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Abstract 
Title: Developing a Design Science Based Decision Support Framework for Detailed Design            
of a Warehouse - a Case Study at BorgWarner Sweden AB 

Authors: Mattias Karlsson, Oliver Sänneskog 

Supervisor: Joakim Kembro, Department of Industrial Management and Logistics, Faculty of           
Engineering, Lund University 

Problem description: Warehouses and warehousing operations are often considered as some           
of the most crucial elements in a company's supply chain, and often stand for more than 20                 
percent of a company’s total logistics costs. The actual size of these costs are, together with                
most of the costs related to warehouse operations, mainly consequences of the decisions made              
when designing the warehouse. The design of warehouses should therefore be considered as a              
critical component for any company striving towards increased competitiveness and a more            
efficient supply chain. When designing a warehouse several aspects have to be considered,             
including location and size of aisles, P/D location, picking zones, storage assignment and             
many more. These aspects are often interdependent, thereby making it almost impossible to             
find an optimal solution to the layout design problem. A structured approach towards decision              
making is therefore needed. 

Purpose: The purpose of this thesis is to develop a decision support framework by combining               
warehousing theory with the methodology of design science. By using design science, the             
focus of the research shifts from theoretical knowledge creation towards a more problem             
solving oriented approach, enabling the user to consider several interdependent aspects by the             
use of iterative processes.  

Research questions: How can a decision support framework for the detailed design of a              
warehouse be conceived by utilizing established warehouse theory in combination with design            
science? And, can the proposed framework enhance the ability to pursue the warehousing             
strategy at the case company by improving the physical layout and related processes? 

Methodology: By studying research within the fields of both warehousing and design            
science, frameworks related to both of the topics were established. The design science             
research framework combines the viewpoints of current research and puts it in a warehouse              
design context. This framework was then combined with modules, consisting of key topics             
from the warehousing literature study, in order to create the decision support framework. The              
framework was then applied to the situation at BorgWarner Sweden AB using a single case               
study research strategy.  

Conclusion: The module based approach used in the decision support framework provides            
several benefits when merging the concepts of warehousing and design science. The iterative             
design science methodology needs clearly structured definitions and limitations, which is           
given by the different modules of the framework. It can also be concluded that, as seen by the                  
case study, the use of the decision support framework resulted in an improved detailed layout               
that are in line with the strategy of the case company. 

Keywords: Warehouse design, warehouse layout, warehousing, design science, decision         
support, decision framework, iterative methodology.  
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Sammanfattning 
Titel: Utveckling av ett Designvetenskap-baserat Ramverk för Beslutsstöd vid Detaljerad          
Design av ett Lager - en Fallstudie på BorgWarner Sweden AB 

Författare: Mattias Karlsson, Oliver Sänneskog 

Handledare: Joakim Kembro, Institutionen för teknisk logistik och ekonomi, Lunds Tekniska           
Högskola vid Lunds universitet  

Problembeskrivning: Lager och lagerhållningsprocesser ses ofta som några av de viktigaste           
delarna i ett företags värdekedja, så dessa delar kan stå för över 20 procent av företagets totala                 
logistikkostnader. Storleken på dessa kostnader, och även många andra kostnader relaterade           
till lagerföring, är huvudsakligen en konsekvens av de beslut som togs när lagren designades.              
Lagerdesign bör därför ses som en grundpelare i ett företags arbete med att skapa en mer                
effektiv värdekedja och därmed också öka sin konkurrenskraft. När ett lager ska designas är              
det en uppsjö av beslut som behöver tas i beaktning, till exempel plockzoner, lagringspolicys,              
behov av material och mycket annat. Konsekvensen av dessa beslut beror ofta på varandra,              
vilket gör det närmast omöjligt att hitta en optimal lösning för den övergripande             
lagerlayouten. Det finns därför ett behov av ett strukturerad angreppssätt för denna typ av              
beslutsfattande.  

Syfte: Syftet med den här studien är att utveckla ett ramverk för beslutsstöd genom att               
kombinera lagerteori med metodik från designvetenskap. Genom att använda sig av denna typ             
av metodik kan ett mer problemlösningsorienterat angreppssätt uppnås, samt skapa en           
möjlighet att ta flera aspekter i beaktning trots att dessa kan bero på varandra. 

Forskningsfrågor: Hur kan ett ramverk för beslutsstöd vid detaljerad design av ett lager             
skapas genom att kombinera lagerteori och metodik från designvetenskap? Och, kan det            
föreslagna ramverket förbättra möjligheterna att följa uppsatta lagerstrategier hos BorgWarner          
genom att förbättra den fysiska layouten och tillhörande processer i deras lager? 

Metod: Genom att studera tidigare forskning inom både lagerteori och designvetenskap           
kunde ramverk för respektive område skapas. Ramverket för designvetenskap kombinera          
synvinklar speglade i nuvarande forskning på området och sätter dessa i en lagerdesign             
kontext. Detta ramverk kombinerades sedan med moduler, bestående av nyckelämnen från           
studien av lagerteori, för att tillsammans skapa ett ramverk för beslutsstöd. Detta ramverk             
testades sedan på situationen hos BorgWarner Sweden AB genom en fallstuide.  

