.07%) 100% 3666 m? (-49.43%)
brid tional +1.18%
riage conventiona In warehouse: 15:12 ( ‘)
layout C2
Relocation with 27:42 (-7.93%) 20 (-23.07%) 100% 4242 m? (-41.48%)
bridge CPU-based (+1.18%)

layout alternative 1 In warehouse: 14:40

Relocation with 27:50 (-7.48%) 20 (-23.07%) 100% 4112 m? (-43.28%)
bridge CPU-based (+1.18%)

layout alternative 2 In warehouse: 14:56

Table 1: Overview of decision options with expected outcomes

Conclusion and recommendations

This thesis demonstrates that Scania can significantly improve its internal warehouse processes as the
current layout has a large amount of required area and an inefficient layout. Relocating to the Y building
presents the opportunity to redesign the warehouse. For the relocation, we recommend that Scania
invests in a bridge as it reduces average throughput time, and the savings of the FTE reduction will earn
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back the investment over time. If Scania does not invest in a bridge, relocation still offers benefits,
however at the cost of higher throughput time.

Furthermore, regarding the contribution to literature, this thesis introduces a new method for
warehouse design. This research has shown that in the case of Scania, this CPU-based layout is the
best-performing layout in terms of average throughput time.
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1 Introduction

This chapter introduces the research performed for this master thesis. It provides the reader with the
necessary information on the company, the motivation for the research, and the problem solved by
this research. Furthermore, it defines the scope of the research and the approach it follows.

1.1 Company Introduction

Scania is a global manufacturer of trucks and buses. Scania originates from Sweden and has
approximately fifty thousand employees globally. Of these, four thousand employees work in the
Netherlands and twenty-nine hundred at Scania Production Zwolle.

The corporate mission of Scania is to drive the shift towards a sustainable transport system, creating a
world of mobility that is better for business, society, and the environment. To achieve this, and to be a
leader in sustainable transport Scania strives for continuous improvements. Figure 1 shows the
principles and methods for continuous improvement applied at Scania Production.

Leader in sustainable transport

Continuous improvements

1. Safety Demand-
Right 2. Quality driven
from me 3. Delivery value
4. Cost creation

Normal situation
Real time Planning Modularisation Standards Visual

Leadership

Customer o T Elimination
o

Figure 1: The Scania Production System (SPS)

Scania Production Zwolle (from now on referred to as Scania) is Scania's largest assembly plant. Within
Zwolle, Scania assembles the separate parts supplied from other factories into end products (the
trucks). From Zwolle Scania ships the trucks to more than eighty countries over the globe. Scania
Production Zwolle accounts for about sixty percent of the total production of trucks for Scania.

1.2 Research Motivation

Currently, the pallet supply warehouse (unit supply replenishment method) for the two production
lines at Scania Production Zwolle is in an outdated and unconditioned building (old building). In the
current situation, Scania has limited opportunity for optimization due to the design of the current
building. In addition, Scania may need the current location for future activities. Near the factory, a
building (Building Y) is available for temporary storage of pallets before Scania moves the pallets to the
production area.

As Scania Production Zwolle is considering moving the pallet supply to the Y building, they want to
analyze layouts of the pallet storage within the Y building and assess how this would affect performance
on Key Performance Indicators (KPIs) compared to the current situation. This enables Scania Production
Zwolle to determine whether to move the pallet supply from the old building to the Y building.

The goal of this research is, therefore, to determine how Scania Production Zwolle can optimize the
pallet supply from the Y building by analyzing the impact of several warehouse designs and other key
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decisions in the process. By comparing the results for building Y to the current situation this research
recommends whether Scania Production Zwolle should move its warehouse to the new building and if
so, how Scania should relocate to the new building.

1.3 Problem Identification

To identify the core problem the steps according to the MPSM of Heerkens and van Winden (2017) are
used. Firstly, this includes making an inventory of the current problems and illustrating the causes and
effects, this is done in Section 1.3.1. After this, we select the core problem, which is the basis for the
research goal, this is done in Section 1.3.2.

1.3.1 Inventory of Problems

In the current situation, Scania faces multiple issues with the unit supply pallet flow from the old
building. These problems cause the action problems of “low employee satisfaction” and “high pallet
handling costs”.

Firstly, there is a lack of isolation and air conditioning in the old building, especially during winter times
this leads to “poor working conditions” causing low employee satisfaction. In Scania's case, this also
limits the possibilities for automation, leading to the problem of "no automation possible".

Secondly, the current layout of the old building is sub-optimal regarding the unit supply pallet flow. This
“suboptimal warehouse design” causes “large pallet travel distances”. The large travel distances in
combination with the lack of automation cause a “large number of full-time employees (FTE) needed”,
but also cause a “large number of tugger trains and forklifts needed”. This leads to the action problem
of “high handling costs”.

Finally, Scania is considering using the site of the old building for other purposes and thus if Scania uses
the old building for the pallet unit supply “the location of the old building cannot be used for other
purposes.” This leads to a “lack of expansion opportunities” for new projects.

Figure 2 provides an overview of the causes and effects of the mentioned problems in a problem cluster.

Old building is suboptimal
for the pallet-unit supply

flow
Legend:
Y Choosen
| ( 1 [ ) ) core problem
Lack of No Warehouse Location old
isolation in automation design building can not
old building possible suboptimal be used for
other purposes ;
I L . J Possible core
problem
Y v Y
Paor working Large Large pallet
conditions in amount of travel Dependent
th(_e' old FTEs needed distances problem
building
Action
Y . , v problem
Low High pallet Large amount of Lack of
employee handling tugger trains and expansion
S/, costs forklifts needed opportunities
Figure 2: Problem cluster unit supply pallet flow Scania Production Zwolle
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1.3.2 Core Problem and Research Goal

As the problem cluster in Figure 2 shows, one problem provided for Scania has no causes. This problem
is thus the core problem and the problem this research solves. Thus, the core problem solved by this
research is:

The old building is suboptimal for the pallet-unit supply flow.

Scania wants to analyze, if Scania can solve this problem by moving the pallet-unit supply flow to a
different location within the facility in Zwolle. For this, the Y building is available. The research goal is
to find how Scania can optimize the warehouse design and internal logistics for the Y building and to
understand how this would affect the performance of their KPIs. Thus, the research goal is:

Determine the layout and internal logistics for relocation of the unit supply flow and analyze the effects
this would have compared to the current situation.

1.4 Research Scope
This section defines the research aims and the intended deliverables achieved by this research.

1.4.1 Research Aims
As mentioned in Section 1.2, this research has several goals and expected benefits for Scania
Production Zwolle (Scania).

Firstly, the research should give a good understanding of how Scania can optimize its warehouse and
logistics for relocation. This research should produce several layouts for the new warehouse.

Secondly, the research should give Scania an indication of the effects the relocated warehouse of Scania
would have on Key Performance Indicators (KPIs) relevant to Scania. To do this, this research first sets
up a performance measurement system by determining the KPIs and uses this as a basis to measure
the performance of the warehouses. This research measures the performance of the current
warehouse and the proposed layouts found for relocation. By comparing this, the research finds the
effect of the relocation on the KPIs.

In addition, the research should analyze key decisions for the internal logistics from the Y building. The
Y building is situated across the road; therefore, Scania wants to analyze how the pallet supply should
cross the road from the Y building (by conveyor, by bridge, or by lorry). Through the performance
measurement system, we can find the impact of these decisions on the KPIs.

Finally, this research should give recommendations to Scania, on whether they should move the
warehouse to the new location based on the performance measurement system. And if so, what the
layout of the relocated warehouse should be.

1.4.2 Intended Deliverables
The research has the following intended deliverables based on the research aims in Section 1.4.1.

e C(Create a performance measurement system for warehouse design and internal logistics from
pallet warehouse to production line.

e Design several warehouse layouts and designs found using several methods from the literature.

e Describe the internal logistic flows associated with the warehouse layouts and designs.

e Provide a comparison of the found layout designs of the relocated warehouse and the current
warehouse according to the performance measurement system.
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e Recommend to Scania, whether Scania should relocate their warehouse and if so, how they
should design their warehouse in the Y building and what the corresponding logistic flows
should be.

1.5 Research Design

This section illustrates the approach this research follows. It presents the research questions, which
section answers the research questions, and if applicable the method used to answer the research
questions.

Research question 1: How can the performance of the pallet warehouse and internal logistics be
measured at Scania? Chapter 2: Current Situation and partially Chapter 3: Theoretical Background
answer this research question. The sub-research questions for this research question are:
e What are key performance indicators for warehouse efficiency and internal logistics towards
the production line?
e Too what extent is stochasticity involved in the process? And should these distributions be
included in the performance measurement system?
e How should the performance of the warehouse layouts on the KPIs be measured? Should this
be done using an analytical method, by simulation, or by another approach?
o If we would use simulation, should this be a Discrete Event Simulation (DES) model, or
would a Monte Carlo simulation be sufficient?
o If we would use an analytical method, which analytical methods can be used to
measure performance on KPIs?

Research question 2: What is the current situation regarding pallet supply from the old building?
Chapter 2: Current Situation answers this research question. The sub-research questions for this
research question are:
e  What is the warehouse design of the old building?
e  What type of storage policy does Scania currently use in the old building?
e What transportation methods does Scania use from the old building to the production line(s)?
e What are the different material flows from the old building towards the production line(s)?
e What is the performance of the current warehouse design and internal logistics according to
the performance measurement system? Chapter 6: Experiment Results answers this sub-
research question.

Research question 3: What are existing methods described in the literature that can be used to
optimize the warehouse design? Chapter 3: Theoretical Background answers this research question, by
performing a study on existing literature. The two sub-research questions for this are:

e What are the possible methods for warehouse layout design?

e What methods exist to allocate SKUs to warehouse locations?

Research question 4: What are the proposed layouts for Building Y using the methods of RQ3? And
what are the corresponding logistic flows from this building to the production lines? Chapter 4: Solution
Design answers this research question using the methods found in research question 3.

Research question 5: What is the performance of the proposed layouts found in RQ4 using the
performance measurement system of RQ1? Chapter 6: Experiment Results answers this research
guestion, the method to use for performance measurement is based on the findings from research
question 1.
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2 Current Situation

This chapter describes the current situation for Scania's unit supply pallet flow. This includes an
explanation of the current warehouse layout, location, storage policy, and the general process. In
addition, this chapter explains the current situation in the Y-building and introduces the Key
Performance Indicators (KPIs) used in this research.

2.1 Design Pallet Unit Supply Warehouse

This section describes the current situation for pallet storage in the current warehouse. It includes a
description of the warehouse layout, the type of pallet racks, how Scania stores the pallets in the pallet
racks, and the method used to allocate the SKUs to the storage locations.

2.1.1 Current Warehouse Layout

The current building of Scania used for the pallet unit supply process is a manual warehouse, the
warehouse is an I-shaped warehouse and is, therefore, a flow-through warehouse. Stacked pallet boxes
arrive at one side of the building, after scanning the pallets the reach truck operator gets a location to
store the pallet in the warehouse. The warehouse consists of three main halls each 36m wide and 84m
long. Within the halls, the pallet racks are configured in a traditional layout, consisting of parallel aisles
from the inbound section towards the outbound section and two traversal aisles which split each hall
up into three sections. In this, the middle section is reserved for the class A SKUs. Furthermore,
alongside the pallet racks, the warehouse includes ground storage locations dedicated to fast movers.

Pallet slots are reserved in the inbound zone, where a forklift operator unloads the pallets (stacks)from
trucks arriving at the warehouse. The warehouse staff then picks these pallets up using reach trucks
and store them in the warehouse.

The outbound zone has space reserved for trailers, here the pallet truck drivers park the empty pallet-
trailers. The reach truck drivers place outbound on these trailers, which the pallet truck drivers pick up
once they are full. Figure 3 illustrates the layout of the current warehouse.
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Figure 3: Map current pallet warehouse Scania
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2.1.2 Pallet Rack and Storage Standards

Pallet types:

Most pallets stored in the warehouse are either Euro-pallets (0.8m x 1.2m x height) or half Euro pallets
(0.8m x 0.6m x height). In addition, there some less common pallets are larger than Euro pallets and
occupy multiple Euro pallet slots. The height dimension of the pallets depends on the contents stored
and varies between 0.35m to 1.35m in six different height dimensions (0.35m, 0.55m, 0.75m, 0.95m,
1.15m & 1.35m). This depends on the number of collars on a pallet, a pallet with one collar has a0.35m
height, a pallet with two collars has a height of 0.55m, etc. More details on the type of pallets Scania
handles will follow in Section 2.4.

Storage racks:

To store the distinct types of pallets, Scania uses two standard pallet racks within the building, pallet
racks for Euro pallets or larger, and pallet racks only for half Euro pallets. Each slot within these racks is
2.7m wide and 0.6m (half Euro pallet racks) or 1.2m (Euro pallet racks) deep. These slots can
accommodate three (half) Euro pallets or accommodate larger pallet types (fewer pallets per slot).
Furthermore, the height of the racks is six meters, within which Scania uses different heights for the
storage slots to accommodate the different pallet heights.

2.1.3 SKU Storage Policy

Currently, Scania does not store SKUs in dedicated locations; instead, Scania stores SKUs using a
combination of class-based and random storage. All incoming SKUs are assigned with an A, B, or C
classification. In addition, the sections in the warehouse are classified as A, B, or C locations. From this,
the warehouse system generates a list of preferred locations in descending order and selects the first

free location to store the SKU. Within the pallet rack, A items are stored low, and the C items are stored
high.

Finally, for fast-moving items, dedicated locations next to the pallet racks at ground level are reserved.
These items are only in the warehouse for a brief period and are therefore moved quickly to the
production line through the floor locations.

2.2 Unit Supply Method

This section introduces the unit supply method in the current situation. Section 2.2.1 introduces the
material handling equipment which Scania uses in this process. After which Section 2.2.2 introduces
the unit supply process flow.

2.2.1 Material Handling Equipment

Reach trucks:

Currently, Scania uses reach trucks for pallet intake and pallet picking from the pallet racks to the pallet
trailers. Each aisle within the current building can is only served by one specific reach truck, so the
reach trucks only receive orders for specific aisles within the building. Each reach truck can handle
multiple pallets (depending on the pallet dimensions) at the same time and has a reach height of
thirteen meters. The maximum pallet stack height on the reach trucks is equal to nine pallet collars in
which the pallet itself also counts as a collar. The reach trucks can travel at a speed of eight km/h.
Appendix A.1. provides an illustration of the reach trucks in use.

Pallet-trailer and truck

For transport from the warehouse to the production line, the flow uses a combination of a pallet trailer
and a pallet truck. Pallets are stacked on the pallet trailers, each pallet trailer has a capacity of 12.72
m?3, the number of pallets a pallet trailer can carry depends on the type of pallet. The pallet trucks can
connect to the trailers to transport them toward the zones at the production line. The trucks move on
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a fast mode or a slow mode depending on the zone where the truck is driving. The fast mode has a
speed of twenty-five km/h, and the slow mode has a speed of eleven km/h. Appendix A.2. provides an
illustration of the pallet trailer and the pallet truck.

2.2.2  Unit Supply Process Flow

Pallet supply from the warehouse to the production line (also known as pallet unit supply) consists of
two main transportation methods. A pallet trailer tugged by a truck (Section 2.2.1) or a pallet train
transports the pallets towards the production area. This study excludes the process of moving pallets
using pallet trains. As Scania expects that in the long term, pallet trailer transport will replace transport
using the pallet trains for the unit supply flow, thus making this the only flow to consider. There are
three separate flows of pallet trailers with one truck per flow each serving three different zones, every
seventy-five minutes an order for a zone comes in. Since each pallet truck serves three zones and the
orders are distributed evenly over time, every twenty-five minutes an order comes in for a pallet truck.
Figure 4 illustrates a flowchart of the current process of supplying pallets to the production process
using pallet trailers and pallet trucks.

Reachtrucks

No-

Stickers printed in Employee picks Employee puts Pallet trailer read

warehouse for a pallet based on pallet on a trailer Yes—p-| for pickul Y
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Figure 4: Flowchart process pallet trailer supply

As Figure 4 shows, the process is divided into two parts. These are the internal warehouse process of
preparing pallet trailers before pickup and the process of delivering the pallet trailers to the production
area (also called the line feeding process). In the line feeding process, the pallet trucks continuously
travel around to pick up (full or empty) pallet trailers and deliver them to their destination, where the
pallet truck should pick up a new trailer.

Within the unit supply process flow, stochasticity is involved during several moments. As explained
earlier every twenty-five minutes deterministically a new order comes in for each of the three
separated pallet trailer flows. However, the number of pallets to deliver involves stochasticity. In
addition, the time required to pick up the pallets by the reach trucks is stochastic and depends on the
locations where the pallets are stored. Finally, the time it takes to deliver the pallet trailer to the
production line, pallet breakdown, and warehouse involves stochasticity. Factors such as the traffic
within the factory play a significant role in this.

2.3 Y Building

As Figure 5 shows the Y building is situated on the other side of a public road. This presents Scania with
a challenge on how to cross this public road. Figure 5 also shows the old building.

In addition, Scania currently uses the Y building for temporary storage of obsolete parts and blue bins
(also used in the production process). If Scania moves its unit supply pallet warehouse towards the Y
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building, there are other options available on what to do with this process. Therefore, this research
assumes full availability of the Y-building for the recommendations.

et |

old building |

Public road

production area

= i . | | | ‘ Y-building

Figure 5: Map of buildings Scania Production Zwolle

Due to the design of the Y building, the inbound and outbound zones are fixed on the different sides
of the Y building. Based on this a flow-through warehouse should be used in a new situation. The
maximum dimensions available for the warehouse will be 107.5m x 87.5m x 9m (L x W x H).

2.4 Introduction to the Pallet Types and Data

To determine which methods can be applied to this research, it is first necessary to introduce the
available data. It is important to note that Scania defines the pallets in the warehouse by what type of
packaging they are (further referred to as a pack type). From this pack type, Scania knows the storage
space requirement for a certain pallet. So, the amount of (euro) pallet slots which the pallet requires,
and what storage height is needed for the pallet. This thesis does not differentiate between the specific
parts supplied to the production line, but only at the pack type level. So, we only classify pallets based
on the space requirement to store that type of pallet. This is because, apart from the required
dimensions, there is no need to differentiate between pallets in terms of handling or storage methods.
Furthermore, the number of distinct parts which Scania supplies to the production area is too large to
consider with the available time and resources.

For this thesis, Scania has provided data on the number of pallets ordered per day by the delivery zones
within the production area. From the data provided, the mean total number of pallets ordered per day
is 2039.32. Appendix B provides an overview of the different pack types and the frequency of
movement of each pack type. It also provides a class for each pack type based on an ABC classification;
this class is used later in the research. Figure 6 shows the Pareto distribution of the pallet types,
indicating the percentage of items that represent a percentage of movements. The exact definition of
class-based storage policies and specifically ABC classification follows in Section 3.2.2.
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Pareto Analysis pack types
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Figure 6: Pareto analysis pack types

Because the warehouse inventory levels exhibit steady-state behavior over time, this research assumes
that the number of inbound pallet arrivals is equal to the number of outbound pallet departures. We
need this assumption as in the real situation pallet arrivals are dependent on pallet departures, new
incoming orders are done based on safety stocks and reorder points. As this thesis does not
differentiate between all the distinct parts, it is not possible to incorporate the reordering policies
within this thesis.