Slutsats: Det modulbaserade angreppssättet som används i beslutsstödsramverket visade sig          
ha ett flertal fördelar när lagerteori och metodiken från designvetenskap skulle kombineras.            
Eftersom metodiken är iterativ i sin grund behövs tydliga definitioner och begränsningar av             
arbetet för att inte överväldigas av beslut och lösningar. Modulerna kunde här agera som detta               
genom att hela tiden skala ner mängden simultana beslut. Slutligen kunde det i fallstudien ses               
att beslutsstödsramverket också skapade en förbättrad detaljerad lagerlayout hos företaget,          
som också låg i linje med deras övergripande strategi. 

Nyckelord: Lagerdesign, lagerlayout, lagerhållning, designvetenskap, beslutsstöd, ramverk       
för beslutsstöd, iterativ metodik. 
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Structure of Thesis 
 
Chapter 1: Introduction……………………………………………………………… Page 9 

The initial chapter of the thesis describes the background of the research addressed, the              
current status of the same research and why further studies are needed. Next, the purpose of                
the thesis and its related research questions are introduced. Finally, delimitations of the             
research area are clarified. 
 
Chapter 2: Design Science…………………………………………………………… Page 13 

This chapter introduces the concept of design science as a research methodology. First by              
discussing key literature and then by the introduction of a design science research framework              
aimed at warehouse layout case studies. 
 
Chapter 3: Frame of Reference……………………………………………………… Page 19 

This chapter provides a theoretical frame of the current research within the area of              
warehousing, focusing on policies and layout decisions. The theoretical frame will then,            
together with the design science framework in chapter two, provide the core for the decision               
support framework suggested in chapter four. 
 
Chapter 4: A Decision Support Framework for Warehouse Detailed Design ……..Page 35 

In this chapter the decision support framework is introduced and explained. The framework is              
defined by using a combination of the theoretical frame and the design science framework              
from chapter two and three. First, the overarching process is described and illustrated. Then,              
in chapter 4.2 - 4.5, each module is explained and illustrated individually. 
 
Chapter 5: Methodology……………………………………………………………….Page 41 

This chapter describes the methodological choices made regarding research strategy and           
design. The chapter regarding research strategy explains the use of a single case study. Then,               
the research design chapter discusses the case sampling, case company and data collection             
methods. Finally, the trustworthiness of the conducted research is discussed and evaluated.  
 
Chapter 6: Case Study - BorgWarner Sweden AB Landskrona……………………Page 55 

The single case study was performed at BorgWarner Sweden AB in Landskrona. This chapter              
presents the process and results of applying the decision support framework on the             
warehousing situation at the case company, where new warehouse facilities are to be             
introduced. The chapter is divided into seven headings, each representing one of the steps in               
the decision support framework.  
 
Chapter 7: Conclusions and Further Research…….……………….…...………… Page 93 

In this chapter the research questions of the thesis are revisited and evaluated based on the                
level och achievement of each. Thereafter, insights from the research process is shared and              
discussed. 
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1. Introduction 
The initial chapter of the thesis describes the background of the research addressed, the              
current status of the same research and why further studies are needed. Next, the purpose               
of the thesis and its related research questions are introduced. Finally, delimitations of the              
research area will be clarified. 

1.1 Background and problem discussion 
Warehouses and warehousing operations are often considered as some of the most crucial             
elements in a company's supply chain (Rouwenhorst et al., 2000; de Koster et al., 2012; Gu et                 
al, 2007). The competitiveness of many companies are directly related to their ability to              
develop and maintain an efficient supply chain network (Frazelle, 2015). Further, supply            
chain efficiency can, to a large extent, be determined by the performance of its warehouses               
(Rouwenhorst et al., 2000). The warehouse performance affects, and is affected by, many of              
the other functions within the company. According to de Koster et al. (2007), the element of                
warehousing often stands for more than 20 percent of a company’s total logistics costs. The               
actual size of these costs are, together with most of the costs related to warehouse operations,                
mainly consequences of the decisions made when designing the warehouse (Rouwenhorst et            
al., 2000; Gu et al., 2010). Consequently, the design of warehouses should be considered as a                
critical component for any company striving towards increased competitiveness and a more            
efficient supply chain. 
 
When designing a warehouse several aspects have to be considered, including location and             
size of aisles, P/D (pick-up / drop-off) location, picking zones, storage assignment and many              
more (Hassan, 2002). These aspects are often interdependent, thereby making it almost            
impossible to find an optimal solution to the layout design problem. For example, Chan and               
Chan (2011) conclude that the storage assignment aspect alone depends on both order picking              
method, size and layout of storage system, material handling system, product characteristics,            
demand trends, turnover rates and space requirements. Further, the effects on warehouse            
operational efficiency caused by the warehouse design can only be observed after the process              
of building the warehouse is finished. At this stage, changes in design decisions are often               
either impossible or very expensive to perform due to the need for both downtime in               
operations and investments in new facilities (Gu et al., 2007; Bartholdi III & Hackman, 2010).  
 