2.5 Key Performance Indicators (KPIs) Pallet Unit Supply Flow

To measure the performance of the new warehouse design(s) and compare it to the current process in
the old building. Four Key Performance Indicators (KPls) measure the efficiency of the process. Each of
the KPIs is introduced in one of the subsections, followed by an overview of the KPIs including the
formula and unit of measurement. Finally, this section also includes an estimation of the performance
of the current situation on the KPIs.

2.5.1 Average Throughput Time Order (minutes)

For Scania orders must arrive at the production line as quickly as possible, by having low throughput
time for the pallet supply Scania can ensure that there is limited downtime on the production line due
to pallet supply.

Within the KPI an order is defined as the list of pallets to deliver from the pallet warehouse to a certain
location on the production line. The throughput time of an order is measured by the time the order
arrives (the moment the employee scans the final bar code of an empty location, and stickers are
printed) to the moment the last pallet trailer of the order is placed at the location.

As explained in Section 2.2.2, this consists of a process within the warehouse, which is the preparation
of pallet trailers by retrieving pallets using reach trucks. For this process new order arrives every
twenty-five minutes, in the warehouse the employee should complete the order in twenty-five
minutes. We define the process outside of the warehouse as picking up the pallet trailers from the
warehouse using pallet trucks, delivering them to the delivery zones, returning a full pallet trailer with
empty pallets to the pallet breakdown, and returning an empty pallet trailer to the warehouse. The
time considered for the throughput time in this process is the time from the pallet trailer pickup at the
warehouse until the time the pallet trailer delivery at the delivery zone.

UNIVERSITY 9
OF TWENTE.



2.5.2 Required Number of Full-Time Employees (#FTE)

Warehouse efficiency should limit the amount of labor required by employees. In warehousing the
amount of manual labor can be reduced by for example automation, reducing travel distance, using
the right equipment, and having efficient routing. By measuring the number of full-time employees
(FTE) that the unit supply process would require, we can measure the warehouse’s efficiency in labor.

The full-time employees considered in this research are the full-time employees on which can be
differentiated between different configurations. These are the reach truck drivers, the pallet truck
drivers (if the configuration uses pallet trucks), and the lorry drivers (if the configuration uses lorries to
transport pallets towards the production area).

2.5.3 Percentage of Pallet Trailers prepared on time (%)

Scania works with a so-called takt time for their employees. Before this time, the employees should
finish their work so the production line can continue at normal speed. In the current situation, the
employees in the old warehouse who prepare the pallet trailers have a certain amount of time before
the required pallets should be on the pallet trailer, so the pallet truck pick the pallet trailer up in time.
For these employees, this is their Takt-time. The percentage of pallet-trailers prepared on time thus
indicates how often the warehouse process could cause problems for the production process.

2.5.4 Required Space for the Warehouse (m?)

As discussed in Section 2.3, Scania’s Y-building is currently used for other purposes but still has the
required space for pallet storage. As Scania Production Zwolle has limited space available and Scania
could (partially) use the building for other purposes having a space-efficient warehouse with a
comparatively small amount of space (m?) required would be beneficial. This KPI only considers the
area required for storage operations, as the in and outbound area size to reserve for the warehouse
cannot be determined from the simulation model.

Note that this KPI used m? rather than m* because the height of the warehouse is not important as
long as it fits within the building. Thus, to analyze the possibilities in the Y building, the height is a
constraint rather than measured within the KPI.

2.5.5 Overview of KPIs
Table 2 provides an overview of the established KPls, the unit of measurement, the formula, and
whether the minimize or maximize the KPI.

KPI Unit of Formula Direction
measurement (Minimize or
maximize)
Average throughput | Minutes Yorders(End time order — start time order) | Minimize
time order (mm:ss) #orders
Required number of | Number (#) #employees involved in process * 2 (one | Minimize
FTE employee for the morning shift and one for the
afternoon)
Percentage of pallet | Percentage (%) #pallet trailers prepared on time Maximize
trailers prepared on #orders pallet trailers
time
Required space for | Squared meter Lwarehouse * Wwarehouse Minimize
the warehouse (m?)

Table 2: Overview KPIs unit supply process

UNIVERSITY 10
OF TWENTE.



2.5.6 Performance in the Current Situation

Based on the key performance indicators found in Section 2.5, this section analyzes the performance
of the current situation for the pallet unit supply flow. For the final comparisons, these values are not
used as the benchmark values, instead, the outputs of the performance measurement system are used
for a fair comparison. However, we use these values to validate whether the performance
measurement system represents the real situation.

Average throughput time order:

There is no data available on the average throughput time per order for the internal warehouse
process. However, based on the production standards at Scania, there are twenty-five minutes available
to prepare the pallets within the warehouse. Furthermore, for the delivery to the production zone, four
minutes and forty-five seconds is available. Based on this, the average throughput time would be
around twenty-nine minutes and forty-five seconds.

Required number of FTE:

For the full-time employees to the process requires, in the current situation we only need to consider
the reach truck drivers and pallet truck drivers. This is based on the employee types to consider from
Section 2.5.2. At present, during the normal working hours in the process, six inbound reach truck(s)
with drivers and six outbound reach truck(s) with drivers are used. In addition, the process requires
three pallet trucks with drivers. The current process therefore requires sixteen full-time employees
working on the process at the same time. As Scania Production Zwolle has a morning and afternoon
shift this is equivalent to a thirty-two FTE requirement. Note that this number is different than the
number found using the performance measurement system, Section 6.1 will explain the reason for this
difference.

Percentage of pallet trailers prepared on time:

The occurrence of pallet trailers not being prepared on time is rare. Based on expert view, process
supervisors have indicated that the current percentage of pallet trailers prepared on time would fall
between 99% and 100%.

Required space for the warehouse:

As described in Section 2.1.1, the current warehouse consists of three halls, each measuring 36m*84m.
The size of the warehouse, excluding the inbound zone would be 36 * 84 * 3 = 9072 m?2. However,
this KPIl excludes the outbound zone (located in the warehouse), we need to subtract this. Furthermore,
for a fair comparison, other sections such as coffee corners and offices which are not for storage are
excluded. These sections are in the top and bottom right of the warehouse (See Figure 3) and are in
total approximately 707 m2. The outbound zone is approximately 36m * 31m = 1116m?, and thus
the required space for the warehouse excluding in and outbound zones in the current situation is
9072m? — 1116m? — 707m? = 7249m?2.

This chapter has provided the required information on the process in the current situation.
Furthermore, this chapter introduced the available data for this research. Finally, this chapter provided
the relevant KPIs for this research and an initial estimation of the current performance.
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3 Theoretical Background

This chapter presents a literature study to determine which methods we can use to find a suitable
warehouse design for Scania. It consists of two main research questions which are subsequently
answered:

o  What are the possible methods for warehouse layout design?
o Which methods exist to allocate SKUs to warehouse locations?

Moreover, this chapter addresses the question of how we can evaluate the anticipated performance of
the resulting warehouse layouts with allocated SKUs. To address this, it answers the following research
question:

How should the performance of the warehouse layouts on the KPIls be measured?

3.1 The Warehouse Layout Problem

This section introduces the state-of-the-art of the literature on warehousing layout problems.
Furthermore, from the state-of-the-art, this section establishes methods which we can perform in the
case of Scania. This section addresses the following research question: “Which possible methods exist
for warehouse layout design, which ways can pallet racks be configured?”

3.1.1 State of the Art
In accordance with Baker and Canessa (2009) and Frazelle (2001) preparing possible warehouse layouts
can be done by following the following steps:

e Space requirements planning: This involves determining the space required for each zone.

e Material flow planning: The determination of the overall flow pattern (e.g., U-shape or flow-
through)

e Adjacency planning: This uses a warehouse activity relationship chart, which may form the
input for computer-aided facility layout tools.

e Process location: The split of areas by low-bay and high-bay usage.

e Expansion/contraction planning: Consideration of how the facility may be changed in the
future.

In accordance with the findings of Berg and Zijm (1999), three types of warehousing systems exist
concerning the level of automation: manual, automated, and automatic warehousing systems. In a
manual warehousing system, the order picker retrieves the articles from the racks. In the case of a
pallet unit load warehouse, this would be done using for example a forklift or reach truck to retrieve
pallets from pallet racks. In an automated warehousing system, the product is delivered to the picker
instead of the other way around, an example of this for unit-load pallet storage would be a unit-load
automated storage and retrieval system. Finally, automatic warehouses perform fully automatic order-
picking operations, which are primarily utilized for the handling of small or medium-sized items. This
approach is therefore not applicable in the context of Scania.

When utilizing traditional pallet racks in warehousing, several methods exist for the rack layout design.
The traditional pallet rack layout in conventional warehouses comprises parallel as well as traversal
aisles arranged perpendicularly. In contrast, warehouses in which the aisles are not perpendicular such
as the “Flying-V” and “Fishbone” layouts, are considered to be non-orthogonal. (Saderova et al., 2020)

3.1.2 Conventional Layout
A conventional layout also referred to as a traditional layout in some literature (Cardona et al., 2015),
is a type of warehousing layout characterized by the arrangement of parallel aisles orthogonal to the
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walls. In accordance to Gue and Meller (2009), nearly all unit load warehouses in the past used to
follow a conventional layout conformed to two unspoken design rules in warehousing:

e The picking aisles must be straight, and parallel to one another.
e |[f present, the cross aisles must be straight, and they must meet picking aisles at right angles.

Warehouses following a conventional layout for pallet supply warehouses are space efficient as they
require less space than non-orthogonal layouts having the same capacity. However, as all distances in
conventional layouts from the 1/0O point(s) toward the storage areas are rectilinear, the travel distances
for conventional layouts are inherently greater. This results in relatively lengthy pick times for unit-load
pallet warehouses. (Gue & Meller, 2009)

According to the findings of Dukic and Tihomir (2014), the optimal dimensions for a warehouse to
minimize the expected travel distance in a rectangular storage area with parallel aisles for unit-load
warehouses can be computed numerically. Given the dimensions of a storage area (l1 x b;), the width
of the main aisles (b,) and the number of storage locations per layer (Q), the optimal nhumber of aisles
(n1), optimal aisle length (L;) and area width (B:) can be computed. Equation 1 illustrates this model.

Q * by

™= 2*l1+b2

_ Qxby
2x 1y

BT= n1*2* l1+ Tll* b2
Equation 1: Model for optimal conventional warehouse layout (Dukic & Tihomir, 2014)

3.1.3 Non-orthogonal Layouts

Fishbone layout:

A so-called “fishbone layout” has two diagonal cross aisles and aisles in the lower zones are
perpendicular to the aisles in the upper zones as illustrated in Figure 7 (Cardona et al., 2015)Figure 7.
The rationale behind the fishbone layout is that it makes the distance to travel closer to the Euclidean
distance instead of the rectilinear paths in a conventional layout.

\\Q" “‘//

Figure 7: Detailed three-dimensional fishbone layout (Cardona et al., 2015)

Several studies have illustrated that the fishbone layout, in comparison to the traditional layout can
result in reduced travel distances and thus travel times, especially for unit supply warehouses.
However, fishbone layouts also require a significantly larger area for the same amount of storage
locations (Dukic & Opetuk, 2008) (Cardona et al., 2015) (Gue & Meller, 2009).

Cardona, Rivera and Martinez (2012) provide a comprehensive procedure to determine the detailed
dimensions of a fishbone warehouse layout.

Flying-V layout:
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The flying-v layout is an adapted version of the fishbone layout. The two diagonal aisles can be curved
in a flying-v layout and the upper and lower zones are no longer perpendicular as illustrated in Figure
8.

TTITTTTIT1]

Figure 8: The flying-v warehouse layout (Roodbergen, 2011)
The flying-v layout exhibits a smaller reduction in travel distances than the fishbone layout in
comparison to traditional warehouse layouts (Gue & Meller, 2009). However, the flying-v layout has
also has advantages over the fishbone layout. Access into and out of the space is easier, traffic is now
distributed over the bottom aisle as well, workers are better oriented due to similarities to traditional
warehouses, and the more intuitive numbering of locations and existing warehouses can more easily
be changed to a flying-v layout than a fishbone layout. (Gue & Meller, 2009)

Other non-orthogonal layouts:

Oztiirkoglu, Gue and Meller (2012) define several other non-orthogonal layouts that exist for unit-load
warehouses. These could further reduce the travel distances. Table 3 provides an overview of the
performance of these layout types on expected travel distances relative to the traditional layouts. In
this, a lower percentage means less travel distance. However, this does come at the cost of the area
required. In general, it holds that layouts with shorter travel distances require more area (Oztiirkoglu,
Gue, & Meller, 2012). Thus, in this case, a clear trade-off is presented providing reduced travel distance
by the implementation of different layouts, but at the expense of a larger required area.

Warehouse Performance (%)
Traditional 100
Chevron 80.47
Fishbone 8047
Leal T8.28
Butterfly 77.48
Travel-by-flight 76.52

Table 3: Travel distance performance layouts single command unit-load warehouse from Oztiirko§lu, Gue and Meller (2012)

3.1.4 Automated Storage and Retrieval System

An automated warehouse type to consider is an Automated Storage and Retrieval System (AS/RS). The
advantages of an AS/RS include the potential reduction in the number of Full Time Employees (FTE)
required, higher space utilization, and more accurate picking. However, AS/RS systems require large
investments and should thus have high efficiency to be worthwhile. Figure 9 illustrates the various
classifications of AS/RS as determined by Roodbergen and Vis (2009). Regarding the warehouse layout
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problem, an AS/RS warehouse with stationary racks has a conventional layout without horizontal cross
aisles in which the cranes move along the vertical aisles.

| AS/RSs

Handling

Crane
Movement

Movable racks

Stationary racks

Aisle Aisle Single | | Dual Single Double Mobile racks Rotating racks

captive changing deep deep {on rails) {carousel)

[ |
Person-on-board l I]:'.mj-nf'—uls]e | IUnitIuad | [I‘nllctn | IBmsl

Figure 9: Classification of AS/RS system options (Roodbergen & Vis, 2009)

| Horizontal | | Vertical |

Singbal and Adil (2019) present a multi-aisle AS/RS warehouse design methodology and approach,
which considers aspects such as storage policy, Storage and Retrieval (S/R) machine, and transfer car
type.

3.2 The SKU Storage Policy

Once the layout for a warehouse is determined, the next step is to determine the method for storing
SKUs in specific locations (SKU storage policy). This section analyzes the state of the art on the SKU
storage policy problem and from this summarizes the methods that we could perform in the case of
Scania. This section addresses the following research question: Which methods exist to allocate SKUs
to warehouse locations?

3.2.1 Random Storage

Random storage policies are the most common storage policies used in warehouses. A random storage
policy implies that items are randomly assigned to a location. Random storage ensures a uniform
utilization of the warehouse and reduction of aisle congestion (Petersen, 1999). In practice, random
storage is not purely random as operators tend to store or retrieve items from the closest locations in
the warehouses. Furthermore, companies could prioritize locations near the outbound zone to ensure
fast retrieval times from the storage locations. This is still considered random storage as there is still no
reservation of specific locations for a specific (type of) SKU. The disadvantage of random storage
policies is that they generally require more picking time as illustrated by Petersen and Aase (2004).

3.2.2 Class-based Storage

Class-based storage of SKUs within a warehouse defines the possible zones to store a certain SKU based
on its class. The most prevalent class-based storage policy for warehouse location assignment is the
ABC storage policy. This policy divides a storage area into three zones and assigns the most demanded
products to the best-located zone (Silva et al., 2022). In this classification system, A items are the most
demanded SKUs, C items are the least demanded SKUs and B items are what remain. ABC classification
follows the 80/20 rule of Pareto, which states: that class A is the mostly valued class by having 60—-80%
of the total value with 10-20% of inventory; class C with a value between 5 and 15% while having 50—
60% of inventory has the least significance among the classes. From 20 to 25% of items belonging to
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class B, values close to 30% can be achieved (Kheybari et al., 2019). In the case of a warehouse storage
policy, the values are based on the percentage of movements of each item.

Class-based storage in general requires less average picking time than random storage policies as
shown by Petersen and Aase (2004). This is because it ensures the best possible locations in the
warehouse are only occupied by fast-moving items, which ensures a high utilization of these areas.
However, as storage locations now can only be used for certain classes of SKU the utilization of locations
tends to be spread less evenly, resulting in more storage slots required to fit all the inventory.

Class-based storage can have more than only three classes. However, the findings of Yu, deKoster and
Guo (2015) indicate that an increase in classes does not mean better performance in average travel
time. For some common demand distributions, the optimal number of classes is below 5 (Yu, deKoster,
& Guo, 2015).

3.2.3 Dedicated Storage Locations / Full Turnover Policy

In a dedicated storage policy, each storage location is dedicated to a specific SKU. The benefits of a
dedicated storage policy are that items are easy to find and that the most popular items can be in the
most convenient locations. However, the dedicated storage policy does not efficiently utilize the
available space. For assigning SKUs to their dedicated locations a cube-per-order index (COl) policy can
be used to prioritize SKUs. This ranks the SKUs based on the ratio of allocated storage space to demand
ratio (Equation 2). It then reserves the most convenient locations for the items with the lowest COI
value. A dedicated storage policy following the COI prioritizing rule is also known as a full turnover
policy (Ang & Lim, 2019).

Storage space required;iem
#Storage & retrieval transactionsitem

COlitem =

Equation 2: Cube-per-order index

3.2.4 Mixed-shelves Storage

As described by Xie, Li and Luttmann (2023) and Rasmi, Wang and Charkhgard (2022), a mixed-shelves
storage policy has been applied in large-scale facilities of e-commerce companies. This storage policy
distributes items of the same SKU over the locations. This ensures that there is always an SKU of that
type close by for picking. Within shelves thus items of multiple SKU types are stored for this policy. This
storage policy can reduce travel distance for order-picking operations, as the chance for large travel
distances is reduced through the scattered locations.

3.3 Performance Measurement of Warehouse Designs

The previous sections of the literature review establish methods to provide several warehouse designs
for the new situation. The performance of each of the designs needs to be measured, while no real-
time measurement of these new warehouse designs is possible. Therefore, this section provides an
overview of the state of the art regarding performance measurement of the warehouse designs. By
doing so, this answers the research question: How should the performance of the warehouse layouts
on the KPIs be measured?

3.3.1 Analytical Models

The expected performance of warehouse designs can in certain cases be measured analytically, Gu,
Goetschalckx and McGinnis (2010) provide an overview of performance measurement methods used
in several types of warehouses. Among these, several methods from the literature are given for unit-
load AS/RS or conventional multi-aisle warehouses under storage policies, which can theoretically be
implemented for this research.
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The mentioned methods mostly use queuing models to evaluate the performance of several
warehouse designs. A queuing network can evaluate waiting times, handling times, and other
performance measurement metrics assuming distributions for processes (Heragu et al., 2011).

3.3.2 Monte Carlo Simulation

According to Law (2014), in simulation, a computer is used to evaluate a model numerically, and data
are gathered to estimate the true characteristics of the model. Based on this the behavior or
performance of the system can be analyzed.

A Monte Carlo simulation model estimates the performance of a system under uncertainty by drawing
random numbers from input distributions. Monte Carlo Simulation assesses the performance of a
system based on a certain set of input parameters analytically. In Monte Carlo simulation there is no
time dimension and thus a static model is in place.

A Monte Carlo simulation model can be used in travel time models to assess performance regarding
warehouse designs. Such as done for an AS/RS in Azzi et al. (2011).

3.3.3 Discrete Event Simulation

Another type of simulation model that can be used to estimate the performance of warehouse designs
is a Discrete event simulation model (DES). A discrete event simulation model changes state variables
simultaneously at separate points in time, by the timing of events being characterized by uncertainty
(Law, 2014). DES can be used to model uncertainty with the inclusion of time dimensions (dynamic
model).

DES is frequently used to model the expected performance of warehouse design. Most research on
warehouse simulation uses Discrete-event simulation to model the operations of a warehouse (Giille
& Hegmanns, 2014). Using a DES model enables performing experiments to evaluate, analyze and
determine the solution parameters (Saderova et al., 2022). DES compared to Monte-Carlo simulation
is different in that it enables dynamic modeling rather than a static model meaning a DES model can
model the changes of the system over time.

A specific type of discrete event simulation (DES) is an agent-based simulation. In accordance with Law
(2014) this is a bottom-up modeling approach driven by the smallest entities. In an agent-based
simulation approach, the entities actively interact with each other and their environment. The agents
in this simulation approach act without needing constant external inputs, this can be useful to simulate
behavior.

3.4 Literature Gap

The theoretical background shows a broad range of literature exists on whether to use AS/RS or
traditional warehouses, what layout design to use, and which SKU storage policies to use. This thesis
aims to combine existing methods from literature and compare a range of combinations of warehouse
type, layout, and storage policies. Using a discrete event simulation model, the combinations are
compared on the performance measurement system from which recommendations are made.

Table 4 shows there is a range of existing literature that covers this topic partially for manual
warehouses. This table provides an overview of the found existing literature comparing the existing
methods. Some of the literature also evaluate different methods for real cases at companies. However
as far as we know there is no research found that compares the performance of all the provided layouts
and storage policies in a real situation using DES. This research thus differentiates by analyzing the
performance of the provided options for a real problem.
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Literature on manual warehouses
Paper Warehouse layout SKU storage policy Method for performance
design measurement
(Derhami, Conventional layout | Random allocation policy | Discrete Event Simulation (DES)
Smith, &
Gue, 2020)
(Saderova et | Fishbone and - -
al., 2020) conventional layout
(Heragu et | None only Classification in four flows | Analytical performance
al., 2005) dimensioning of measurement
departments
(Macro & | Conventional layout | Mixed allocation model Discrete event simulation (DES)
Salmi, 2002)
(Zaerpour, Conventional layout | Random, class-based, or Analytical performance
de Koster, & full turnover-based measurement (Queuing network)
Yu, 2013) allocation policy
(Yener & | Conventional layout | Class based storage policy | Discrete event simulation (DES)
Yazgan,
2019)
(Pohl, Flying-V, Fishbone Random allocation and Analytical performance
Meller, & | and conventional turnover-based allocation | measurement (based on travel
Gue, 2011) layouts distance)
(Esmero et | Flying-V, Fishbone - Discrete event simulation (DES)
al., 2021) and conventional
layouts
(Sueters, Conventional layout | Random allocation and Analytical performance
2023) Class based storage measurement (based on travel
distance)
This thesis Conventional, Random, allocation, class- | Discrete event simulation (DES)
Flying-V, & CPU based allocation, or
based layout combined allocation
policy

Table 4: Existing literature on topics covered in this thesis

Furthermore, as far as we know, the CPU-based warehouse design method, which Section 4.1.4
describes, is a new method not earlier analyzed in the literature. This research will contribute to the
literature by introducing this new method and analyzing the performance of this method. Finally, this
thesis differentiates from the existing literature mentioned by not only considering the performance

within the warehouse, but also the supply from the warehouse towards the production area.

This chapter provided methods for warehouse design and storage allocation based on the existing
literature. Furthermore, it introduces methods to evaluate the warehouse performance based on the
literature. Chapter 4 and Chapter 5 uses the findings from this chapter to find the solutions and to
establish the performance measurement system. Finally, this chapter also illustrated the potential value
of this thesis for literature, this is done by providing the existing literature gap addressed by this

research.
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4 Solution Design

This chapter describes the solutions for the warehouse design problem in Scania’s case. Based on the
findings from the literature this chapter provides options for the warehouse layout and SKU storage
policies. Additionally, this chapter describes the options for transport to the production area. Based on
the described options, this chapter concludes by providing the combinations of decisions (the
solutions), that the simulation model analyzes.

4.1 Options for Layout Design

From the literature in Section 3.1, there are two main layout types for manual warehouses:
conventional layouts and non-orthogonal layouts. The literature review showed that the non-
orthogonal layouts reduce travel distance at the cost of a larger required area. This trade-off is similar
for each of the non-orthogonal layout types. Therefore, this thesis will focus on a simple
implementation of a non-orthogonal layout (the flying-V layout) to indicate the expected benefits of a
non-orthogonal layout. Furthermore, this thesis will analyze two conventional layout options (with or
without dedicated half-euro locations) and finally introduces a layout using a new methodology for
warehouse design (the CPU-based layout). Before designing the layouts firstly, the capacity
requirement needs to be determined.

4.1.1 Required Capacities

The warehouse is split into three sections, to determine the required capacity in the layouts. These
sections are the inbound zone, the outbound zone, and the storage area. For the capacity requirement,
this thesis assumes that the current capacity available would also be the capacity in the new situation.
Therefore, we use the current capacity available, as for Scania there is no need to optimize the capacity
for the data available. This is due to uncertainty, regarding future demand.

Required pallet locations:
This thesis uses the base capacity of the current situation for the required pallet locations. Following
the standards for pallet racks at Scania Production Zwolle, each storage location in our model is 2.8
meters wide and 1.3 meters deep. These locations can store three (half) euro pallets or a smaller
number of larger pallets.

In the current situation, there is a capacity of 630 pallet rack locations per layer and there are 190 floor
stacking slots for fast movers. Thus, for the capacity requirements, two cases exist, one case with pallet
racks and floor stacking slots and one case with only pallet racks.

The number of pallets per layer required if only pallet racks are used given the same capacity as
currently available is 756. If space for both pallet racks and floor locations should be reserved the
capacity per layer to be considered would be 820.

4.1.2 Conventional Layout

To find the optimal dimensions given the required capacity in a conventional layout warehouse, the
model as described in Section 3.1.2 can be used. This model minimizes travel distance by making the
distance from the outbound point equal on all sides. Within the conventional layouts, there are no
ground locations but only pallet racks. Furthermore, we design two distinct types of conventional
layouts. Conventional layout case 1 only has pallet locations of 1.3 m deep and 2.8 m (three (half) euro
pallets or a smaller number of larger pallets) wide. Conventional layout case 2 also has these pallet
locations in addition to specific locations for half-euro pallets, these locations are 0.65m by 2.8 and can
only fit three half-euro pallets per location.
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Case 1:

The current capacity of 756 pallet slots on the base layer, needs to be adjusted to the new height
dimension in the Y-building. As the pallet racks in the Y-building can be 1.5 (nine instead of six meters)
times higher the storage density (per m?) of pallet racks is also 1.5 times higher in the new situation.
Thus, in the Y-building 504 pallet slots per layer are required instead of 756. By following the model in
3.1.2. we create an initial layout with sixteen aisles of sixteen slots per aisle (see Equation 3). Appendix
E.1. contains a visual representation of this layout.

Qxby | 504x28

= ~ 16 aisl
2% L +b, 2+ 13+3 astes

ny =

Q+b, 50428
L, = =

=2 - 2+16 = 44.1 = 16 slots per aisle

Equation 3: model of 3.1.2 worked out to derive conventional layout

Case 2:

For the half-euro pallet slots instead of 2.6 meters per pallet rack we reserve 1.3 meters per pallet rack
so one half-euro pallet fits on both sides. This option reserves space for 310 normal pallet locations
and 195 half-euro pallet slots. To find the layout in case two, we consider another parameter, which is
the number of half-euro racks. The new layout with dedicated slots for half-euro pallets has a total of
fifteen aisles with seventeen slots per aisle, consisting of six pallet racks for half-euro pallets and nine
pallet racks for the remaining pallets. This case has a reduction in the area required of 386.96 m?
(9.64%) compared to the layout of case one. Appendix E.1 contains a visual representation of this
layout.

For this layout all half euro locations are located on one side of the building. Having the half euro aisles
spread over the warehouse might reduce the average travel distance to pick up pallets. However, due
to convenience regarding pallet intake having half euro locations together is beneficial for Scania. The
current situation also follows this logic.

4.1.3 Flying-V Layout

For the Flying-V layout this thesis only considers the case consisting of pallet locations of 1.3 m deep
and 2.8 m wide. If the performance of the Flying-V layout provides significant benefits based on this
thesis, Scania can further research a Flying-V layout for the second case with half-euro slots included.

For the Flying-V layout to determine the angle of the diagonal aisle, we consider the dimensions of a.
As the pallet racks in a Flying-V, have an offset of one slot the angle the diagonal cross aisle follows can
be calculated by slot depth / slot width. Using this we calculate the number of slots skipped (at
which height the diagonal starts for the next rack). Calculation of the number of aisles and aisle lengths
uses the same principles as in Section 4.1.2. However, now for the aisle length an additional slot width
and aisle width are added. The distance between the slots needs to be an aisle width wide at any point.

Using this logic for a capacity of 504 slots and the given slot dimensions, the Flying-V layout would
consist of fifteen aisles and seventeen slots per aisles. Compared to case 1 of the conventional layout
an additional 791 m? would be required for the Flying-V layout (19.7%). However, this layout should
reduce the average travel distance and thus the performance of the warehouse on average throughput.
Appendix E.2. provides a visual representation of this layout.
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4
SCANIA \

4.1.4 CPU-based Layout

This novel method for warehouse design is inspired by the design of a central processing unit, further
referred to as a CPU. A CPU consists of dedicated and shared cores. This can be translated into
warehouse design as dedicated storage locations (one SKU per location) and shared space (space
reserved for all SKUs), the CPU-based warehouse design follows a combination of the dedicated
allocation policy and random allocation policy. This consists of allocating SKUs firstly to dedicated
locations (if available) or otherwise to the shared locations. This allocation policy is further referred to
as the combined allocation policy. The dedicated storage locations consist of the following types of
sections:

e P-Sections (based on the P-Cores of a CPU) are sections that are specialized for performance.
These sections should offer the lowest handling times. In these sections, fast-moving SKUs are
stored to ensure high utilization of these sections. This will ensure fast inventory turnover at
these locations.

e E-Sections (based on the E-Cores of a CPU) are the sections that are specialized for space
efficiency. In these sections’ slower moving SKUs are stored which are exactly fitted to a slot.
This ensures high space utilization and a lower inventory turnover in these sections.

Furthermore, the shared storage is the S-Sections (based on the shared cache of a CPU). For these
locations no dedicated SKUs should be allocated. Any item without a dedicated storage location is
stored here and if dedicated storage is full SKUs with a dedicated storage location are also stored here.

Based on the CPU layout of the Intel Core i5 series Processor (see appendix C) the block layout as
illustrated in Figure 10 was made. We chose this processor as it mimics a flow-through warehouse
focused on high-performance areas near the outbound zones, which is like how the process could look
in the new building. This block layout provides a basis for the warehouse layout of the CPU-based
approach.

El E2

S-section

Outbound

E3 E4

Figure 10: CPU microarchitecture-based block layout

Now we introduce the practical implementation of this new method for warehouse design in the case
of Scania. As the CPU-based layout consists of three categories of storage locations, dedicated high-
performance storage locations (P-sections), shared storage locations (S-sections), and space-efficient
storage locations (E-sections). The movements within the warehouse are split up into their respective
pack type(s) and based on the number of pallets of each type to be handled are given a class. Three
flow types exist for the CPU-based layout:

e Flow 1: The item moves from inbound to the P-section if a slot is available else moves to the S-
section, used for A-items.
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e Flow 2: The item moves from inbound to the E-section if a slot is available for the item else
moves to the S-section, used for non-A-items with a height smaller than four pallet collars.

e Flow 3: The item has no dedicated slot and always moves to the S-section, used for non-A-
items with a height of minimal five pallet collars.

P-sections:

The P-sections requiring quick storage and retrieval operations, consist of ground stacking locations as
these have shorter handling times. For the ground stacking locations, there is a maximum height of
twenty-four pallet collars.

E-sections:

In the E-sections standard pallet racks are used, these pallet racks will be nine meters high and have an
adjusted dedicated height of storage locations to the different pallet types. This way high space
efficiency can be achieved in the E-sections. In the E-sections, ten to twelve pallets can are stored in a
slot for one pallet in a nine-meter-high rack.

S-sections:

In the S-sections the same rack types as in the E-sections will be used, the height of the storage
locations will instead be adjusted to the larger pallet types so all pallets can be stored within the S-
sections if needed. Within the S-sections, six pallets per pallet slot per rack can be stored.

For the practical design of the CPU-based layout, we assume that the E-sections make up the capacity
loss caused by the S-sections and thus the layout is based on the current capacity of the warehouse.
The layout design follows the structure of the CPU provided in Appendix C, and thus approximately
thirty-three percent of the space is reserved for each section type. The E-section consists of racks for
euro pallets and half euro pallets to ensure high space utilization.

The CPU-based layout has two variants, firstly there is the variant that follows the structure of the CPU
provided in Appendix C as closely as possible. The second variant has larger but fewer P-sections and
E-sections. Furthermore, this option has shorter but more S-aisles. This alternative shifts the layout
more towards a square and offers a reduced required area. However, the expectation is that this
alternative would have higher throughput times due to the decrease in P-slots and larger travel
distances to the P-sections and E-sections. Appendix E.3. provides a visual representation of the
resulting layouts.

4.2 SKU Storage Policy

Based on the findings in Section 3.2, from the existing literature we identified four main methods for
SKU storage allocation. These storage allocation methods are a random storage policy, a class-based
storage policy, a full turnover-based storage policy, and a mixed-shelves storage policy. As at Scania,
the number of distinct types of items is too large to consider a full turnover policy, a full turnover-based
policy with dedicated spaces for each item would require too many item locations. Furthermore, a
mixed-shelves storage policy is not applicable as unique pallets are requested at the warehouse for an
order. So instead of a type of pallet, a specific pallet within the warehouse is ordered. This thesis will
therefore not analyze the full turnover policy or mixed-shelves storage policy. Instead, this thesis will
focus on the random and class-based storage policy. Furthermore, the CPU-based layout requires a
combined allocation policy fitted to this type of layout.

4.2.1 Random Storage

A random storage policy in this case would store incoming pallets in the best slot that is available then.
Upon initialization of an experiment for each slot within the warehouse, the expected time to retrieve
a pallet from the slot is calculated, based on which the locations are ranked in ascending order. Once a
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new pallet comes in the heuristic then searches for the best available location, where the pallet fits.
Appendix D.1. contains a pseudo code for the implementation of this random SKU storage policy.

4.2.2 Class-based Storage Policy

As explained in Section 2.4 our model does not need to consider all possible SKUs on item level, as
there are no items requiring specific storage conditions for Scania. Our model will however differentiate
items between the different pack types. The pack type in this case defines the type of pallet in which
Scania stores the product. Appendix B contains an overview of the pack types for Scania.

In the class-based storage policy, first we need to classify the different pack types. For class-based
storage the optimal number of classes lies below five for some common demand distributions and
more classes does not mean better performance as earlier established in Section 3.2.2. Therefore, this
research focuses on a simple three-class-based ABC storage policy.

The ABC classification starts by splitting up the pallets into the pack types that can arrive at the
warehouse. Based on the average number of movements per pack type per day we classify these
following an ABC classification. In this, pack types causing up to 80% of the movements are classified
as A-items, pack types causing 15% of movements (up to 95% cumulative) are classified as B-items, and
the remaining 5% is classified as C-items. Section 2.4 already illustrated the resulting Pareto
distribution.

For the classification of the available slots within the warehouse, the simulation model uses the
number of slots to reserve for each class as input parameters. The model then sorts (ascending) the
available slots based on the expected time to retrieve a pallet from the slots. By looping over the
available locations, we first add locations to class A (until the required number of A slots is reached)
then to class B, and finally to class C.

The model adds the newly arriving pallets to the best possible location (shortest expected time to
retrieve) in the class that corresponds with the classification of the pallet. Appendix D.2 illustrates a
pseudo code for the implementation of this class-based SKU storage policy.

4.2.3 Combined Allocation Policy

The CPU-based layout uses a combined allocation policy to allocate the SKUs to the storage locations.
As explained in Section 4.1.4 the CPU-based layout contains dedicated zones for either performance or
space efficiency, as well as a shared space for the SKUs which cannot be stored in the dedicated
sections.

The combined allocation policy first checks whether dedicated slot(s) exist for the pallet and checks
whether there is enough space for the pallet in one of the slots. If this is the case the pallet it allocates
the pallet to this slot. If that is not the case it allocates the pallet to the shared area.

The storage locations are classified in the combined allocation policy beforehand. Thus, for all the
storage locations already has been determined whether it is a dedicated location and if so for which
pack type or whether it is a shared location. The locations per type of location are ranked based on
expected retrieval time in an ascending manner.

Upon arrival of a new pallet, the policy checks the type of flow assigned to the pallet. If the pallet this
is a dedicated flow (assigned to a P-section or assigned to an E-section), the policy assigns the pallet to
the best fit dedicated location based on expected retrieval time. If the pallet assigned flow is a shared
flow or no fitting dedicated location is found, the policy assigns the pallets to the best-fit shared
location. Appendix D.3. provides the pseudo-code, which provides a basis for the implementation of
the combined allocation policy.
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4.3 Transport Options Toward Production Area

This section provides an overview of the possible methods to transport the pallets from building Y
towards the production area. Scania has provided three options, which this thesis further analyzes.
These consist of one option using only pallet trucks and trailers, and two options involving lorry
transport next to pallet trucks and trailers.

4.3.1 Pallet Trailers and Pallet Truck

The first option for transport towards the production area is the same transport method as in the
current situation. By using a combination of pallet truck and trailer as explained in Section 2.2 pallets
are transported directly to the delivery zones. To adapt this transport method for transport from
building Y, Scania is considering making use of a bridge for transport towards the production building.
This is a necessity as regulations do not allow the pallet truck and trailer combinations to move across
the public road otherwise. This solution would require a significant investment, which this thesis will
not disclose.

In this situation the pallet trucks move across the bridge toward the production area, and after
delivering the full trailer, the pallet trucks pick up a trailer with empty pallets and returns this across
the bridge. It then moves the trailer with empty pallets to the pallet breakdown after which it brings
back a trailer without pallets to the Y-building and restarts the cycle by picking up the next full pallet
trailer. Figure 11 provides a visual representation of the main movements between areas, the green
symbols illustrate the flows making use of the pallet truck and trailer combinations.

Old building

Péllet breakdown

Public road

. |
, O L ) ) ) ) —— — Y-building

Figure 11: Visual representation of new situation flow 1 pallet trucks and trailers
As there is no congestion on the bridge (at least not to the extent that it would affect travel times), the

additional time required for the pallet trailer because of crossing the bridge can be calculated by
bridge length

- . This time is added for the delivery flow as well as the return flow. The bridge length
pallet trailer speed

would be approximately 110 meters, while the pallet truck and trailers move across the bridge at a

speed of 25 km/h or 6.9444 m/s. Thus, the additional time would be 6224

~ 16 seconds.