To make the right decisions throughout the warehouse design process is difficult and requires              
simultaneous consideration of several, often abstract, alternatives and solutions. Because          
different design solutions enable improvements on different parts of the warehousing           
processes, considerations are needed about which improvements are the most desirable           
(Rouwenhorst et al., 2000; Hassan, 2002). Further, as the area of warehousing has many              
stakeholders throughout the company’s entire organization, the view upon what is the most             
desirable solution may be segregated (Roodbergen et al., 2015). A structured approach            
towards the decisionmaking, based on relevant and reliable theory, is therefore important in             
order for an upcoming warehouse to perform efficiently and according to the company’s             
strategy.  
 
Yet, despite extensive research published within each of the areas of warehouse research,             
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articles focusing on linking these areas to each other are more scarce (de Koster et al., 2007).                 
Rouwenhorst et al. (2000) state that there is a need for research aimed at developing a                
systematic design approach. This is further elaborated by both de Koster et al. (2007) and Gu                
et al. (2010), stating that academic research related to warehousing processes needs to be              
connected to practice. Preferably by the use of practical case studies that apply academic              
research to real problems. Yoon and Sharp (1996) conclude that a framework for deciding              
upon a warehouse layout would have the potential to fill this gap. Developing such a               
framework would enable a structured approach to decision making while still considering a             
broad range of theoretical options. There are, however, a few frameworks aimed at the design               
of warehouses which have already been discussed by researchers (see Hassan, 2002;            
Rouwenhorst et al., 2000; Goetschalckx & Ashayeri, 1989; de Koster et al. 2007; Gu et al.,                
2007). But these frameworks are either strictly linear or categorized based on their level of               
abstraction in the decision hierarchy related to warehouse design problems. This means that             
neither of them manage to illustrate the interdependence between the different warehousing            
aspects, often leaving them limited to only handle well-defined and isolated problems            
(Rouwenhorst et al., 2000).  
 
This thesis aims to bridge this gap by combining theory regarding warehouse design and areas               
affecting it with the methodology of design science. By using design science, the focus of the                
research shifts from theoretical knowledge creation towards a more problem-solving oriented           
approach (Holmström et al., 2009), enabling the researchers to consider several           
interdependent aspects by the use of iterative processes.  

1.2 Purpose of the thesis 
The purpose of this thesis is to develop a framework to support decision making regarding the                
detailed design of a warehouse and to apply this framework using the methods of design               
science. More specifically, by the development of an extensive but still easy-to-use decision             
support framework, together with a guiding framework for approaching warehouse design           
cases using the methodology of design science. The goal of the decision support framework is               
to provide a structured approach to warehouse design decisions that enables managers to             
make decisions on how to design their warehouses in order for them to operate efficiently and                
in line with the company’s overall strategy.  
 
To ensure that the decision support framework is suitable for a practical setting, a case study                
will be performed at BorgWarner Sweden AB in Landskrona. Today, most of the relevant              
literature focuses on specific topics and provides in detail analysis of certain phenomena. The              
case study will be a complement to such endeavors as it will shed light on how the theory can                   
be applied in practice. 

1.3 Research questions 
Based on the purpose stated in section 1.2, the following research questions are concluded: 
 

RQ 1. How can a decision support framework for the detailed design of a 
warehouse be conceived by utilizing established warehouse theory in 
combination with design science? 
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RQ 2. And, can the proposed framework enhance the ability to pursue the 
warehousing strategy at the case company by improving the physical layout 
and related processes? 

 
The research questions are illustrated in figure 1, together with related chapters. The first              
research question, RQ 1, is answered by the use of two separate literature reviews, one for the                 
concept of design science and one for relevant warehousing theory. These two reviews are              
then merged in order to create the decision support framework for detailed design of a               
warehouse. To answer RQ 2, the framework shaped in chapter four is tested by the use of a                  
single case study at BorgWarner Sweden AB.  
 

 
Figure 1: Connection between aspects covered in thesis and research questions (RQ). 

1.4 Delimitations 
Delimitations are of high importance in any thorough study as most topics of research can               
easily be elaborated upon, hence include vast number of aspects. There is a need to reduce the                 
aspects to a number that can be dealt with, given the time and resources the authors have at                  
their disposal. Delimitations must therefore be set up as described in this chapter.  
 
Many theoretical frameworks include all possible aspects of warehouse design, discussing           
each part of the design process in a broad sense. The intent of this thesis is to focus solely on                    
the detailed design of a warehouse, leaving other aspects such as dimension and placement of               
outer walls, placement of gates and ports that lead outside and the materials used in floors,                
walls and ceilings, out of scope. In summary, only the aspects related to the area inside the                 
outer perimeter of the warehouse facility are considered. Also, Enterprise Resource Planning            
(ERP) systems and fully automated warehousing solutions will not be evaluated in this thesis              
due to the vastness of these subjects. 
 