4.3.2 Lorry Transport

The second option this thesis analyzes is to use lorries for transport towards the production areas.
Scania uses this method for the items currently stored in the Y-building. This option consists of loading
the items in lorries and moving them toward the production facility, where the items are unloaded and
will be brought to the delivery zones using pallet trucks and trailers. The pallet trucks and trailers in
this option perform their route internally within the production area. This consists of delivering full

UNIVERSITY 24
OF TWENTE.



/
SCANIA \

trailers towards the delivery zones, bringing the trailers with empty pallets towards the (old) pallet
breakdown location, and returning an empty pallet trailer towards the arrival point of the lorries within
the production area. Scania considers placing the arrival point of the lorries at two distinct locations,
either close by the Y-building (flow 2a) or at the pallet breakdown (flow 2b). For the unit load pallet
process, a lorry for this process has a capacity of seventy-five m® assuming an average fill level of 80%
per lorry. Figure 12 and Figure 13 contain visual representations of the main movements between
areas. In this blue represents the movement of the lorries, whereas green represents the movements
of pallet trailer and truck combinations.
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Figure 13: Visual representation of new situation flow 2a using lorry transport
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Figure 12: Visual representation of new situation flow 2b using lorry transport

4.4 Overview of Solutions

For the options within the warehouse, this thesis has found seven possible solutions. This thesis
analysis these solutions as well as the current situation, to find the most promising solutions regarding
the internal warehouse performance based on the KPIs. Table 5 provides an overview of the solutions
analyzed for internal performance. Each solution has an assigned number and a caption describing

what the solution contains.
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Warehouse options
Solution Layout Storage policy
1: Current situation (benchmark) Current layout Current allocation policy
2: CPU based approach CPU based layout|Mixed allocation policy
5: Conventional C1 + Random Conventional Random storage policy
6: Conventional C1 + ABC Conventional Class based storage
5: Conventional C2 + Random Conventional Random storage policy
6: Conventional C2 + ABC Conventional Class based storage
7: Flying-V + Random Flying-V layout |Random storage policy
8: Flying-V + ABC Flying-V layout |Class based storage

Table 5: Solution options within the warehouse

After the we identify the most promising solutions for the internal warehouse decisions, for the best
solutions, we implement the possible decisions concerning transport towards the production area. For
each of the most promising solutions, the three different flow types described in Section 4.3 are
analyzed and compared with the current situation. Figure 14 illustrates the steps followed to run all the
required experiments.

Select most Test the three
promising options possible supply Write the
based on internal methods for the comparison and

warehouse most promising recommendations
performance solutions

Run one experiment for the Test the seven
current layout, storage provided options

allocation policy and supply for layouts and
method storage policy

Figure 14: Experiment setup

This chapter introduced the possible solutions for warehouse design and storage policies. Furthermore,
this chapter introduced the supply options from the warehouse towards the production area. The
performance measurement system described in Chapter 5 will analyze the performance of these
established options using the provided experiment setup in Figure 14.
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5 Simulation Model

This chapter describes the simulation model used to model the real-life processes, to compare the
different solutions and the current situation. It introduces the conceptual model of the processes
within the simulation model, describes the in and outputs of the model, and finally validates the quality
of the model by comparing the model to the real situation.

5.1 Conceptual Model

The findings in Section 3.3 illustrate three main approaches for the performance measurement of the
warehouse designs from the literature. These are analytical models, Monte Carlo simulation, and
discrete event simulation (DES). Due to the complexities and large scale of this problem, the warehouse
design performance cannot be measured analytically. Furthermore, as the situation in the warehouse
changes over time the static nature of Monte Carlo simulation makes this an unviable method. Thus,
this thesis uses discrete event simulation to measure the performance of the warehouse designs.

Furthermore, within discrete event simulation, we identified a specific type of discrete event simulation
which applies bottom-up modeling to model the behavior of the smallest entities. This method is called
agent-based simulation. However, Agent Based simulation should in this case not be applied as
behavior is not an important aspect to consider for the warehouse layout. This thesis implements the
discrete event simulation model in the software Tecnomatix Plant Simulation 16.1 by Siemens.

This section introduces how the process is modeled in the software. Firstly, it identifies the model’s
scope to determine to which extent the processes should be modeled. Afterward for the main
(sub)processes it explains the logic in which these are modeled.

5.1.1 Scope of the Model

The goal of the simulation model is to estimate the internal performance of the warehouse to find how
quickly the orders of pallets can be prepared for the production process given the required number of
full-time employees and the space required. Thus, the internal warehouse logistics fitted to the type
of warehouse, warehouse layout, and storage policy should be simulated in detail.

Furthermore, to see how the warehouse relocation affects the performance of the supply process
towards the production area. We also simulate the logistic supply processes; this requires a lower level
of detail. This is because the goal is to provide an indication to support decision-making, rather than
optimizing the process in detail. We simulate the possible options for the flow of the pallets toward the
production area by distributions of the travel times for the flow types.

5.1.2 Simulation of the Warehouses

The generic logic the simulation model follows for the internal processes in the warehouse is similar
for each of the possible warehouse layouts it analyzes. The only differences between the models are
differences for the routing logic implemented. This section describes the logic of how the internal
warehouse processes are implemented in the simulation model.

The inbound process:
The inbound logistics process is defined as the process from the moment pallets arrive at the

warehouse until the pallets are stored in a pallet rack. In the current situation, pallets arrive at the
warehouse in trailers, after the trailers arrive the pallets need to be unloaded by reach trucks, this takes
up some processing time. In the simulation model, a source generates pack types based on an
interarrival time following the distributions of the pack types.
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After the pallets are unloaded, they need to be moved towards a storage location. To do so it uses one
of the SKU storage policies described in Section 4.4 to assign the pallets to a storage location. In the
warehouses reach trucks transport the pallets toward the pallet racks, the reach trucks first route
toward the pallet pick-up point, to pick up an inbound pallet. If there is a larger queue of inbound
pallets, the reach truck picks up as many pallets as it can based on the capacity of nine pallet collars.
The model is three-dimensional, and the fork of the reach truck moves to the correct height to drop
off pallets. This process thus considers the handling and movement times of the process. After dropping
off the pallet the reach truck brings the next pallet to the assigned destination of the pallet. If the reach
truck is empty, it returns to the pick-up point to pick up the next pallet(s). For all movements, the reach
trucks always take the fastest allowed route. Figure 15 illustrates the logic the inbound reach trucks

follow upon arrival at a destination.
On destination
event

Wait until pallet
arrival

Y

Is the
destination the
pickup point

Are there
pallets in queue at
pickup point

Pickup first
fitting pallet from |«-Ye U”‘Dﬂl'li Pa:k‘l‘l to
pickup point pallet slot

more pallets fit
on reachtruck (height <=
9) and are more pallets in
queue at pickup
point

Is reachtruck empt ~
Pty No

Take the fastest

Take fastest route to the

route to the
pickup point

desination of the
next pallet

Sort pallets based
on destination
location (left to

right)

Take fastest
route to first

pallet destination

» Endevent )=

Figure 15: inbound reach truck on destination event

The outbound process:

For the outbound process, every twenty-five minutes an order for a delivery zone arrives in the
warehouse for an X number of pallets. In the simulation model, the number of pallets follows a normal

distribution. To determine which pallets, need to be retrieved the simulation model generates this
random from the inventory at that moment. For this, the probability of generation of each pallet
depends on the pack type frequencies as provided in Appendix B.

Reach trucks also retrieve the pallets from storage locations in this process, there are dedicated reach
trucks for the outbound process which are not used in the inbound process. After moving a pallet to
the outbound location, a reach truck either starts picking the next pallet of that order, moves on to the
next order, or waits until a new order arrives. Upon arrival at the outbound zone the next route is
already determined. It routes the fastest route to retrieve the first pallet from storage, upon arrival at
the storage location the fork moves to the correct height to pick up the pallet, after returning the fork
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to floor level the forklift routes back to the outbound location if no more pallets are to be picked up in
that route. If still pallets remain to be picked up within the route, the reach truck moves towards the
next nearby pallet to pick this pallet up. Figure 16 illustrates the logic a reach truck follows upon arrival

at a destination.
On destination

Pick assigned Is the
pallet from pallet |«—No. destination the point Y
slot of delivery ?

Unload all
pallets from the

reachtruck at the
point of delivery

Are all the pallets of
the order delivered?

No-

Are more
pallets assigned to
be picked up by this
reachtruck?

Are there
pallets of the arder
which are not currently
being picked?

Create pallet
trailers to be
picked up by
pallet truck

Are
there any
unfnished orders in
queue?

Store the
internal
throughput time
of the order

No

! |

A, Assign next not
finished order to
reachtruck

Wait until new
Take fastest order arrives

route to location

Take fastest
route to the point
of delivery

of the next pallet

Assign first
unassigned pallet
from sorted
orderlist to
reachtruck

Does the
reachtruck still have
capacity for the next pallet
on the orderlist?

Take fastest
= End event route to location
of first pallet

Figure 16: outbound reach truck on destination even

Routing Logic:
To determine the order in which the pallets are delivered to the storage locations or retrieved from the

storage locations, the pallets are sorted based on the storage location of the pallet. This sorts the pallets
based on their position within the warehouse so reach trucks pick up/deliver the pallets from left to
right. After dropping off or picking up a pallet, it calculates which route is the fastest towards the next
destination and thus always takes the shortest possible route towards the destination.
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Figure 17 provides a snapshot of the visual 3-dimensional model in action. As this figure shows, the
warehouse is filled with pallets, the outbound reach trucks (in blue) retrieve these pallets from the
warehouse. The inbound reach trucks (in orange) bring the pallets into the warehouse.

Figure 17: Snapshot of the 3D simulation model for the current situation in Tecnomatix Plant Simulation
5.1.3 Simulation of the Pallet Supply Process
Section 4.3 introduced the possible transport options from building Y towards the production area.
Within these options, we can identify two process types. This section explains how the simulation
model simulates these processes.

Pallet truck and trailer flow:

The current situation, as well as each of the proposed transport options in Section 4.3 uses the pallet
truck and trailer transport method. Within the simulation model, this process is modeled by three sub-
processes. Firstly, there is the process of the pallet truck delivering the pallet trailers to production,
after finishing this process, the model registers the end time to measure the throughput time KPI. The
second process is the flow of moving a trailer with empty pallets toward the pallet breakdown. After
this, the third process can start, which moves an empty pallet trailer from the pallet breakdown toward
the warehouse. This results in the return of a pallet trailer and the availability of the pallet truck for a
new delivery. If no delivery is prepared yet, the pallet truck will wait until one is available to start the
process again. The time required for these processes is randomly distributed following a triangular
distribution as further explained in Section 5.2.1. For the current situation and solution 2a (see Figure
12) the base distribution is used, for the case with a bridge (solution 1 see Figure 11) the base
distribution is used with an additional time for crossing the bridge. Solution option 2b (see Figure 13)
combines visiting the pallet breakdown and returning an empty trailer (as the location of the empty
trailer drop-off and the pallet breakdown is the same) thus one step is removed from the return
process, meaning that the empty pallets can be returned immediately after delivering the full pallet
trailer.

Lorry transport flows:

For each of the lorry transport flows defined in Section 4.3.2, the process consists of three steps. The
loading process (done at the warehouse level and incorporated within the simulation model of the
warehouse), the transport process and unloading process at the production facility, and the return
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flows. After the finishing, the first two steps, a list of pallet trailers is ready for pickup by the pallet
trucks. Within the simulation model, the steps are modeled as simple processes with a given
distribution (again triangular distribution see Section 5.2.1.) for the duration of the process step. For
the transport and return flow step, the model differentiates between the two possible options in
Section 4.3.2.

5.1.4 Other Model Assumptions

The model assumes constant reach truck driving speed without acceleration. Furthermore the model
does not include traffic interactions, meaning that reach trucks do not need to have to wait for any
traffic within the warehouse and can always take the fastest route to their (next) destination.

Reach trucks within the warehouse handle incoming pallets first in first out. Also, incoming orders are
handled first in first out, once a reach truck has finished its part of an order it checks whether there are
still pallets to be picked up for that order, and if not, it moves on / waits until the next order. Within an
order a reach truck starts with the first pallet on the list, it then checks whether it can pick up the next
pallet of the order within the capacity left. If it fits the pallet is added to the list of pallets to be picked
up by that reach truck, it does this until the reach truck cannot pick up more pallets. Most of the time,
a reach truck can pick up one to three pallets depending on the pallet dimensions.

5.2 Inputs for the Simulation Model

This section gives an overview of the inputs of the simulation model. This section separates the inputs
in inputs for the processes modeled from the real situation as well as input parameters for the solutions
analyzed.

5.2.1 Input Distributions

This section introduces how the simulation model models the main processes (which follow
stochasticity). For this, we consider the pallet arrivals, the pallet orders from the production lines, the
handling time of pallets and the supply deliver times.

Pallet arrivals:

Regarding pallet inflow of the current warehouse (old building), the number of pallet arrivals and
departures over a day is used to derive the interarrival times. Several statistical distributions for the
interarrival times are tested and compared to the measured values. The best fitting distribution of the
distributions we tested for the pallet arrival and departures from the warehouse is a Log-normal
distribution (see appendix F.1)

A Chi-Square test checks whether a Log-normal distribution is a fitting distribution for the data. As seen
in Appendix F.2 the test statistic (X?) is smaller than the Chi-Square value for a 95% confidence level
and fifteen degrees of freedom. Thus, on a 95% confidence level, we cannot reject the null hypothesis
(Ho), so we assume a Log-normal distribution for the pallet in and outflow.

Pallet orders:

For each pallet truck, pallet orders come in at a deterministic interarrival time of twenty-five minutes,
this is because every seventy-five minutes an employee scans all empty locations for a production zone
to determine the order from the pallet warehouse. Each truck consists of three locations for which
orders the pallet truck handles the order. Thus, an order arrives at the warehouse for the three pallet
trucks every twenty-five minutes. For this, we assume no interruption in the downstream process of
pallet consumption at production and the scanning process. For the number of pallets within the order,
we assume a normal distribution based on previous findings from Scania.

Pallet handling times (internal warehouse process):
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For pallet retrievals from storage by reach truck, there are some handling times to consider. For these
handling times, this thesis uses real-time measurements to determine these values. A few steps that
have handling times are picking up a pallet from the inbound zone, moving the pallet in/out of the
pallet rack, checking the pallet label, and loading a pallet on a pallet trailer. For these steps, we assume
constant handling times within the model which are different for floor storage locations and pallet
racks. The steps of moving the reach truck fork up/down are not included as this is modeled based on
the height change and fork speed within the simulation model.

Delivery times pallet supply process:

As for the pallet delivery process, there is a lack of available data, the approach followed is to use expert
opinion. In accordance with Law (2014) and Standridge (2013) in case there is a lack of data available
for some process steps in simulation a triangular approach can be used. This requires the minimum,
maximum, and modus (most common value), from which we implement a triangular distribution in the
simulation model. Thus, for the delivery times of the pallet supply process steps, we asked the
corresponding supervisors (who assumingly have the most knowledge of the subject) what based on
their expertise the minimum time required, the maximum time required, and the most occurring
approximate duration for that situation would be. The simulation model uses these values as the input
values of the triangular distributions.

5.2.2 Input Parameters
Besides the layout generated and the corresponding pallet supply process chosen the following input
parameters are also determined.

Number of reach trucks:
The simulation model enables adjustment of the number of in and outbound reach trucks, this directly
affects the KPI required number of FTE.

If the number of inbound reach trucks is too low pallets overflow the inbound warehouse, the model
then stops running and the solution is thus infeasible. As the number of inbound reach trucks does not
influence the other KPlIs, we chose the minimum number of reach trucks for a feasible solution.

An increase in outbound reach trucks affects the warehouse throughput time. More outbound reach
trucks mean orders are finished quicker at the cost of a larger amount of FTE required. The model tests
the performance of the warehouse against six different options for the number of outbound reach
trucks. This illustrates the trade-off between FTE requirement and throughput time for a warehouse
layout.

Height configurations per pallet rack:

To determine which pallet types can be stored in which slot, all pallet slots have a maximum allowed
height for pallets. In the simulation model to simulate the current situation, each aisle has a height
configuration that approximates the real situation with the pallet slots in that aisle.

The goal of this thesis is not to optimize the exact height configurations of each slot. Thus, the proposed
layouts have one standard height configuration. Each aisle (consisting of two pallet racks) has the same
configuration, in which for the left and right racks a different slot height per store level is determined.
This standard configuration is based on the pallet frequencies and is different for hallways that consist
of euro slots and half-euro slots.

Percentage of slots reserved per class type:
In the case of a class-based allocation policy, the input parameters Percentage A-slots and Percentage
B-slots determine which percentage of storage locations to reserve for each class. From this, the model
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derives the number of storage locations of each class type, the initialization procedure of a class-based
allocation policy uses these values (as seen in Appendix D).

The percentage of slots to reserve for each class affects the performance of the warehouse for a class-
based policy. If too many slots are reserved for A and B-class items, the warehouse lacks flexibility as
lower-class items can be stored in less available locations. However, if too few slots are reserved for A
and B class items, this mitigates the benefits of a class-based storage policy on expected retrieval
distance.

5.3 Outputs for the Simulation Model

The outputs of the simulation model are the Key Performance Indicators as determined in Section 2.5.
This subsection explains how the simulation model retrieves these KPlIs as outputs.

Average throughput time order (minutes):

For the average throughput time of orders, the simulation model considers the entire process, for the
start time of an order it uses the moment of generation of the order in the warehouse. For the end
time of the order, the model uses the time all pallets within the order are delivered to the delivery
zone. At the end of the simulation run the average it takes the average over all orders finished.

Note that the average order throughput time can be split into a few parts. Firstly, there is the internal
warehouse throughput time, this is the time from when the orders come in until the time all pallets are
prepared in the warehouse. This can measure the internal warehouse efficiency. To compare the
layouts, before analyzing the effects of the supply method we only use this value. Secondly, there might
be a slight waiting time for the pallet trailers until the pallet trucks can pick them up. The pallet truck
first completes its route before it can pick up trailers for the next order. Finally, there is the time from
the moment the pallet trailer is picked up until the pallet trailer arrives at the production area. This
time follows the provided triangular distribution (see Section 5.2.1).

Required number of Full Time Employees (#FTE):

The required number of FTE is calculated at the warehouse level as well as in the unit supply process.
Based on the definition of the number of FTE to consider within the process as defined in Section 2.5.2
within the warehouse only the in and outbound reach truck drivers are considered. At the end of the
simulation, the number of reach trucks used in the warehouse is calculated.

For the process outside of the warehouse, dependent on the flow type chosen to transport the pallets
toward the production area there is a predetermined number of FTE required. This number is based
on the number of lorries required (one FTE per lorry) and number of pallet trucks required (one FTE
per pallet truck).

Percentage of pallet trailers prepared on time (%):
The model calculates the percentage of pallet trailers prepared on time within the warehouse frame.
The simulation model calculates this at the end of the simulation by counting the number of orders for
which the measured warehouse throughput is below twenty-five minutes and dividing this by the total
number of orders handled within the warehouse.

Required space for the warehouse (m?):

The model calculates the required space for the warehouse within the warehouse frame. The
simulation model calculates this by taking the length of the warehouse and the width of the warehouse
(using the coordinates of the aisles) and multiplying this. As the model is scaled this provides the correct
area requirement. For the current situation, the required space for the warehouse is equal to the value
found in Section 2.5.6.
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5.4 \Verification and Validation of the Simulation Model

To ensure that the results of the simulation model provide a realistic estimate of reality, we need to
verify and validate the simulation model. In accordance with Law (2014) in simulation, verification
ensures that the model performs the processes as described in the conceptual model correctly.
Whereas validation ensures that the simulation model provides an accurate representation of reality.