As for the framework, changing a layout is adjacent to the broad subject of change               
management. These aspects of a new design, the implementation, motivation of staff and the              
extensive planning required in order to create a new warehouse space will not be elaborated               
upon in this thesis, albeit their relevance for a successful implementation cannot be disputed. 
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2. Design Science 
This chapter introduces the concept of design science as a research and problem solving              
methodology. First by discussing key literature and then by the introduction of a design              
science research framework aimed at warehouse layout case studies. 

 
The concept of design science has its roots in computer sciences and is the foundation of                
artificial intelligence and problem solving algorithms (Simon, 1996). However, as a           
warehouse is a complex setting, it can be subject to the same overarching principles as are                
prevalent in computer sciences, especially as design science is a broad concept overall. Simon              
(1996) defines a designer as somebody “who devises courses of action aimed at changing             
existing situations into preferred ones ” (Simon, 1996, p. 130). Therefore, as design science             
aims to explain how and why different design solutions are applicable in a particular problem               
context, the methodology is seemingly well suited for the process of warehouse design             
(Holmström et al., 2014).  
 
In design science, solutions are constantly refined and tested by moving between the areas of               
discovery and problem solving (Tanskanen et al., 2015). The output can be both in the shape                
of new solutions to existing problems as well as existing solutions matched with new              
problems (Cohen et al., 1972). According to Simon (1996), the research area of design              
science can be defined as research seeking to either explore new solution alternatives to solve               
problems, explain this explorative process, or to improve the problem-solving process.           
Typical tools for designing solutions to problems in this field include both optimal algorithms              
and heuristic solutions. However, optimal algorithms are constrained by what can be            
mathematically formulated within the various models. Therefore, heuristic solutions are          
important in design sciences. Hence there is a need to be able to search for such solutions in a                   
reasonably structured manner (Simon, 1996). 
 
It is important to bear in mind that logistic solutions are context dependent and certain               
logistics solutions and outcomes are often highly correlated (Tanskanen et al. 2015). The             
driving forces behind such correlation between a design solution and the outcome are called              
generative mechanisms. Tanskanen et al. (2015) describes a number of generative           
mechanisms, i.e. the mechanisms that explain why a design A leads to an outcome B, several                
of which have been proposed for logistics innovations: (i) Observable and continuously            
improving efficiency, (ii) fast and fluent flow, and (iii) organizational learning. Tanskanen et             
al. (2015) also note that desired outcomes in logistics innovation usually include: (i)             
Efficiency of production, (ii) product quality and, (iii) adaptation. 
 
In summary, the main mission of a design science approach is to solve one or more real-world                 
problems (Holmström et al., 2009). Van Aken (2004) distinguishes between design science            
and so called explanatory science, meaning science aiming to, for example, explaining causal             
relationships. The differences between these two paradigms are highlighted in table 1.  
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Table 1: Differences between explanatory and design science (van Aken, 2004) 

 Explanatory science Design science 

Focus Problem focused Solution focused 

Perspective Observer Player 

Logic Hindsight Intervention-outcome 

Typical research question Explanation Alternative solutions for a 
class of problems 

Typical research product Causal model; quantitative 
law 

Tested and grounded 
means-end proposition 

Nature of research product Algorithm Heuristic 

Justification Proof Saturated evidence 

Type of resulting theory Organization theory Management theory 

 

2.1 Existing frameworks of design science 

2.1.1 Holmström et al. (2009) 
The concept of design science can be utilized to increase relevance of research effort within               
the operations management realm. Holmström et al. (2009) distinguish between four phases            
of operations management research. The first two are exploratory, aiming to solve an actual              
problem whereas the last two steps are explanatory, trying to formalize the knowledge and              
create theoretical frameworks. The phases are: (i) Solution incubation, (ii) solution           
refinement, (iii) explanation I, and (iv) explanation II. 
 
1. Solution incubation 
The first phase, solution incubation, concerns the framing of a problem to examine,             
pinpointing the roots of that problem and initiation of the search for possible solutions by the                
use of solution design. The method is similar to the abductive research approach (Holmström              
et al., 2009). At the end of phase one the output should consist of a list of possible, but still                    
not implementable, solutions to a well defined problem.  
 
2. Solution refinement 
At this stage, the solutions discovered in phase one are refined through the use of empirical                
testing. This is conducted using several iterations, whereas after every iteration solutions are             
either refined or discontinued (Holmström et al., 2009). Alongside the refinement, solutions            
should be gradually implemented in an empirical context. After completing phase two, the             
output should consist of one final solution design. 
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3. Explanation I & 4. Explanation II  
The latter two phases relate to the development of generalizable theory and are considered as               
out of scope for the research design of this thesis.  