The verification and validation process uses the model of the current situation. This is because, for the
current situation, there is knowledge of the process available at Scania which we can use in the
validation process.

5.4.1 Model Verification

To verify the model, we debug and check the processes in the Tecnomatix Plant Simulation model step
by step. The model consists of several different objects, which combined perform the processes as
described in the conceptual model. This step is essential to ensure we followed the described logic.

Inbound process:
For the inbound process, the verification consists of checking that the pallet arrivals follow the correct
distribution as provided in Section 5.2.1. Furthermore, we check each of the SKU allocation policies to
ensure that SKUs are allocated to the correct destination location. Finally, we check the logic for the
inbound reach trucks to ensure the routing is implemented correctly and the processes have the correct
processing times.

Outbound process:

For the outbound process, the order generation process is checked, this follows the correct logic and
generates an order for each pallet truck every twenty-five minutes. Furthermore, the reach trucks
follow the correct logic by handling the first pallet within an order suitable for that specific reach truck,
if no pallet is available, they start with or wait until the next order. Finally, we verify that the routing
logic of the outbound reach truck is correct.

Pallet supply process:

As the pallet supply process has a lower level of detail, verification of the process is simple in
comparison to the verification of the internal warehouse processes. For each of the steps included in
this process, dependent on which flow is used for the process, the duration of the steps is verified, and
whether the step is started during the correct time.

5.4.2 Model Validation

The model verification confirmed that the simulation model performs the processes described in the
conceptual model correctly. After this, validation ensures that the model also gives a representation of
reality.

Internal warehouse process:

To validate the model there is a lack of data available for these process steps, therefore according to
the techniques of Law (2014) for this, the outcomes of the simulation model are validated by using the
expert view of the experts of the process. For this, the model is checked with colleagues with an
understanding of the processes. As the simulation model is three-dimensionally animated, the experts
can easily judge whether it gives an appropriate view of the real situation. By running through each of
the process steps with the corresponding colleague of that process step each of the model’s
components is validated (white box validation). Finally, black box validation ensures realistic outcomes
by checking whether the outcomes are realistic given the inputs. After incorporating feedback and
advice to make the model more accurate, the validation has confirmed that the simulation model for
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the internal warehouse process has the required level of accuracy to be used for recommendations in
this thesis.

Pallet supply process:

The pallet supply process has a lower level of detail is lower than the internal warehouse process,
therefore validation of this step indicates whether the level of detail is sufficient for this process. For
this black box validation is used in which using expert opinion it is checked whether the outputs are
realistic given the inputs of the model. So, in this case, whether the throughput times based on the
flow types and warehouse throughputs provide a realistic view of reality.

This chapter provided a description of the performance measurement system used to measure the
performance of the solutions from Chapter 4. This performance measurement system is a discrete
event simulation model for which the logic followed is explained in this chapter.
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6 Experiments and Results

This chapter discusses the outcomes of running the experiments. It starts by describing the setup of
the experiments. This also includes the settings the simulation model uses to run the experiments, such
as the warmup period length, run length, and number of replications. Furthermore, it concludes by
providing the results per experiment.

6.1 Experiment Design

To make a comparison between the several solutions established in Chapter 4, firstly for each of the
solutions, some input parameters should be provided. These are the parameters: number of inbound
reach trucks, number of outbound reach trucks, and percentage of slots to reserve per class type (in
case of a class-based allocation policy).

In the simulation model, the number of inbound reach trucks does not affect the performance of the
warehouse, as this is solely based on the retrieval times by the outbound reach trucks. However, if
there are too few inbound reach trucks, the inbound buffer overflows, meaning the model cannot reach
a steady state. The optimal number of inbound reach trucks on our KPIs is equal to the minimum
number of inbound reach trucks for which the model reaches a steady state, as this minimizes the
number of FTE and does not affect the other KPIs. For each of the solution options the minimum
required number of inbound reach trucks for which the model reaches a steady state is equal to four.
This can be explained by the fact that the demand for the inbound reach trucks is equal in each of the
solutions, and the slight difference in travel distances is not significant enough to reduce the required
inbound reach trucks by one unit. Therefore, each of the solutions options has, the number of inbound
reach trucks set to four.

In contrast, the number of outbound reach trucks does affect the performance of the solutions. More
outbound reach trucks lower the average (internal warehouse) throughput time and can result in a
higher percentage of trailers prepared on time. As this presents a trade-off between the number of FTE
required (two per additional outbound reach truck) and throughput time, there is no optimal number
of outbound reach trucks. Instead for each of the solutions, we use several values for the number of
outbound reach trucks to find the efficient frontier on this trade-off for each solution. The range
considered for this is between three and eight outbound reach trucks. Three is the minimum of this
range as this is the minimum amount for a viable solution, as with less than three outbound reach
trucks orders cannot be handled in time causing lists of backorders. Eight is the maximum of the
considered range, as more reach trucks within the warehouse would not be desirable in the potential
situation within the new warehouse of Scania due to an overflow of traffic. For the current situation,
the model only considers the option with six outbound reach trucks as this corresponds to the real
situation.

If a solution makes use of a class-based allocation policy, in the model an input parameter indicates
what percentage of slots to reserve for class A-items and what percentage of slots to reserve for class
B-items. Based on this the model computes the number of slots to reserve per class type, the
initialization of the class-based allocation policy uses this number (see Appendix D.2.). To determine
the fraction per class we run experiments for several configurations of these options, from which we
select the option with the lowest average throughput time. For finding this the model assumes four
outbound reach trucks with the current pallet supply approach. Table 6 shows the best configurations
found and Appendix G illustrates the experiment results on which the best configurations are based.
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Input parameters | Conventional Layout | Conventional layout C2 (with | Flying-V
class-based allocation | C1 half-euro slots) layout
Percentage A slots 9% 7% 9%
Percentage B slots 20 % 11% 12 %

Table 6: Input parameters class-based allocation

Besides these input parameters, there are also some input parameters regarding the simulation model
which need to be defined. These are the warmup period, the run length, the number of replications,
and the random number streams.

6.1.1 Warmup Period

For each of the solutions the warehouse starts empty, to fill up the warehouse to a reasonable fill rate
at first the simulation model runs twenty-four production hours without orders coming in. This will
ensure that the warehouse is filled up to a reasonable fill rate. After orders start coming in, the system
still needs time before the outputs reach a steady state. Thus, a warmup period needs to be included
so the first values can be deleted in the final outputs.

To find the warmup period we simulate the current situation, which consists of the current warehouse
layout with six in and outbound reach trucks. Furthermore, for the unit supply process, we use the base
distributions for the pallet truck and trailer combination. To find the warmup period we consider the
KPI average order throughput time, as this is the main output KPI which changes over time in the
simulation model. According to Law (2014), Welch's graphical approach can be used to determine the
warm-up period. For this, the model simulated ten independent runs of fifty days (1200 production
hours) for which it measures the output variable order throughput time for each order. Figure 18
illustrates that the graph of the moving average throughput time becomes smooth for W = 1000, based
on this graph, the system becomes stable around order 1250. As every eight minutes an order comes
in, there is a warmup period of 1250*8 = 10000 minutes (166 hours and 40 minutes) after the orders
start arriving. However, as the first order arrives after twenty-four hours the total warmup period is
thus 190 hours and 40 minutes.

Welchs graphical

Throughput time

Figure 18: Welch’s graphical procedure for warmup period
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This is a relatively long warmup period for a simulation model. However, as the warehouse firstly needs
to be filled up before it could reach a steady state for this case such a long warmup period is a necessity.

6.1.2 Run Length and Number of Replications

The replication/deletion approach in accordance with Law (2014) is used, this means the simulation is
performed for several runs in which for each run the warm-up period is not considered in performance
measurement. Based on the rule of thumb by Law (2014) the run length should be larger than ten times
the warm-up period. Our simulation model thus uses a run length of eighty days as this is marginally
larger than ten times the warmup period.

To find the required number of replications given the run length and warmup period, again we use the
base model for the current situation. For this, the simulation model runs ten independent runs, with
different random number seed values. This determines the minimum required amount of runs to have
a confidence level of 95% for the output. After each replication, we calculate the half-width of the 95%
confidence interval. If this is smaller than 0.05 of the mean, our model has enough replications in
accordance with Law (2014). Table 7 and Table 8 illustrate the required calculations for both main
outputs, as can be seen for our simulation model two replications per experiment already achieve the
required relative error. Therefore, the simulation model performs two runs of eighty days for each to
find the outputs.

Run Average throughput time Mean Var Tvalue (95% level of confidence) CIHW Error
1 1799,852493
3 1769,276481 1789,963  321,1591 4,30265273 44,51801643 0,024871
4 1807,89773771794,4477294,5186 3,182446305 27,30784804 0,015218
5 1823,012261” 1800,16"384,0863 2,776445105 24,3342801 0,013518
6 1770,41167171795,202"454,7617 2,570581836 22,37936378 0,012466
7 1796,41243471795,3757379,1774 2,446911851 18,00903899 0,010031
8 1794,64245871795,2837325,0763 2,364624252 15,07334954 0,008396
9 1782,10649871793,8197303,7336 2,306004135 13,39631107 0,007468
10 1818,161103 1796,253 329,2384 2,262157163 12,98009953 0,007226
Table 7: Number of replications based on throughput time
Run Percentage trailers on time Mean Var Tvalue (95%level of confidence) CIHW Error
1 98,97605418
3 98,51648795 " 98,72073961 " 0,054755847 4,30265273 0,581287411 0,0058882
4 98,78255261"98,73619286 " 0,03745911 3,182446305 0,307970994 0,00311913
5 98,83899057" 98,7567524"0,030207806 2,776445105 0,215806083 0,002185229
6 98,71805208 " 98,75030235 " 0,024415864 2,570581836 0,163980368 0,001660556
7 98,72611465 " 98,74684696 " 0,020430131 2,446911851 0,132191911 0,001338695
8 98,91961622 " 98,76844312"0,021242693 2,364624252 0,12184899 0,001233683
9 98,68580182 " 98,75926075 " 0,019346199 2,306004135 0,106914511 0,001082577
10 98,72611465 98,75594614 0,017306488 2,262157163 0,094108152 0,000952937

Table 8: Number of replications based on trailers prepared on time

Note that usually a discrete event simulation model requires more than two replications to achieve
the required confidence level, as two replications will result in large confidence intervals. Most
literature therefore suggests using at least five replications. However, as the run length is quite large
because of the long warmup period, in this case two replications would still have a sufficient level of
confidence.

6.1.3 Random Number Generation

In Tecnomatix plant simulation random number generation depends on the seed values of the
processes. The seed values provide a fixed stream of random numbers, meaning the same results are
reproducible by using the same seed values. The simulation model makes use of the technique of
common random numbers. This technique ensures the same random number streams are used when
comparing different input settings. By doing so it ensures that the difference in outputs is solely based
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on the difference between inputs of the solutions. In Tecnomatix plant simulation we achieve this by
setting the random number variant to the run number. This means that for each experiment consisting
of two runs (as found in Section 6.1.2) all first runs have the same random number streams and all
second runs have the same random number streams.

6.2 Experiment Results Internal Warehouse Performance

For each of the layout types in the Tecnomatix plant simulation model, we run an experiment for each
combination of the number of outbound reach trucks and the allocated storage policies for that layout.
As there are six options for the number of outbound reach trucks to consider, there are twelve options
for the conventional layouts and flying-V layout as these consist of two different storage policies.
Whereas for the CPU-based layouts, which only have one option for the storage policy, there are six
experiments to perform. This means in total there are 12 *3 4+ 6 * 2 = 48 experiments to run for
the found solutions, and one benchmark experiment for the current situation. All these experiments
only consider the internal warehouse throughput time of the warehouse to identify the most promising
solutions. After identifying the most promising solutions from this, we analyze the supply methods for
these solutions in Section 6.3.

6.2.1 Current Situation

To provide a benchmark on the Key Performance Indicators first the performance of the current
situation is analyzed. For the current situation with four inbound reach trucks, six outbound reach
trucks, and the current allocation policy two runs are performed to find the outputs based on the
simulation model. Table 9 provides an overview of the performance of the current situation on the KPls
based on our simulation model.

Current situation

Throughput time (min) Internal throughput time (min) Required FTEs (#) Percentage Trailers on Required space (m”2)

Mean 30:05 16:25 26 98,82%

Table 9: Benchmark performance current situation on KPls

6.2.2 Conventional Layout(s)

For the conventional layouts, there are four options to consider as there are two layout types and two
storage allocation policies to consider. Conventional layout C1 only consists of storage locations for
euro pallets, whereas conventional layout C2 also has slots dedicated to half-euro pallets. Furthermore,
both layouts have a random allocation policy and a class-based allocation policy, which are both
analyzed. Appendix H.1 illustrates the results of each experiment.

As seen from the results for all the experiments the percentage of pallet trailers on time is 100%, this
illustrates that the target outputs are achieved given the input data for these warehouses assuming the
current supply process. Furthermore, the space requirement for conventional layout C1 (approximately
4023 m?) is 9.75% more than the space required for conventional layout C2 (approximately 3666 m?).

Figure 19 illustrates the trade-off between the number of full-time employees required in the process
and the average internal throughput time for the conventional layouts. By increasing the number of
outbound reach trucks the required number of FTE increases, as it requires additional employees to
handle the reach trucks. However, by increasing the number of outbound reach trucks orders are
handled quicker and thus the internal throughput time decreases, as depicted in Figure 19. From the
figure and the results can also be concluded that conventional layout C2 with class-based storage
Pareto dominates the other solutions for all settings regarding the number of outbound reach trucks
as this option is the best across all KPI dimensions. Figure 19 shows that this option has the lowest
average internal throughput time per order, for all options which corresponds to the number of
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95% CI lower bound 29:59 16:09 96,07%
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FTE required in the process. Furthermore, all solutions score the same on the percentage of pallet
trailers prepared on time (100%) and this solution has the minimum space requirement of the solutions
analyzed.

Solutions conventional layouts

16:34
15:50
15:07
14:24
13:41

12:58

average internal throughput time

11:31
10:48

10:05
20 22 24 26 28

Required FTE

—e—Random storage C1 Class based storage C1 Random storage C2  —e~ Class based storage C2  —e—Current layout (benchmark)

Figure 19: Solution comparison of conventional layouts

Due to this Pareto dominance of the conventional layout C2 with class-based storage, the other
conventional options are dropped as a Pareto improvement is always achievable by switching to this
option. Thus, Section 6.3 only contains this option for further analysis in the comparison. So, the
options for conventional layout C1 and the random storage policy for conventional layout C2 will not
be further considered.

Conventional layout C2 provides an improvement as the layout is denser and thus offers shorter travel
distances. A potential downside of conventional layout C2 in comparison to conventional layout C1 is
that it offers less storage flexibility for euro pallets, as there are now fewer locations available for these.
However, the established KPls do not reflect this flexibility.

The class-based storage policy provides a reduction in average internal throughput time as now it stores
only fast-moving items in the best possible slots. This ensures that within the best slots, it does not
store items that are in storage for a long time, this causes fast inventory turnover at the best possible
locations ensuring good utilization of the best possible slots. Appendix H.3. provides a heatmap based
on the number of movements towards each zone (averaged over two runs) for the solutions. The
heatmaps for the conventional layouts illustrate the principle of the class-based policy, by a higher
number of interactions near the outbound location (centrally located in the outbound zone).
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6.2.3 Flying-V Layout

In the Flying-V layout also both the class-based allocation policy and the random allocation policy are
considered. Appendix H.1. illustrates the results of the experiments of this layout. For this layout, the
required area is 4477 m?, compared to the conventional layout C2 this is a 22.1% increase.
Furthermore, for all experiments performed the percentage of pallet trailers prepared on time was
once again 100%. Figure 20 illustrates the trade-off between the number of FTE required in the process
and the average internal throughput time. As can be seen from Figure 20 the class-based storage policy
Pareto dominates the random storage policy on the KPIs as it has a lower internal throughput time for
all possible numbers of required FTE, while performing as well on the other KPIs.

Solutions Flying -V layout

17:17

16:34

15:50 ¢

15:07

14:24

13:41

12:58

average internal throughput time

12:14

11:31
20 22 24 26 28

Required FTE

—e—Random storage Class based storage =~ —e— Current layout (benchmark)

Figure 20: Solution comparison Flying-V layout

The Flying-V layout designed in Section 4.1.3, only makes use of euro locations and does not have
dedicated locations for half euro pallets. As shown in Section 6.2.2, using dedicated half-euro locations
can improve performance on internal throughput time, while also reducing the required space for the
warehouse. Thus, for a fair comparison to the conventional layouts, the Flying-V layout is compared
with conventional layout C1. Figure 21 provides a comparison between the Flying-V and the
conventional layouts assuming a class-based storage policy.

Comparison of solutions

15:42
14:59
14:15

13:32

averaeg internal throughput time

12:49
12:06

11:23
20 22 24 26 28
Required FTE

Class based storage C1 ~ —e—Class based storage C2  —e—Class based storage Flying-V.

Figure 21: Performance comparison of Flying-V layout and conventional layouts
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average order throughput time

14:50

1407

13:24

12:40

11:57

11:14

As seen the Flying-V layout compared to conventional layout C1 can offer a reduction in internal
throughput time at the cost of additional space required. However, as this research did not consider
the conventional layout with half euro locations the Flying-V layout is Pareto dominated by
conventional layout C2. Therefore, the analysis of the supply process will not include this layout.

6.2.4 CPU-based Layout

For the CPU-based layout only the combined allocation policy as described in Section 4.2.3 is
considered, the results for the experiments of this layout can be found in Appendix H.1. For this
experiment the two alternatives as described in Section 4.1.4 and illustrated in Appendix E.3. are
considered. The required area for alternative 1 of this layout is approximately 4242 m?, this is 15.7%
more than the conventional layout C2. The required area for alternative 2 of this layout is approximately
4112 m2, which is 12.2% more than conventional layout C2. Similarly, to the previously found solutions,
the percentage of pallet trailers prepared on time for all experiments of both alternatives of this
solution is equal to 100%. Figure 22 illustrates the trade-off between the number of FTEs required and
order throughput of both alternatives compared to conventional layout C2.

Solutions CPU based layout

Required FTE

—e— Alternativel Alternative2 Class based storage C2

Figure 22: Solution comparison CPU-based layout

As can be seen from Figure 22 for both alternatives the CPU-based layout has a lower internal average
order throughput time in comparison to the currently best-found solution the conventional layout C2
with class-based allocation.

There is no Pareto dominance of conventional layout C2 with class-based allocation over the CPU-based
layouts as the CPU-based layouts offer lower average throughput given the number of required FTE.
Furthermore, there is also no Pareto dominance of the CPU-based layout over conventional layout C2
as the required area is larger. Therefore, these options are both considered in the analysis of the supply
process.

Table 10 provides an overview of the internal warehouse performance of all the solutions given the
minimum number of outbound reach trucks selected, as well as the current situation. Based on this we
select the two most promising solutions: conventional layout C2 with class-based allocation and CPU-
based layout with combined allocation for further consideration.
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Decision Average internal | Required Percentage of Required space for
throughput time | number of FTE | pallet trailers | the warehouse
order on time

No relocation or redesign 16:25 26 98,82% 7249 m?