2.1.2 van Strien (1997)  
Van Strien proposes a general, simplified model of a problem solving process. The process              
assigns practice equal status to that of theory-directed thinking.  A regulative cycle is aimed to               
steer the behavior of the people or entities involved in the desired, normative, direction, hence               
solving practical problems. This process resembles closely that of Simon (1996). The            
regulative cycle consists of several steps: (i) The identification of a problem, (ii) diagnosis of               
the problem, (iii) a plan of action, elaborating on the remedy of the problem, (iv) intervention,                
aiming to cause a change in the desired direction, and (v) evaluate the new situation (van                
Strien, 1997). 

2.1.3 Tanskanen et al. (2015) 
The research approach described by Tanskanen et al. (2015) is in many ways similar to the                
framework introduced by Holmström et al. (2009). It does, however, take a more practical              
approach towards design science by applying research design on a case study. The research              
design described by Tanskanen et al. (2015) consists of four main phases: (i) Initial              
means-ends exploration, (ii) setting the design objective, (iii) solution design, and (iv) pilots             
and results. 
 
1. Initial means-ends exploration 
The first step of the framework is to explore the case problem. This can be achieved through                 
interviews, workshops or other methods for information gathering. After finding and defining            
the major problems, possible solutions should be explored in a broad sense.   
 
2. Setting the design objective  
Based on the information gathered in phase one, a decision regarding the main objective(s) of               
the design approach should be made. The objective(s) should define the characteristics and             
performance expectations of the final solution.      
 
3. Solution design 
In this step, the final solution is created through a step by step implementation of the                
objectives from the previous step. For each new feature added, the solution is tested and               
evaluated in order to find alternative solutions. 
 
4. Pilots and results 
Finally, the solution is tested through a few pilot implementations. The results from these are               
measured and evaluated both qualitatively and quantitatively and then, if needed, the solution             
is further improved.  

 

 

15 



2.2 A design science research framework for warehouse layout         
case studies 
By considering the already existing frameworks and approaches mentioned in literature, a            
research design framework for designing a warehouse layout was created. The framework            
makes use of the design science approach. The process is largely inspired by the means-ends               
analysis method described by Holmström et al. (2009) and Simon (1996). The initial state and               
goal state are clarified and smaller subproblems are formulated in order to travel from the               
former to the latter in a structured manner. However, it is also a matter of verifying that these                  
solutions create “appropriate assemblies”, meaning that they must complement each other           
(Simon, 1996). Table 2 shows how the different steps of the framework relate to areas in the                 
reviewed literature. Just as with those frameworks, using this framework should be seen as a               
highly iterative process. The framework’s four main steps are: (i) Problem definition, (ii)             
solution exploration, (iii) solution refinement and, (iv) pilot implementation & evaluation. 
 
Table 2: Connection between authors suggested framework and literature 

Step Holmström et al. Tanskanen et al. Van Strien 

1. Problem definition Solution incubation Initial means-ends 
exploration 

The identification of 
a problem 
 
Diagnosis of the 
problem 

2. Solution exploration Solution incubation Setting the design 
objective  

A plan of action 
 

3. Solution refinement Solution refinement Solution design Intervention 

4. Pilot implementation & 
evaluation 

Solution refinement Pilots and results Evaluate the new 
situation 

 

1. Problem definition 
First, the problem should be framed and possible remedies are to be briefly identified. An               
initial means ends exploration, defining the initial and goal states is to be carried out. This                
may be achieved through interviews with relevant decisionmakers. Thereafter, the root cause            
of these problem(s) is to be identified through the use of, for example, interviews, quantitative               
analysis of warehouse data and walkthroughs within the actual warehouse. 
 
The output from step one should be one, or a set of, problems that captures the actual needs                  
underlying the decision to build a new warehouse. 
 
2. Solution exploration 
After defining the problem, the search for possible solutions should begin. Just as design              
science overall (Tanskanen et al., 2015), the entire solution-oriented part of the framework is              
a highly iterative process. Therefore, new possible solutions may be introduced at any stage of               
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the research. The solution exploration instead aims to introduce a first set of solutions in order                
to guide the process onwards. These solutions are not to be chosen as the result of a rigorous                  
evaluation of all possible choices at hand. Rather, the best intuitive solutions are chosen and               
passed on to the next step (Simon, 1996). This is achieved by matching the problems defined                
in step one with objectives that solve these problems. The initial solutions should act as a                
cornerstone when brainstorming new and improved ways of meeting the objectives. 
 
The output from step two should be a set of different solutions that all have the potential to                  
solve some, or all, of the objectives of the project. 
 
3. Solution refinement 
When a set of initial solutions is achieved, these solutions are to be put into empirical testing.                 
By applying relevant theories and case data, thereby framing solution environments, the            
different solutions can be critically evaluated and then refined based on the outcome of the               
testing. There can be sub-problems formulated based on the initial state and the goal state,               
each sub-problem bringing the system closer to the goal state by meeting relevant design              
criteria. However, solutions to such sub-problems cannot be assumed to be stackable.            
Therefore one must also search for appropriate assemblies of solutions that altogether meet             
the design criteria for the full system. This is along the principles of means-ends analysis               
(Simon, 1996) described above. The entire process is repeated until the initial solutions are              
refined and scaled down to one, implementable, solution.  
 
The output from step three should be a description of an implementation ready solution to the                
problems defined in step one. 
 
4. Pilot implementation & evaluation 
At this stage, the refined solution achieved in step three should be tested in a practical setting.                 
If practical testing is not possible, for example if a pilot warehouse area is not available, the                 
solution can be evaluated by the use of company input through, for example, workshops and               
discussions with stakeholders. The results from the testing are then used, if needed, to further               
improve the solution.  
 
The output from step four should be the final solution to the design problem at hand. 
 

 

Figure 2: Illustration of the iterative process of finding a final solution  
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3. Frame of Reference  
This chapter provides a theoretical frame of the current research within the area of              
warehousing, focusing on policies and layout decisions. The theories are presented           
according to function. 

 
To design a warehouse is a highly complex task, due to the multitude of relevant variables.                
Several researchers have attempted to bring clarity to this issue by presenting frameworks of              
such a design process. Goetschalckx & Ashayeri (1989) have created a nine step framework              
for how to approach the warehouse design problem. The framework takes its starting point in               
the external circumstances and market requirements faced by the company. Further, Hassan            
(2002) presents a linear model, consisting of 14 steps, pointing out the main issues in               
chronological order. Finally, Rouwenhorst et al. (2000) present a number of design related             
issues grouped by their respective strategic level (strategic, tactical or operational). Both the             
frameworks by Hassan and Goetschalckx & Ashayeri can be described as top down             
approaches towards the design issues, even though they both state that the process consists of               
several interdependent decisions in the need of simultaneous consideration.  
 
When comparing the frameworks with each other it can be seen that all of them approach a                 
number of areas of warehouse design issues, even though the order they are approached in               
may differ. The categorization of warehouse design issues are discussed by Gu et al. (2007),               
who present a model consisting of five main categories to consider when designing a              
warehouse. By using this model as inspiration, the categories described in table 3 were framed               
to illustrate the different areas affecting detailed warehouse design decisions as discussed in             
the reviewed frameworks. 
 
Table 3: Areas affecting decisions regarding detailed design of a warehouse and their 
connection to common framework steps 

Area Goetschalckx et al. (1989) Hassan (2002) Chapter 

Warehouse type 
& objectives 

0. Internal inputs & 
constraints 

1. Specifying the type & 
purpose of the warehouse 

3.1 

Activity profiling 2. Material characteristics 
classification  
3. Product demand analysis 

2. Forecasting & analysis of 
expected demand 

3.2 

Storage policies 4. Storage capacity 
determination 
5. Storage policy selection 

4. Determining inventory levels 
5. Class formation 
7. Storage partition 
14. Zone formation 

3.3 

Layout decisions 7. Layout design evaluation 6. General layout 
9. Design of aisles 
10. Determining space 
requirements 
11. Number & location of I/O 

3.4 
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ports 
12. Number & location of docks 

Operational 
policies 

9. Batching & picking 
policy selection 

3. Establishing operating 
policies 
13. Arrangement of storage 

3.5 

Equipment 
selection 

6. Mechanization level 
selection 
8. Information control 
system design 

8. Material handling, storing & 
sortation systems 

3.6 

 
The first area, warehouse type and objectives, concerns the different activities included in the              
warehousing process. This is further elaborated by exploring how different warehouses strive            
towards different objectives depending on their company’s strategy. These objectives affect           
the outcome of decisions in all of the upcoming areas, making the category a cornerstone for                
upcoming categories. The next area, activity profiling, presents different methods for           
categorizing both warehouses and stock keeping units (SKUs) depending on predefined           
variables. These methods are tightly linked to the area of storage policies, where the different               
principles for assigning SKUs, or groups of SKUs, to the warehouse storage locations are              
discussed. Thereafter, theory related to specific layout decisions are elaborated upon. This            
includes both placement of P/D location and configuration of aisles and storage lanes. The              
choices made regarding these decisions directly affect the outcome of the next part, the              
operational policies. This area discusses the different picking and routing policies mentioned            
in theory, and when they are applicable. Finally, the area of equipment selection introduces a               
variety of transport, positioning, formation and storage equipment commonly used in           
warehousing. 

3.1 Warehouse types & objectives 
Traditionally, a warehouse has been seen as a placement for storage. Yet, there are several               
other supporting activities needed to enable the storing function. Many warehouses nowadays            
have extended their role to also include different value-adding activities (Tompkins et al.,             
2010). Some of the typical functions of a warehouse, as described by Tompkins et al. (2010),                
are:  

1. Receiving: The activities involved in reception of all products and materials coming            
into the warehouse. 

2. Inspection and quality control: Performed if suppliers are inconsistent in quality or if             
the product received are highly regulated and demand inspection. 