(current situation)

Conventional layout C1 with 16:08 (-1.73%) 20 (-23.07%) 100% (+1.18%) | 4023 m? (-44.5%)
random allocation

Conventional layout C1 with 15:53 (-3.25%) 20 (-23.07%) 100% (+1.18%) | 4023 m? (-44.5%)
class-based allocation

Conventional layout C2 with 15:20 (-6.67%) 20 (-23.07%) 100% (+1.18%) | 3666 m? (-49.4%)
random allocation

Conventional layout C2 with 15:12 (-7.41%) 20 (-23.07%) 100% (+1.18%) 3666 m? (-49.4%)
class-based allocation

Flying-V layout with random 16:03 (-2.27%) 20 (-23.07%) 100% (+1.18%) @ 4477 m?* (-38.2%)
allocation

Flying-V layout with class- 15:49 (-3.67%) 20 (-23.07%) 100% (+1.18%) | 4477 m?* (-38.2%)
based allocation

CPU-based layout alternative | 14:40 (-10.65%) | 20 (-23.07%) 100% (+1.18%) @ 4242 m? (-41.5%)
1 with combined allocation

policy

CPU-based layout alternative | 14:56 (-9.01%) 20 (-23.07%) 100% (+1.18%) 4112 m?* (-43.28%)
2 with combined allocation

policy

Table 10: Internal warehouse performance of all solutions

6.3 Experiment Results Supply Process

To measure the performance of the most promising solutions from Section 6.2, we also consider the
flow towards the production area. To do so the options from Section 4.3 are implemented in the
simulation model by the approach described in Section 5.1.3.

6.3.1 Solutions Bridge Flow

The two alternatives for the CPU-based layout with a combined allocation policy and the
conventional layout C2 with class-based allocation policy are tested for the bridge flow supply
method. Appendix H.2 illustrates the results of the experiments for three to eight outbound reach
trucks.

Compared to the results of 6.2, the findings for the KPIs percentage pallet trailers on time (100% in all
experiments) and required area (3666 m? for conventional layout C2, 4242 m? for the CPU-based
layout alternative 1 and 4112 m? for the CPU-based layout alternative 2) remain the same. For the
FTE requirement of the bridge flow, there is the same requirement as in Section 6.2 with the only
variable being the number of outbound reach trucks. Now for the order throughput, the model will
consider the time until the pallet reaches the delivery zone at the production line, instead of when
the trailers are prepared. Figure 23 provides an overview of the performance of the bridge flow on
the number of required FTE and average order throughput time for a given number of outbound
reach trucks.

UNIVERSITY 43
OF TWENTE.



00:30:14

00:29:31

time

00:28:48

00:28:05

00:27:22

00:26:38

00:25:55

average order throughput

00:25:12

00:24:29

—e—Current situation (benchmark)

22

Solutions bridge flow

24
Required FTE

—e— Conventional layout C2

Figure 23: Solution comparison of bridge flow

CPU Layout alt 1

28

CPU layout alt 2

As the results show, by relocating to the Y-building and investing in a bridge to enable the same
supply method a Pareto improvement compared to the current situation is achievable. Table 11
illustrates an overview of the achievable changes in the Key Performance Indicators.

KPI old New Value Percentage change
value
Average 30:05 Conventional layout C2: 24:36 — 28:18 | Dependent on the number of
throughput CPU-based layout alt 1: 24:43 — 27:42 | outbound reach trucks
time order CPU-based layout alt 2: 24:45 — 27:50 | Conventional layout between
-18.25% and -5.94%
CPU-based layout alt 1 between
-17.84% and -7.93%
CPU-based layout alt 2 between
-17.77% and -7.48%
Required 26 All layouts: 20 - 30 Dependent on the number of
number of outbound reach trucks between
FTE -23.07% and +15.39%
Percentage | 98,82% | All layouts: 100% Both layouts: +1.18%
of pallet
trailers
prepared
on time
Required 7249 m? | Conventional layout C2: 3666 m? Conventional layout C2: -49.43%
space for CPU-based layout alt 1: 4242 m? CPU-based layout alt 1: -41.48%
the CPU-based layout alt 2: 4112 m? CPU-based layout alt 2 -43.28%
warehouse

Table 11: Overview of KPI change relocation Y-building (bridge flow)

6.3.2 Solutions Lorry Transport
Similarly, as done in Section 6.3.1, both the CPU-based layouts with the combined allocation policy
and conventional layout C2 with class-based allocation policy are tested for the two options of lorry
transport. Appendix H.2. provides the results of the experiments for three to eight outbound reach
trucks. The KPIs percentage of pallet trailers on time and required space for the warehouse remain
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time

average order throughput

the same compared to Section 6.3.1. However, the trade-off between FTE requirement and average
throughput time changes significantly. Figure 24 illustrates this, in this figure LF1 represents flow type
2a and LF2 represents flow type 2b.

Solutions Lorry flow (overview)

01:00:29

00:59:02

00:57:36

00:56:10

00:54:43

00:51:50

00:50:24

Figure 24: Solution comparison lorry flow options

As Figure 24 shows, flow type 2b has significantly lower throughput time and Pareto dominates flow
type 2a. This makes sense as if moving the lorry toward the pallet breakdown, the return flow of
pallet trailers within the production area only consists of one visit (to pallet breakdown) instead of
two visits. Figure 24 also illustrates that the CPU-based layouts slightly outperform the conventional
layout on average order throughput time at the cost of a larger required area. Finally, Figure 24
depicts that in the case of lorry transport, there is no benefit of increasing the number of outbound
reach trucks over the minimal level of three. This is most likely because the time before the lorry
returns to the warehouse to pick up the pallets is mostly longer than the time before the order is

prepared. Meaning a slightly lower warehouse throughput does not improve overall order
throughput.

To compare the lorry flow to the bridge flow and current situations, this thesis only further considers
the layouts for flow type 2 as these layouts are not Pareto-dominated. As seen in Figure 25, the lorry

flow has higher average throughput times, compared to the current situation and the options making
use of a bridge flow. Furthermore, the minimum number of required FTE in this process also is higher
than the bridge flow solutions.
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average order throughput time

Comparison flow types

00:53:00
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Figure 25: Comparison of lorry flow, bridge flow, and current situation
If Scania does not invest in enabling the bridge flow, relocating the warehouse to the Y-building does
have advantages as it can improve the internal warehouse performance. A higher percentage of pallet
trailers can be prepared on time, a lower required number of FTE, and higher space efficiency can be
achieved by the improved layout. However, due to the additional lorry transport, the average order
throughput time goes up compared to the current situation. Table 12 shows an overview of the KPI
changes compared to the current situation. For these results, the number of outbound reach trucks is

set to three as a further increase would not improve the performance on the KPIs.

KPI oid New Value Percentage change

value
Average 30:05 Conventional layout C2: 53:46 Conventional layout C2: +78.68%
throughput CPU-based layout alt 1: 53:28 CPU-based layout alt 1: +77.67%
time order CPU-based layout alt 2: 53:24 CPU-based layout alt 2: +77.49%
Required 26 All layouts: 24 All layouts: -7.69%

number of FTE

Percentage of 98,82% | All layouts: 100% All layouts: +1.18%

pallet trailers

prepared on

time

Required space | 7249 m? | Conventional layout C2: 3666 m?> | Conventional layout C2: -49.43%

for the
warehouse

CPU-based layout alt 1: 4242 m?
CPU-based layout alt 2: 4112 m?

Table 12: Overview of KPI change relocation to Y-building (lorry flow)

CPU-based layout alt 1: -41.48%
CPU-based layout alt 2: -43.28%

This chapter illustrated the expected measured performance on the Key Performance Indicators from
the different layouts and supply methods using the discrete event simulation model. The outcomes
listed within this chapter are used to draw the conclusions and provide recommendations.
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7 Conclusions and Recommendations

To finalize this thesis this chapter contains the conclusions and recommendations which can be made
based on this research. This consists of the conclusions which discuss the main findings of our research,
it then discusses the contribution to literature and the recommendations to Scania. Finally, it discusses
the limitations of the research to consider and what could be researched in the future based on the
findings.

7.1 Conclusions
Reflecting on the research questions described in Section 1.5, this research has provided the answers
to all five research questions (RQs).

Firstly, for RQ1: How can the performance of the pallet warehouse and internal logistics be measured
at Scania? By analyzing the current situation, this thesis has established a performance measurement
system consisting of four KPIs. Furthermore, the theoretical background showed that for this situation
a Discrete Event Simulation model can be used to measure the expected performance of a warehouse.

For RQ2: What is the current situation regarding pallet supply from the old building? Chapter 2 provides
an extensive analysis of the current situation. Furthermore, Chapter 2 also includes an estimation of
the performance of the current situation on the KPIs from RQ1.

For RQ3: What are the existing methods described in the literature that can be used to optimize the
warehouse design? Chapter 3 provides several existing methods from the literature. For warehouse
design, it found conventional layouts and non-orthogonal layout options. Furthermore, for the storage
policy to determine where in the warehouse parts should be allocated, we established four main
options. These are random storage, class-based storage, dedicated storage, and mixed-shelves storage.

Based on the findings from RQ3, chapter 4 describes some proposed layouts for the situation of Scania.
Furthermore, chapter 4 also describes the supply options towards the production area. This answers
RQ4: What are the proposed layouts for Building Y using the methods of RQ3? And what are the
corresponding logistic flows from this building to the production lines? For the warehouse layout
problem, four possible options are designed. This consists of two conventional layouts, a Flying-V
layout, and two alternatives of a CPU-based layout. Furthermore, Chapter 4 describes three possible
options for the logistic flows towards the production area: one flow making use of pallet trailers and
pallet trucks and two options making use of lorries.

Based on all the options found from RQ4 using a Discrete Event Simulation model Chapter 6 compares
the options for warehouse design and supply options. This also includes a comparison with the current
situation. This answers RQ5: What is the performance of the proposed layouts and supply options
found in RQ4 using the performance measurement system of RQ1? This chapter discusses the main
findings from this comparison below. The findings consist of two parts: findings concerning the
warehouse design and findings concerning the relocation to the Y-building.

7.1.1 Warehouse Design

This section only considers the internal warehouse processes, so it excludes the delivery towards the
production area by pallet trucks and pallet trailers. This means that the order throughput time, in this
case, would be the time until the order is prepared at the warehouse.

Compared to the current layout an improvement in efficiency on all KPIs for warehouse design is
achievable. The current layout is split into three halls making it inefficient due to a large amount of
travel distance. This can be reduced significantly by using a different layout. The large amount of travel
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distance causes high internal order throughput times and a high number of required FTE. Furthermore,
the current layout has low space efficiency and a comparatively low percentage of pallet trailers
prepared on time. The simulation model indicates that the layouts' conventional layout with half-euro
locations and the two alternatives of the CPU-based layout perform the best out of the found
warehouse layouts.

For the Flying-V layout and conventional layouts, both a random storage policy and a class-based policy
are evaluated. This has shown that for these layouts and all experiment settings, the class-based
storage reduces the average internal order throughput time compared to the random storage policies.
This illustrates that in the case of Scania, reserving the best possible slots for fast movers can improve
order throughput times. As all other KPIs remain the same between the policies, the class-based
storage policy Pareto dominates the random storage policy. Thus, the remainder of the conclusion will
not contain the random storage policy and instead includes only the results of the class-based policy
or the combined allocation policy (CPU-based layout).

The conventional layout with half euro locations (conventional layout C2) has the minimum required
area of the found solutions of 3666 m?. This would reduce the required area by 49.43% compared to
the current situation (7249 m?). Furthermore, the simulation model found that all pallet trailers were
prepared on time during the simulation runs. The layout would thus provide a 100% performance on
the KPI percentage of pallet trailers prepared on time. This is a 1.18% improvement from the current
situation (98.82%). The improvement in the internal order throughput time and FTE reduction depends
on the decision on how many outbound reach trucks to use. Assuming the minimal number of
outbound reach trucks (three) that would be able to handle the orders in time, the average internal
order throughput time would be 15:12. This is a 7.41% reduction of average order throughput time
compared to the current situation (16:25). Finally, the FTE reduction when using the minimal number
of outbound reach trucks would be six concerning the internal warehouse processes.

The CPU based layout requires 4242 m? space or 4112 m? depending on which alternative. This is more
than the conventional layout C2 however still reduces the required area by 41.48% or 43.28%
compared to the current situation. Similarly, to conventional layout C2, the CPU-based layouts also
have a 100% performance on the KPI percentage pallet trailers on time. However, compared to the
conventional layout C2 the CPU-based layout has a lower average order throughput time. Assuming
the minimal number of outbound reach trucks (three), for the CPU-based layout the average internal
order throughput would be 14:40 for alternative 1. This is a 10.65% reduction compared to the current
situation and a 3.5% reduction compared to the performance of conventional layout C2. For alternative
2 of the CPU-based layout the internal order throughput time would be 14:56. This is @ 9.01% reduction
compared to the current situation and a 1.73% reduction compared to the performance of convention
layout C2.

For the Flying-V layout, the model showed that a reduction in average internal order throughput time
can be achieved in comparison to conventional layout C1 (only slot euro pallets). This is as expected,
as the diagonal cross aisles reduce the average travel distance. However, as the Flying-V layout only
consists of euro slots and no dedicated half euro locations, conventional layout C2 still outperforms
this layout on both the required space and average order throughput.

7.1.2 Relocation to Y-building

This thesis has analyzed two main transport methods towards the production area, for the relocation
to the Y building. The first option is to invest in a bridge to cross the road from building Y towards the
production area. This makes use of the current transport method towards the production area, which
consists of pallet trucks and trailers. This option requires a large (undisclosed) investment, but this
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would make the supply process simple. The second option is to use a lorry to transport the pallets
towards the production area, at the production area pallet trucks and trailers would then further
transport the pallets. This lorry transport option consists of two different possible logistic flows
analyzed.

The results from the simulation model show that if Scania does not invest in a bridge, but instead uses
lorry transport the average order throughput time would be higher than in the current situation. This
is mostly due to the additional loading and unloading steps required to perform the transport and the
waiting times until the trailer starts transport towards the production area. The lorries would in the
best scenario transport pallet trailers towards the location for the pallet breakdown. If Scania uses lorry
transport, the benefits of the low internal throughput times of the new warehouse layouts are negated
by the lorry transport. Assuming the minimum required number of outbound reach trucks are used,
the average order throughput time would be 53:46 (78.68% higher than the current situation) for
conventional layout C2, 53:28 (77.67% higher than the current situation) for the CPU-based layout
alternative 1 and 53:24 (77.49% higher than the current situation) for the CPU-based layout alternative
2. The total FTE requirement in the process would be two lower than the current situation (six FTE
reduction in the warehouse internally, but four FTE more for lorry transport).

If Scania decides to invest in the bridge, enabling pallet truck and trailer transport directly towards the
production area, this will achieve Pareto improvements compared to the current situation. The average
order throughput time would be 28:18 (5.94% lower than the current situation) for conventional layout
C2, 27:42 (7.93% lower than the current situation) for the CPU-based layout alternative 1 and 27:50
(7.48% lower than the current situation) for the CPU-based layout alternative 2. Furthermore, the FTE
requirement would be six lower than the current situation. This assumes using the minimum number
of outbound reach trucks (three).

7.2 Recommendations to Scania Production Zwolle
This section discusses the recommendations that can be made to Scania Production Zwolle based on
the findings discussed in the conclusion.

Regarding warehouse design based on the options analyzed, Scania should implement conventional
layout C2 or one of the alternatives of the CPU-based layout if they relocate to building Y. As discussed
in section 7.1.1 these options offer an improvement compared to the current situation on the KPIs and
are the only layouts, not Pareto dominated by other layouts. The CPU-based layout alternative 1
performs the best on average order throughput time, whereas the conventional layout C2 has the
lowest space required. The CPU based layout alternative 2 has slightly higher order throughput time
than alternative 1 but with a smaller area requirement. Which one to choose out of these three options
depends on which KPI Scania prioritizes. For the fastest possible handling of orders, Scania should
choose the CPU-based layout alternative 1. However, if Scania wants to minimize the space
requirement, Scania should choose the conventional layout C2.

Depending on which layout Scania chooses, they should implement a corresponding storage policy. For
conventional layout C2, Scania should implement a class-based policy. This policy offers lower average
throughput times than a random storage policy. For the CPU-based layouts, Scania should implement
the combined allocation policy specifically for the CPU-based layout. Section 4.2 describes these
storage policies.

Regarding the logistic flow towards the production area when relocating to the Y-building, if Scania
decides to invest in a bridge significantly lower average order times is achievable. Furthermore, this
requires four less FTE compared to lorry transport. The employee cost savings would in the long term
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earn back the investment required for the bridge. Based on this research, Scania should invest in the
bridge as this investment would earn itself back and has lower throughput times compared to the lorry
transport. However, this decision is more complicated and depends on more than only the performance
of the unit-supply process. If Scania decides not to invest in the bridge, they can (for the time being)
use lorry transport for this process at the cost of performance for the unit supply process.

When Scania does not invest in a bridge to enable pallet trailer transport, the average throughput time
goes up significantly compared to the current situation due to lorry transport. Scania should analyze
the impact this has on the overall production time, to support this decision.

This thesis has shown that a redesign of the warehouse can provide improvements compared to the
current situation for the internal warehouse processes. However, relocating the warehouse to building
Y would require significant investment in a bridge or would complexify the supply process using lorries.
Based on this, the decision to relocate to building Y depends on external forces. This depends on the
importance of freeing up the old building for other purposes and the overall need for relocation. Table
13 provides an overview of the expected outcomes of the possible decisions, assuming the minimum
outbound reach trucks (three) will be used. Note that in the table the average order throughput time
is split up in the total throughput time and the throughput time within the warehouse. This provides
Scania with the necessary information regarding the final decision options.

Decision Average order Required Percentage Required space for
throughput time number of FTE | of pallet the warehouse
trailers on
time
No relocation or 30:05 26 98,82% 7249 m?
r?desgn (current In warehouse: 16:25
situation)
Relocation without | 53:46 (+78.68%) 24 (-7.69%) 100% 3666 m? (-49.43%)
bridge conventional in warehouse: 15:12 (+1.18%)
layout C2
Relocation without | 53:28 (+77.67%) 24 (-7.69%) 100% 4242 m? (-41.48%)
bridge CPU-based (+1.18%)

layout alternative 1 In warehouse: 14:40

Relocation without | 53:24 (+77.49%) 24 (-7.69%) 100% 4112 (-43.28%)

1 PU- 1.189

bridge CPU bas.ed In warehouse: 14:56 (+1.18%)

layout alternative 2

Relocation with 28:18 (-5.94%) 20 (-23.07%) 100% 3666 m? (-49.43%)
1 j 1.189

bridge conventional In warehouse: 15:12 (+1.18%)

layout C2

Relocation with 27:42 (-7.93%) 20 (-23.07%) 100% 4242 m? (-41.48%)

bridge CPU-based (+1.18%)

layout alternative 1 In warehouse: 14:40

Relocation with 27:50 (-7.48%) 20(-23.07%) 100% 4112 (-43.28%)
bridge CPU-based (+1.18%)
layout alternative 2

Table 13: Overall decision expected outcomes

In warehouse: 14:56

7.3 Contributions to Literature

This research contributes to the existing literature in multiple ways. Firstly, this thesis compares existing
layout design options and storage allocation policies using DES. This is not necessarily a novel approach;
however, the literature review has not found research that compares the given options for a practical
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case. Furthermore, this practical case differentiates from other case studies as it consists of a unique
differentiation between the pallet dimensions on which the warehouse design needs to be adapted.