3. Repackaging: Only performed when products are received in bulk but are rather stored             
in lesser quantities or kitted together with other products. This step can also include              
relabeling, if the products received need some specific type of markings for            
identification purposes.  

4. Put away: Handling the material and placing it at the desired storage position. 
5. Storage: The actual holding of product at its storage position. 
6. Order picking: The process of collecting products from storage.  
7. Postponement: Optional step used to be able to box combinations of items into             

different products without the need for storage of each individual combination. Has            
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the advantage of more flexibility of how to make use of the on-hand inventory.  
8. Sortation: Done if several orders are picked during a single route, or if an order is                

picked using several routes.  
9. Packing and shipping: Includes packaging of products into appropriate shipping          

material, preparation of shipping documents, accumulation of orders and loading of           
goods into external transportation vehicles.  

10. Cross-docking: Performed if received goods are to be transported directly from the            
receiving dock to the shipping dock. 

11. Replenishing: Moving goods from reserve storage to primary picking locations.  
 

The type of warehouse to use at a specific part of the supply chain is mainly determined by                  
the type of customers it aims to serve (Bartholdi III & Hackman, 2010). Van den Berg et al.,                  
(1999) distinguish between three different types of warehouses: (i) Distribution warehouses,           
(ii) production warehouses and, (iii) contract warehouses. A distribution warehouse collects           
products from different suppliers and deliver them, often in smaller units, to a number of               
customers. A production warehouse, on the other hand, supports in-house production by            
storing raw materials, semi-finished and finished products. A contract warehouse performs           
warehousing operations on behalf of other companies as an outsourcing service. 
 
The objectives of a specific warehouse varies depending on its type, placement in the supply               
chain and the company’s operations strategy. The operations strategy decides broadly how the             
warehouse should be operated, for example when considering picking and storage (Gu et al.,              
2010). Typical warehouse objectives could, for example, include: (i) To use space efficiently,             
(ii) to allow for the most efficient material handling, (iii) to provide the most economical               
storage in relation to costs of equipment, use of space, damage to material, handling labor and                
operational safety, and (iv) to provide maximum flexibility in order to meet changing storage              
and handling requirements (Tompkins et al., 2010). 

3.2. Activity profiling 
Activity profiling is often seen as a necessary first step when conducting any type of               
warehousing project (Bartholdi III & Hackman, 2010). By systematically analyzing item and            
order activity, an objective basis for decision making can be achieved. For a warehouse, the               
different activity profiles useful for analysis can be categorized as illustrated in figure 4              
(Frazelle, 2015). By classifying SKUs based on one or a few of these profiles, the possibility                
to apply different storage and production policies arises. However, this can also be achieved              
by simply classifying the SKUs based on their general characteristics, such as annual sales              
volume, product value or specific storage requirements. In order to create a SKU             
classification, irrespective of its complexity, two simple questions need to be answered: (i)             
“How many classes are to be used?” and, (ii) “How are the borders between the classes                
determined?” (van Kampen et al., 2012). 
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Figure 4: Warehouse activity profiles, inspired by Frazelle (2015) 

3.2.1 Order profiles 
Customer/supplier paretos 
The customer and supplier paretos (also known as the 80/20-rule) concerns the analysis of              
customer and supplier sizes, with the aim to identify high demanding partners. These partners              
can then be segmented and thereafter receive separate treatment, such as dedicated areas in              
the warehouse or reserved spots in a forward pick area. The customers or suppliers can be                
both internal and external and segmented on variables such as demand volume, allocated             
activity in warehouse or service requirements (Frazelle, 2015). 
 
Composition profiles 
The different composition profiles include family-mix, handling-mix and order-increment         
profiles. The family-mix profiles concern to what extent orders consist of SKUs from one or               
several product families. If a majority of the orders only consist of one product family each,                
the storage policy related to zoning should be evaluated. Handling-mix profiles are instead             
concerned with in which unit each SKU is picked. This is used to determine whether different                
units of storage should be placed in separate or combined areas of the warehouse. Finally, the                
order-increment profiles analyze how much of a unit load that is requested on average on a                
single order. This may reveal possibilities for new units of storage, for example half- or               
quarter-pallets, that can be picked in full (Frazelle, 2015). 
 
Volumetric profiles 
For customer orders, common volumetric profiles include lines-, units-, cube- and           
weight-per-order. These metrics are used to, for example, determine the average number of             
SKUs on a single order (Frazelle, 2015). 
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Calendar clock profiles 
To reveal peaks and valleys in the activity of a warehouse, the activity distribution can be                
analyzed. This can be conducted on different levels, including month-of-year, week-of-month,           
day-of-week, and hour-of-day (Frazelle, 2015). 