Secondly, as far as known from the existing literature analyzed, the CPU-based layout described in
Section 4.1.4 is a new method for warehouse design. As discussed in Section 7.2 the CPU-based layout
alternative 1 is the best out of the layouts analyzed on average throughput time, which comes at the
cost of a larger area than a conventional layout. This research has the academic contribution that it
introduces a novel approach to warehouse design. This method can is applicable when in a warehouse,
differentiation between high-performance locations, space-efficient locations, and shared locations
can be done.

Finally, most existing literature on warehouse design only considers the process until the SKU leaves
the warehouse. This thesis differentiates from this as it also compares different transport methods
towards the production area. Using the DES model, this thesis analyzes both the impact of warehouse
design and storage allocation as well as the outbound logistics from the warehouse.

7.4 Limitations of Research
The research has limitations to consider before acting on the conclusions and recommendations. The
limitations are a necessity due to the complexity of the case.

Firstly, the level of detail for the analysis of the different supply methods toward the production area
is lower than the level of detail for the internal warehouse processes in the simulation model. The
supply methods have been analyzed using simple distributions based on expert views to indicate the
expected performance of these options. This means that, to some extent, the real situation might be
different from the simulated model.

The simulation model fully separates the in and outbound processes for this research. This means the
distribution of the inbound pallets is separated from the outbound orders. Whereas, in the real
situation, the inbound pallet arrivals depend on the outbound demand. In the real situation, inbound
pallet orders are ordered when the inventory reaches a reorder point. As the average number of
outgoing pallets equals approximately the average number of inbound pallets, the simulation model
still has a steady inventory level after some period and provides a similar fill rate level as the real
situation. However, the model could be more accurate if inbound orders depend on the consumption
of pallets from the production area.

Traffic potentially has a large influence on the performance of the warehouse layouts. A layout could
have short travel distances, but if the reach trucks wait a lot for other reach trucks to pass, the layout
is still not efficient. The simulation model currently does not consider traffic within the warehouse;
thus, the results might have a positive bias regarding the performance of the layouts.

Finally, this research does not consider human error and inefficient handling. The simulation model
assumes no deviation from the so-called “normal situation”. This could also give a positive bias to the
performance of the layouts, as in the real situation human errors do happen, affecting the efficiency of
the process. However, as human error can happen for all layouts, this would most likely not affect the
results of the research.

7.5 Future Research

This section contains some topics which could be further analyzed based on this research. This is split
up into two parts. Firstly, there are future research directions for Scania that can be researched to make
a more thorough decision on the relocation of the warehouse. Secondly, some research topics could
be investigated by other academics based on this research.
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7.5.1 Future Research for Scania

As concluded in Section 7.1.1, the Flying-V layout provides an improvement in average throughput time
in comparison with the conventional layout with only euro locations. As also discussed in Section 7.1.1,
including dedicated locations for half-euro pallets, can improve the performance of the warehouse.
Thus, for a fair comparison to the other layouts, Scania should research a Flying-V layout with dedicated
half-euro locations to find how this would affect the performance of the warehouse. If this would have
a lower average order throughput time than the conventional layout C2 and the CPU-based layout it
might be a better warehouse design for the case of Scania than the other layouts. In addition to this
Scania can also research the other possible types of non-orthogonal layouts as mentioned in Section
3.1.3 (such as Chevron layout and Fishbone layout) which can further reduce the average throughput
time per order at the expense of a larger required area.

This research has found that the CPU-based layout can achieve the lowest order throughput times out
of the layouts analyzed. The CPU-based layout has P-sections, consisting of floor locations for fast-
moving items, this enables quick handling of pallets. For Scania, it could be interesting to research how
the other layouts, such as the conventional and flying-V layouts perform if floor locations are included
within these layouts. This might result in even better performance than the CPU-based layout on order
throughput time.

As explained in Section 7.4 traffic can play a significant role in the performance of the warehouse
layouts. Before making a final decision, Scania should research how large the impact of traffic on the
layouts would be. For example, based on the warehouse heatmap in Appendix H.3. the CPU-based
layout has more traffic toward the outbound zone of the warehouse. By researching how this would
affect the warehouse performance, a better-informed decision on the layout choice can be made.

Finally, one of the options for warehouse design Scania considers implementing would be an
automated storage and retrieval system (ASRS see Section 3.1.4). For this option, Scania could use a
conveyor (bridge) to handle the transport towards the production area. This would mean a lower
number of FTE would be required in the process, providing cost savings at the cost of a significant
investment. This thesis does not include the analysis of an ASRS, as the performance of an ASRS
depends on the specifications from the supplier, thus the expected benefits of considering this in our
thesis are low. Scania should investigate whether an automated storage and retrieval system could be
a viable investment.

7.5.2 Future Academic Research

This thesis has shown that the CPU-based warehouse design would be an appropriate solution for the
case of Scania. From the layouts analyzed in this thesis, the CPU-based layout performs the best
concerning the average order throughput time. This should encourage other academics, to analyze the
impact of a CPU-based warehouse layout for other cases. This would illustrate if this type of layout also
works for different cases and not only for the case of Scania. For this implementation of the CPU-based
layout, it is a necessity that within the warehouse differentiation is possible between fast-performance
locations, space-efficient locations, and shared (flexible) storage.

Appendix C provides the CPU processor used as inspiration for the CPU-based layout. Other academics
could research how layouts inspired by other (newer generation) CPU processors would perform in
other cases.
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Appendices
A Material Handling

This appendix illustrates the material handling methods (as described in Subsection 2.2.1) of the current
process of the pallet unit supply method from the old building.

A.1 Reach Trucks

Figure 26: Reach trucks in current building (Toyota Reflex RRE140/160/180/200/250H Reach

A.2 Pallet Trailers and Trucks

Figure 27: Pallet-truck (Elektrische trekker P250 |[

Figure 28: Pallet Trailers

Serie 127-05 | Motrac, 2024)
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B. Introduction Pack Types and Pareto Analysis
This appendix illustrates the information used to determine the ABC classifications using a Pareto

analysis.

UNIVERSITY
OF TWENTE.

Packtype [Dimensions % of movements Cumulative % of movements Class
13 0,80 X 1,20 X 0,75 18,50% 18,50%|A
14 0,80 X 1,20 X 0,95 17,06% 35,56%(A
12 0,80 X 1,20 X 0,55 13,50% 49,05%(A
3 1,60X1,20X0,75 6,67% 55,73%(A
22 0,80 X 0,60 X 0,55 5,36% 61,09%|A
21 0,80 X 0,60 X 0,35 4,59% 65,68%|A
94 2,50 X 1,20 X 0,95 4,15% 69,83%(A
T4 0,80 X 1,60 X 0,95 3,57% 73,40%(A
X4 2,65 X 1,20 X0,95 3,30% 76,70%(A
4 1,60 X 1,20 X 0,95 3,17% 79,88%(A
53 0,80 X 1,20 X 0,75 2,81% 82,69%|B
5 1,60X1,20X1,15 2,79% 85,48%|B
T5 0,80 X 1,60 X 1,15 2,42% 87,90%|B
93 2,50 X 1,20 X0,75 1,51% 89,41%|B
11 0,80 X 1,20 X 0,35 1,48% 90,89%|B
X3 2,65X1,20X0,75 1,44% 92,33%|B
T6 0,80 X 1,60 X 1,35 1,39% 93,72%|B
X7 2,65X1,20 X 1,55 0,93% 94,65%|B
T3 0,80 X 1,60 X 0,75 0,61% 95,26%|C
42 2,20 X 0,80 X 0,55 0,57% 95,82%(C
41 2,20 X0,80X0,35 0,42% 96,24%|C
96 250X 1,20 X 1,35 0,37% 96,61%|C
54 0,80 X 1,20 X 0,95 0,37% 96,99%(C
D2 0,80 X 0,60 X 0,55 0,35% 97,33%|C
45 2,20X0,80X 1,15 0,30% 97,64%(C
23 0,80 X 0,60 X 0,75 0,30% 97,94%|C
X6 2,65X1,20X 1,35 0,30% 98,23%|C
T2 0,80 X 1,60 X 0,55 0,27% 98,51%|C
X2 2,65X1,20 X 0,55 0,25% 98,76%|C
J2 0,80 X 0,60 X 0,60 0,25% 99,01%(C
43 2,20 X0,80X0,75 0,19% 99,20%|C
D3 0,80 X 0,60 X 0,75 0,18% 99,38%|C
E3 0,80 X 1,20 X0,75 0,16% 99,54%|C
D4 0,80 X 0,60 X 0,95 0,15% 99,69%(C
X1 2,65X1,20X0,35 0,14% 99,83%|C
16 0,80 X 1,20 X 1,35 0,08% 99,90%|C
T1 0,80 X 1,60 X 0,35 0,06% 99,97%|C
J3 0,80 X 0,60 X 0,81 0,03% 100,00%|C

Table 14: Overview of Pack Types
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C. CPU Microarchitecture Design
This appendix illustrates the CPU processor on which the new CPU-based warehouse design approach
as introduced in Section 4.1.4 is based.

4dEScorefAx{Ecore]

EZcore) EZcore)
x &

Figure 29: Intel core Raptor Lake CPU microarchitecture (I

e

ntel

ore i5-13600K, 2022)
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D. SKU Allocation Methods

This appendix contains the SKU allocation methods used within the simulation model.

D.1. Random Allocation Policy

Algorithm 1 Random allocation policy initialization
1. for Location in Warehouse.locations do
2: Location. Expected RetrievalT'ime < Calculate Pallet RetrievalT'ime( Location)
3: end for
4: Warehouse.locations.Sort on ExpectedRetrievallime Ascending

Algorithm 2 Random allocation policy new pallet arrival

1: SlotsRequired <— Pallet.requiredslots

: for location in Warehouse.locations do

3: if location.Space Remaining = SlotsRequired then

4: Pallet.move(location)

5: Location.Space Remainig — Location.Space Remaining —
Slots Required

6: ExitForLoop

7 end if

8: end for

3
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D.2

. Class based allocation policy

Algorithm 3 Class based allocation policy initialization

1

2:
3:
4:

5

: for Location in Warehouse.locations do
NrLocations + NrLocations + 1

end for
: Warehouse.locations.Sort on ExpectedRetrievallime Ascending

6: NrLocations < (
7: for Location in Warehouse.locations do
8: NrLocations < NrLocations 1
9: if NrLocations < NrSlotsA then
10: Location.Class + A
11: Else if NrLocations < NrSlotsB
12 Location.Class <+ B
13: Else
14: Location.Class < C
15: end if
16: end for
Algorithm 4 Class based allocation policy new pallet arrival

1:
2:
3:

SlotsRequired < Pallet.requiredslots
for location in Warehouse.locations do
if location.Space Remaining > SlotsRequired &  Pallet.class =
location.class then
Pallet.move(location)
Location.Space Remainig — Location.Space Remaining —
SlotsRequired
ExitForLoop
end if

end for

D.3

. Combined allocation policy

Algorithm 5 Mixed allocation policy initialization

10:
11:
12:

. for Location in Warehouse. Plocations do

Location. Expected Retrievallime < Calculate Pallet Retrievallime(Location)
end for
Warehouse.Plocations.Sort on ExpectedRetricvallime Ascending
for Location in Warehouse.Elocations do

Location.ExpectedRetrievall'ime < Calculate Pallet Retrievallime(Location)
end for
Warehouse.Elocations.Sort on ExpectedRetrievallime Ascending
for Location in Warehouse.Slocations do

Location.ExpectedRetrievall'ime < CalculatePallet Retrievallime(Location)
end for
Warehouse.Slocations.Sort on Expected RetrievalTime Ascending

UN
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Location. ExpectedRetrievall'ime < Calculate Pallet RetrievalTime(Location)
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Algorithm 6 Mixed allocation policy new pallet arrival

1: SlotsRequired +— Pallet.requiredslots
2: FlowT'ype < Pallet. flowtype

3: Locationfound + false
4: if location. FlowT'ype = P-Flow then
5: for location in Warehouse PPlocations do
6i: if location.Space Remaining = SlotsRequired then
Pallet. move(location)
8: Location.Space Remaining +  Location.Space Remaining —
Slots Required
9: Location found + true
10 ExitForLoop
11: end if
12: end for
13: else if location. Flow!Type = E-Flow then
14: for location in Warehouse. Elocations do
15: if location.Space Remaining = Slots Required then
16: Pallet. move(location)
17 Location.Space Remaining <+  Location.Space Remaining —
Slots Required
18: Location found < true
19: ExitForLoop
20): end if
21: end for
22: else
23: for location in Warehouse. Slocations do
24: if location.Space Remaining > SlotsRequired then
25: Pallet. move(location)
26 Location.Space Remaining <+  Location.Space Remaining —
Slots Required
27: Location found + true
28: FxatlForLoop
29: end if
30: end for
31: end if
32: if LocationtF'ound = false then
33: for location in Warehouse Slocations do
34: if location.Space Remaining > SlotsRequired then
35: Pallet. move(location)
36: Location.Space Remaining +  Location.Space Remaining —
Slots Required
ar: FxatlForLoop
38: end if
39: end for
UNIVERSITY
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E. Visual Representation Layouts

This appendix illustrates the visual representations of the generated layouts created in Tecnomatix
Plant Simulation. Within all images the inbound zone is located on the top side of the image and the
outbound zone on the bottom side of the image.

E.1. Conventional Layout(s)

Figure 31: Visual representation of conventional layout case 1 generated in Tecnomatix plant simulation

Figure 30: Visual representation of conventional layout case 2 generated in Tecnomatix Plant Simulation
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E.2. Flying-V Layout

Figure 32: Visual representation of Flying-V layout generated in Tecnomatix plant simulation

E.3. CPU-Based Layout

Figure 33: Visual representation of CPU-based layout (alternative 1) generated in Tecnomatic plant simulation (P-sections in blue, S-

sections in yellow, and E-sections in red)
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Figure 34: Visual representation of CPU-based layout (alternative 2) generated in Tecnomatic plant simulation (P-sections in

blue, S-sections in yellow, and E-sections in red)
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F. Pallet Flow Distributions

This appendix contains the support for our assumption to use a Log-normal distribution for the pallet in

and outflow from the warehouse.

F.1 Histogram Overplot Log-normal Distribution

35

Count

Pallet in/out flow

Q

E Pallet flow — e===|ognormal distribution

Figure 35: Lognormal distribution over plot Pallet flow

F.2 Chi-Square Test Log-normal Distribution

Bin Lower Bound Upper Bound Count | Count Log-normal Chi-Square Error
Number

1 Less 0,407678467 5 10,22482432 2,669854104
2 0,40767847 0,415619716 15 9,007532486 3,986626411
3 0,41561972 0,423560965 11 13,72713769 0,541793938
4 0,42356097 0,431502214 25 18,90414706 1,965675729
5 0,43150221 0,439443464 27 23,65152398 0,474062122
6 0,43944346 0,447384713 32 27,01840723 0,918494799
7 0,44738471 0,455325962 29 28,31364265 0,016638142
8 0,45532596 0,463267211 17 27,33868612 3,909786674
9 0,46326721 0,47120846 22 24,42300669 0,240386512
10 0,47120846 0,47914971 14 20,2649624 1,936828359
11 0,47914971 0,487090959 17 15,67483696 0,112030326
12 0,48709096 0,495032208 12 11,34130924 0,038256035
13 0,49503221 0,502973457 8 7,700736475 0,011629882
14 0,50297346 0,510914706 3 4,921934976 0,750484122
15 0,51091471 0,518855956 7 2,969783924 5,46930081
16 0,51885596 More 5 3,517527814 0,624792155
Test statistic (X?) 23,66664012

Chi-square value CL =95% & DF = 15 24,99579014

Table 15: Chi-square test Log-normal distribution pallet in and outflow
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G. Finding Input Parameters Class-based Policy

This appendix contains the experiment results on which the input parameters for the class-based policy
are based. Note that more values than the values mentioned are tested but deemed worse than the
found solutions.

G.1. Conventional Layout Case 1

Expenment | root.PercentageASlots| root.PercentageBslots| root.AverageThroughput
Exp 01 0.05 0.08 26:10.1835
Exp 02 0.05 0.12 26:16.8994
Exp 02 0.05 0.16 26:06.9762
Exp 04 0.05 0.2 26:13.3249
Exp 05 0.09 0.08 26:15.6995
Exp 06 0.09 0.12 26:11.1821
Exp 07 0.09 0.16 26:12.6443
Exp 08 0.09 0.2 25:54.3440
Exp 09 0.132 0.08 26:07.2984
Exp 10 0.13 0.12 26:09.7214
Exp 11 0.13 0.16 253:59.2156
Exp 12 0.13 0.2 26:06.8711
Table 16: Experiment results 1 conventional layout C1 input parameters slots
Expenment | root.PercentageASiots | root.PercentageBslots| root. AverageThroughput
Exp 1 0.08 0.18 25:59.7683
Exp 2 0.08 0.2 25584877
Exp 3 0.08 0.22 26:10.6789
Exp 4 0.09 0.18 26:06.7541
Exp 5 0.09 0.2 25:54.3440
Exp 6 0.09 0.22 26:06.2932
Exp 7 0.1 0.18 26:05.9200
Exp 8 0.1 0.2 26:05.5055
Exp 9 0.1 0.22 25:58.1051

Table 17: Experiment results 2 conventional layout C1 input parameters slots
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G.2. Conventional Layout Case 2

Experiment | root.PercentageASlots| root.PercentageBslots| root.AverageThroughput
Exp 01 0.05 0.08 26:46.2057
Exp 02 0.05 0.09 26:49.9192
Exp 03 0.05 0.1 26:46.,9726
Exp 04 0.05 0.11 26:43.7429
Exp 05 0.06 0.08 26:48.7328
Exp 06 0.06 0.09 26:44.7311
Exp 07 0.06 0.1 26:39.4825
Exp 08 0.06 0.11 26:42.9607
Exp 09 0.07 0.08 26:38.3623
Exp 10 0.07 0.09 26:53.1389
Exp 11 0.07 0.1 26:47.5277
Exp 12 0.07 0.11 26:37.1062

UNIVERSITY
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G.3. Flying-V Layout

Experiment| root PercentageASlots | root.PercentageBslots | root. AverageThroughput
Exp 01 0.05 0.08 28:09.8320
Exp 02 0.05 0.12 27:35.5701
Exp 03 0.05 0.16 27:22.9048
Exp 04 0.05 0.2 27:25.1523
Exp 05 0.07 0.08 27:11.4789
Exp 06 0.07 0.12 27:22.8290
Exp 07 0.07 0.16 27:29.7905
Exp 08 0.07 0.2 27.25.5193
Exp 09 0.09 0.08 27:23.0167
Exp 10 0.09 0.12 27.08.8561
Exp 11 0.09 0.16 27:22.7047
Exp 12 0.09 0.2 27:26.6058
Exp 13 0.11 0.08 28:10.2988
Exp 14 0.11 0.12 28:18.5423
Exp 15 0.11 0.16 27.24.6350

16 0.11 0.2 27:15.6567

Table 20: Experiment results 1 Flying-V layout input parameters slots

Experiment| root PercentageASlots | root. PercentageBslots | root AverageThroughput
Exp 1 0.08 0.11 27:20.0667
Exp 2 0.08 0.12 27:17.7235
Exp 3 0.08 0.13 27:30.7015
Exp 4 0.09 0.11 27:14.7041
Exp 5 0.09 0.12 27:08.8561
Exp 6 0.09 0.13 27:16.2662
Exp 7 0.1 0.11 27:20.4651
Exp 8 0.1 0.12 27:17.6613

9 0.1 0.13 27174228

Table 19: Experiment results 2 Flying-V layout input parameters slots
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H. Experiment Outputs

This appendix contains all the experiment outputs from the simulation model on which the findings

described in Chapter 6 are based.

H.1. Internal Warehouse Performance

Conventional layout C1:

OF TWENTE.

. Inputs Outputs
. Storage policy Outbound reachtrucks Average throughput time (min) LB throughput time (min) UB throughput time (min) Required FTE (#) Percentage trailers on time (%) Required space (m”2)
1 Random 3 16:08 16:00 16:17 20 100 4023,039898
2 Random 4 14:24 14:21 14:28 22 100 4023,039898
3 Random 5 13:25 13:21 13:28 24 100 4023,039898
4 Random 6 12:48 12:44 12:53 26 100 4023,039898
5 Random 7 12:24 12:22 12:26 28 100 4023,039898
6 Random 8 11:57 11:48 12:06 30 100 4023,039898|
7 Class based 3 15:53 15:52 15:54 20 100 4023,039898|
8 Class based 4 14:16 14:12 14:19 22 100 4023,039898
9 Class based 5 13:16 13:12 13:19 24 100 4023,039898
10 Class based 6 12:40 12:38 12:42 26 100 4023,039898
11 Class based 7 12:17 12:11 12:23 28 100 4023,039898
12 Class based 8 11:54 11:53 11:54 30 100 4023,039898
Table 21: Experiment outputs of conventional layout C1
Conventional Layout C2:
Experiment Inputs Outputs
Storage policy Outbound reachtrucks Awverage throughput time (min) LB throughput time (min) UB throughput time (min) Required FTE (#) Percentage trailers on time (%) Required space (m”2)
1 Random 3 15:20 15:14 15:25 20 100 3665,745176
2 Random 4 13:49 13:45 13:53 22 100 3665,745176
3 Random 5 12:56 12:50 13:01 24 100 3665,745176
4 Random 6 12:24 12:20 12:29 26 100 3665,745176
5 Random 7 11:59 11:58 12:01 28 100 3665,745176
6 Random 8 11:35 11:35 11:35 30 100 3665,745176
7 Class based 3 15:12 15:06 15:18 20 100 3665,745176
8 Class based 4 13:44 13:37 13:51 22 100 3665,745176
9 Class based 5 12:51 12:43 12:59 24 100 3665,745176
10 Class based 6 12:20 12:17 12:22 26 100 3665,745176
11 Class based 7 11:56 11:54 11:58 28 100 3665,745176
12 Class based 8 11:32 11:29 11:35 30 100 3665, 745176
Table 22: Experiment outputs of conventional layout C2
Flying-V layout:
Experiment Inputs Outputs
Storage policy Outbound reachtrucks Average throughput time (min) LB throughput time (min) UB throughput time (min) Required FTE (#) Percentage trailers on time (%) Required space (m”2)
1 Random 3 16:03 15:54 16:12 20 100 4477,2
2 Random 4 14:18 14:15 14:21 22 100 4477,2
3 Random 5 13:18 13:10 13:25 24 100 4477,2
4 Random 6 12:41 12:33 12:49 26 100 4477,2
5 Random 7 12:15 12:10 12:19 28 100 4477,2
6 Random 8 11:51 11:49 11:52 30 100 4477,2
7 Class based 3 15:49 15:46 15:52 20 100 4477,2
8 Class based 4 14:08 13:57 14:18 22 100 4477,2
9 Class based 5 13:09 13:08 13:10 24 100 4477,2
10 Class based 6 12:33 12:26 12:39 26 100 4477,2
11 Class based 7 12:08 12:06 12:10 28 100 4477,2]
12 Class based 8 11:46 11:44 11:49 30 100 4477,2
Table 23: Experiment outputs of Flying-V layout
CPU based layouts:
Experiment Inputs Outputs
Storage policy Outbound reachtrucks Average throughput time (min) LB throughput time (min) UB throughput time (min) Required FTE (#) Percentage trailers on time (%) Required space (m”2)
1 Combined allocation policy 3 14:40 14:34 14:46 20 100 4241,64
2 Combined allocation policy 4 13:23 13:21 13:25 22 100" 4241,64
3 Combined allocation policy 5 12:36 12:30 12:42 24 100" 4241,64
4 Combined allocation policy 6 12:07 12:02 12:11 26 100" 4241,64
5 Combined allocation policy 7 11:45 11:43 11:48 28 100" 4241,64
6 Combined allocation policy 8 11:29 11:23 11:36 30 100" 4241,64
Table 24: Experiment outputs CPU-based layout alternative 1
Bt Inputs Outputs
Storage policy Outbound reachtrucks Average throughput time (min) LB throughput time (min) UB throughput time (min) Required FTE (#) Percentage trailers on time (%) Required space (m"2)
1 Combined allocation policy 3 14:56 14:50 15:03 20 100 4111.875075
2 Combined allocation policy 4 13:36 13:08 14:04 22 100 4111.875075
3 Combined allocation policy 5 12:46 12:44 12:48 24 100 4111.875075
4 Combined allocation policy 6 12:16 12:13 12:19 26 100 4111.875075
5 Combined allocation policy 7 11:54 11:52 11:56 28 100 4111.875075
6 Combined allocation policy 8 11:36 11:32 11:40 30 100 4111.875075
Table 25: Experiment outputs CPU-based layout alternative 2
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H.2. Experiment Results Full Supply Process

Bridge flow:

EXD Inputs Outputs
Layout Storage policy Qutbound reachirucks  Flowtype Average throughput fime LB throughput time UB throughput time Required FTE Percentage frailers on time Required space
1 Conventional layout C2 Class based storage 3 Bridge 2818 24:58 31:39 20 100 3665.745176
2 Conventional layout C2 Class based storage 4 Bridge 26:55 25:56 2755 22 100 3665.745176
3 Conventional layout C2 Class based storage 5 Bridge 26:00 2513 26:47 24 100 3665.745176
4 Conventional layout C2 Class based storage 6 Bridge 2526 24:42 26:10 26 100 3665.745176
5 Conventional layout C2 Class based storage 7 Bridge 2504 2418 2549 28 100 3665.745176
6 Conventional layout C2 Class based storage 8 Bridge 2436 2414 2458 30 100 3665.745176
7 CPU layout alt 1 Combined allocation policy 3 Brdge 2742 2733 2752 20 100 424164
8 CPU layout alt 1 Combined allocation policy 4 Bridge 26:42 25:59 2725 22 100 424164
9 CPU layout alt 1 Combined allocation policy 5 Bridge 2548 2517 26:14 24 100 424164
10 CPU layout alt 1 Combined allocation policy 6 Bridge 2519 24:57 25:41 26 100 424164
11 CPU layout alt 1 Combined allocation policy 7 Bridge 24:52 24:32 25113 28 100 424164
12 CPU layout alt 1 Combined allocation policy 8 Bridge 24:43 24:24 25:03 30 100 4241 64
13 CPU layout alt 2 Combined allocation policy 3 Bridge 2750 27:49 2751 20 100 4111.875075
14 CPU layout alt 2 Combined allocation policy 4 Bridge 26:53 26:15 2730 22 100 4111.875075
15 CPU layout alt 2 Combined allocation policy 5 Bridge 25:49 25112 26:26 24 100 4111.875075
16 CPU layout alt 2 Combined allocation policy 6 Bridge 2513 25.08 2518 26 100 4111.875075
17 CPU layout alt 2 Combined allocation policy 7 Bridge 25:05 24:39 25:31 28 100 4111.875075
18 CPU layout alt 2 Combined allocation policy 8 Bridge 24:45 21:55 27:34 30 100 4111.875075
Table 26: Experiment results with bridge supply flow
Lorry flow (2a):
Inputs Outputs

Exp
Layout

Storage policy

Outbound reachtrucks

Flowtype Average throughput time LB throughput time UB throughput time Required FTE Percentage trailers on time Required space

1 Conventional layout C2 Class based storage 3 Lorry flow1 58:35 55:49 1:01:20 24 100 3665.745176
2 Conventional layout C2 Class based storage 4 Lorry flow1 58:39 56:15 1:01:02 26 100 3665.745176
3 Conventional layout C2 Class based storage 5 Lorry flow1 58:35 58:11 58:58 28 100 3665.745176
4 Conventional layout G2 Class based storage 6 Lorry flow1 5839 5701 1:00:17 30 100 3665 745176
5 Conventional layout C2 Class based storage 7 Lorry flow1 5839 56:34 1:00:44 32 100 3665 745176
6 Conventional layout C2 Class based storage 8 Lorry flow1 58:43 58:14 59:11 34 100 3665.745176
7 CPU layout alt 1 Combined allocation policy 3 Lorry flow1 58:00 5717 58:43 24 100 424164
8 CPU layout alt 1 Combined allocation policy 4 Lorry flow1 58.24 56:02 1:00:45 26 100 4241.64
9 CPU layout alt 1 Combined allocation policy 5 Lorry flow1 58:01 57:32 58:30 28 100 4241.64
10 CPU layout alt 1 Combined allocation policy 6 Lorry flow1 58:06 56:15 59:57 30 100 424164
11 CPU layout alt 1 Combined allocation policy 7 Lorry flow1 5758 57:56 58:01 32 100 424164
12 CPU layout alt 1 Combined allocation policy 8 Lorry flow1 58.06 55:51 00:21 34 100 4241 .64
13 CPU layout alt 2 Combined allocation policy 3 Lorry flow1 57-58 57:30 5826 24 100 4111.875075
14 CPU layout alt 2 Combined allocation policy 4 Lorry flow1 5821 5541 1:01:00 26 100 4111.875075
15 CPU layout alt 2 Combined allocation policy 5 Lorry flow1 58.07 5705 59:10 28 100 4111.875075
16 CPU layout alt 2 Combined allocation policy 6 Lorry flow1 5752 5718 58:25 30 100 4111.875075
17 CPU layout alt 2 Combined allocation policy 7 Lorry flow1 58.03 58:01 58:05 32 100 4111.875075
18 CPU layout alt 2 Combined allocation policy 8 Lorry flow1 58:10 55:54 00:26 34 100 4111.875075

Table 27: Experiment results with lorry flow (2a)
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Lorry flow (2b):
Exp Inputs Outputs

Layout Storage policy Outbound reachtrucks Flowtype Average throughput time LB throughput time UB throughput time Required FTE Percentage frailers on time Required space

1 Conventional layout C2 Class based storage 3 Lorry flow 2 53:46 51:48 5544 24 100 3665.745176
2 Conventional layout G2 Class based storage 4 Lorry flow 2 53:47 5317 5417 26 100 3665 745176
3 Conventional layout C2 Class based storage 5 Lorry flow 2 53:46 52:40 54:52 28 100 3665.745176
4 Conventional layout C2 Class based storage 6 Lorry flow 2 53:48 52:04 55:33 30 100 3665.745176
5 Conventional layout C2 Class based storage 7 Lorry flow 2 53:50 52:01 55:39 32 100 3665 745176
6 Conventional layout C2 Class based storage 8 Lorry flow 2 53:48 52:55 54:40 34 100 3665.745176
7 CPU layout alt 1 Combined allocation policy 3 Lorry flow 2 53:28 52:45 54:10 24 100 4241.64
8 CPU layout alt 1 Combined allocation policy 4 Lorry flow 2 53:36 52:14 54-57 26 100 4241 64
9 CPU layout alt 1 Combined allocation policy 5 Lorry flow 2 53:29 52:43 5416 28 100 4241 64
10 CPU layout alt 1 Combined allocation policy 6 Lorry flow 2 53:30 53:03 53:58 30 100 4241.64
11 CPU layout alt 1 Combined allocation policy 7 Lorry flow 2 53:27 53:14 53:39 32 100 424164
12 CPU layout alt 1 Combined allocation policy 8 Lorry flow 2 53:30 53:01 53:59 34 100 4241.64
13 CPU layout alt 2 Combined allocation policy 3 Lorry flow 2 53:24 53:07 53:42 24 100 4111.875075
14 CPU layout alt 2 Combined allocation policy 4 Lorry flow 2 53:33 52:20 54:45 26 100 4111.875075
15 CPU layout alt 2 Combined allocation policy 5 Lorry flow 2 53:28 52:45 5410 28 100 4111 875075
16 CPU layout alt 2 Combined allocation policy 6 Lorry flow 2 53:22 53:09 53:36 30 100 4111.875075
17 CPU layout alt 2 Combined allocation policy 7 Lorry flow 2 53:26 52:44 54:08 32 100 4111.875075
18 CPU layout alt 2 Combined allocation policy 8 Lorry flow 2 53:26 52:26 54:25 34 100 4111.875075

Table 28: Experiment results with lorry flow (2b)
UNIVERSITY 71

OF TWENTE.




H.3. Resulting Heatmaps Layouts

This section contains all the heat maps of the layouts and allocation policy combinations based on the
simulation model. By dividing the warehouse up into zones and counting the number of deliveries to
each zone, this indicates the amount of traffic at each zone. Zones with high traffic are indicated in red,
whereas zones with low traffic are indicated in green.

Conventional layout C1 with random allocation:

Inbound
128 157 206 207 339 331 456 500 529 452 289 235 230 171 156 98
175 152 245 294 274 361 401 637 608 455 415 318 314 196 208 158|
141 211 252 263 343 449 501 617 578 556 425 321 257 218 169 138|
166 224 307 306 382 494 683 754 803 589 493 347 321 271 215 150
223 307 309 303 487 539 923 991 1020 811 515 468 325 253 199 237
198 310 395 340 546 679 1012 1286 1345 1055 689 535 386 344 246 256
236 301 309 491 626 784 1221 1434 1357 1241 984 515 449 386 259 257
253 261 340 514 702 1268 1377 1666 1521 1337 1023 703 490 305 315 281
277 350 450 614 931 1335 1651 1565 1608 1358 1122 919 555 411 381 368
360 383 518 763 1068 1342 1692 1937 1883 1681 1417 1114 641 524 414 316
358 427 658 945 1379 1728 1732 2011 1850 1765 1666 1444 1048 602 416 318
406 513 817 1155 1384 1727 1873 2089 2038 1956 1751 1687 1243 758 477 447
460 546 866 1430 1478 1982 2080 1974 2018 2095 1851 1638 1373 983 567 496
503 763 1244 1580 1774 1785 2113 2155 2133 2151 2237 1721 1490 1205 758 512
537 987 1366 1724 1787 2070 2245 2151 2258 2274 2232 1790 1567 1455 1115 689
938 1270 1558 1821 2068 2323 2214 2430 2300 2096 2194 2123 1800 1474 1355 731
Outbound

Figure 36: Heatmap of conventional layout C1 with random allocation

Conventional layout C1 with class-based allocation:

Inbound
153 152 201 252 257 357 468 426 457 393 315 226 208 154 132 150
120 177 185 241 314 361 460 508 533 406 334 328 268 189 177 182
128 229 250 275 406 377 470 551 590 503 390 254 234 250 212 213
131 184 251 312 373 498 505 662 607 545 487 379 295 232 219 162
228 253 268 367 393 460 625 687 730 647 528 414 294 296 204 218
263 248 292 363 490 562 697 859 824 684 613 506 371 293 306 220
274 197 402 376 562 636 871 1158 1085 830 626 503 449 316 194 231
242 378 370 519 563 744 1127 1432 1354 1074 715 573 480 389 322 264
319 343 428 573 697 897 1398 1796 1615 1375 924 637 528 410 398 301
309 381 439 606 789 1179 1443 2060 2121 1498 1265 827 553 508 396 375
366 415 518 682 911 1301 1975 2413 2429 1994 1432 830 667 534 475 297
404 461 587 819 1368 1665 2293 2713 2584 2221 1583 1281 752 579 484 422
437 543 708 1069 1414 2167 2631 2847 2958 2503 2175 1438 1004 626 560 424
490 622 824 1199 1690 2315 2898 3058 3172 2677 2350 1793 1262 728 560 448
602 678 1111 1471 2177 2741 3110 3335 3240 3084 2812 2275 1454 1083 683 527
644 875 1344 1739 2396 2993 3263 3296 3303 3267 2945 2578 1944 1354 808 629
Outbound

Figure 37: Heatmap of conventional layout C1 with class-based allocation
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Conventional layout C2 with random allocation:

Inbound
Euro locations Half euro locations

259 320 318 226

313 373 371 271

425 526 503 327

550 626 574 432

571 701 635 591

714 765 819 654

723 926 721 691

829 969 885 793

992 1352 1320 879
241 365 584 714 823 1172 1949 1577 1097
296 473 679 784 1052 1699 2483 2287 1578 465 394 326 298 217 209
369 571 449 422 359 285 302 237
506 720 464 436 383 347 322 281
631 690 464 463 415 427 355 303
681 868 475 437 427 416 376 286
706 903 538 453 427 460 389 387
788 1218 557 504 495 413 389 410

Outbound

Figure 38: Heatmap of conventional layout C2 with random allocation

Conventional layout C2 with class-based allocation:

Inbound

Euro locations Half euro locations

240 346 322

343 435 364

431 500 500

460 582 545

582 657 594

598 581 598

597 653 622

665 872 840

819 1047 1065
215 386 573 585 689 1017 1316 1289
314 481 583 641 864 1275 1885 1816
395 510 603 764 1088 2022 2117 2067 1599 502 495 384 325 246 212
500 624 636 867 1492 2049 4012 3026 1890 462 464 475 358 317 235
556 590 715 516 504 500 365 358 303
583 615 905 487 500 507 439 364 343
574 802 1186 504 537 514 461 490 359
670 923 1706 542 550 510 485 462 414

Outbound

Figure 39: Heatmap of conventional layout C2 with class-based allocation
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Flying-V layout with random allocation:

Outbound

Figure 40: Heatmap of Flying-V layout with random allocation

Flying-V layout with class-based allocation:

Inbound

Outbound

Figure 41: Heatmap of Flying-V layout with class-based allocation
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CPU based layout with combined allocation:

Inbound
E-sections E-sections
102 o1 114 139 149 154 S-section 175 138 131 119 94 103
212 203 251 239
122 119 162 179 267 280 o5 240 P ol 2% 227 218 147 130 114
210 285 274 255
156 176 260 291 353 388 264 284 270 1| 341 358 239 204 194 158
263 352 293 288
226 250 299 376 413 472 %67 243 315 21| %47 459 376 320 233 199
282 308 290 350
163 196 237 238 290 292 243 337 247 20| 274 287 249 257 183 150
375 354 321 360
404 474 486 520 606 550 52 01 285 20| %7 591 497 456 415 414
474 579 547 595 647 776 559 S g6 398 128 701 635 532 493 478
P-section . P-section
S-section
887 901 952 984 908 938 735 930 790 747 722 723
351 416 461 393
393 435 452 390
433 439 399 414
425 poe 409 w61 sl 199 972 1509 1519 1435 1420
442 490 440
468 444 470
417 453 504
251 930 4002 2574 5187 2586 297 P ot
439 500 537
491 474 460
1014 566 475 605
Outbound

Figure 42: Heatmap of CPU based layout with the combined allocation policy

UNIVERSITY
OF TWENTE.

75