3.2.2 Item profiles 
Popularity profile 
The popularity profile is used to analyze how many percent of the picking activities that can                
be associated with a certain percent of the SKUs. Often conducted using an ABC curve, or a                 
similar technique (Frazelle, 2015). 
 
Cube-movement profile 
Used to support decisionmaking of storage mode and space allocation. Reveals the total             
volume of each SKU that is shipped or moved each time period (Frazelle, 2015). 
 
Popularity-cube-movement profile 
The popularity-cube-movement profile is achieved by combining the popularity and          
cube-movement profiles. Yields a dual variable ranking that is, for example, suitable for             
determining slotting methods for different SKUs or classes of SKUs (Frazelle, 2015). 
 
Order-completion profile 
Used to identify small groups of SKUs that have the potential to fill a large group of orders. If                   
groups like this exist, they are to be treated separately to increase the throughput of that                
certain group (Frazelle, 2015). 
 
Demand-correlation profile 
The demand-correlation profile is used to determine if any pair of SKUs are frequently              
ordered together. The insights from such an analysis can be used to form family groupings, as                
discussed in section 2.3 (Frazelle, 2015). 

3.3 Storage policies 
The storage function of a warehouse can be defined by three fundamental decisions: (i) Level               
of inventory to keep for each SKU, (ii) when to replenish the different SKUs, and (iii) where                 
in the warehouse should the different SKUs be stored (Gu et al., 2007). The first two                
decisions are related to the area of inventory control, hence their related theories will not be                
further elaborated in this thesis. Instead, the focus will be on the third decision which relates                
to the warehouse storage policy. A storage policy is defined as a set of rules used to determine                  
in which storage location each product should be placed (de Koster et al., 2007). The choice                
of storage policy is directly related to the amount of storage spaces needed in the warehouse,                
both at maximum and on average, and heavily depends on the type of storage system used                
(Tompkins et al., 2010; Chan & Chan, 2011). A storage policy is defined by two main                
questions: (i) “How to order or rank the SKUs?” and, (ii) “How to assign ranked SKUs to                 
storage locations?” (Petersen et al., 2005). The first question, how to order or rank the SKUs,                
is used to define the level of perceived importance each SKUs should be considered to have,                
as discussed and explained in section 2.2. Which variable to use depends on the operations               
strategy of the company, and the most desirable location depends on the layout and the               
routing policy (Gu et al., 2007). According to the second question, after ranking the SKUs               
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based on any chosen variable(s), storage spaces should be assigned to each of them based on                
this ranking. This can be achieved using either a dedicated or shared storage policy (Bartholdi               
III & Hackman, 2010). Further, each SKU can be individually assigned to a location, or they                
can be clustered into groups (Petersen et al., 2004). Depending on the combination of the               
choices above, different storage assignment policies are defined.  
 
Bartholdi III & Hackman (2010) lay out a theorem stating that given: 

⁻ Constant demand 
⁻ A shared storage policy 
⁻ A SKU is stored at k locations of equal size 

 
.verage space utilization A = k

k+1   
 
So the more locations that hold a certain SKU, the higher the space utilization will be. Yet the                  
marginal utilization for each new location declines as k goes up. Correspondingly, if a              
dedicated policy is used, the average utilization is about 50 percent regardless of the number               
of locations assigned to a certain SKU (Bartholdi III & Hackman, 2010). These models allow               
for rough comparisons between dedicated and shared storage policies with regard to the space              
requirements and the thereby associated costs. 

3.3.1 Dedicated storage 
The first policy concerns the use of dedicated storage locations. This storage assignment             
policy gives each SKU the most suitable location based on its ranking, for example by               
volume-based storage. This yields an optimal picker travel distance, but requires both            
extensive handling and the most storage space. A dedicated policy requires locations to be              
locked for one single type of SKUs. A purely dedicated storage will therefore generate the               
lowest space utilization rate of all storage policies. This can lead to reduced efficiency. Yet,               
pickers tend to learn where to find certain SKUs, leading to higher picking rates (de Koster et                 
al, 2007).  
 
When using a dedicated storage policy, the most desirable storage locations can be defined              
using either a within-aisle or across-aisle storage policy. The within-aisle storage policy            
assigns the highest ranked SKUs in the picking aisles closest to the P/D location. The               
across-aisle storage policy instead assigns the highest ranked SKUs to the locations closest to              
the front cross-aisle, and lower ranked SKUs further back (Petersen, 2002). It has been              
concluded by Petersen et al. (1999) that within-aisle storage with a centered P/D location is               
the best storage policy for all pick lists when using dedicated, volume-based, storage. 

3.3.2 Random storage 
In the case of random storage, each SKU is placed in a currently empty location in the                 
warehouse without any ranking considerations (Petersen et al., 2004). The location can be             
chosen either as far away from the P/D location as possible, as close as possible or entirely                 
random (Gu et al., 2007). The random storage assignment policy is the most space efficient,               
but often requires a computer system to keep track of the SKU locations (Petersen et al.,                
2004).  
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3.3.3 Class-based storage 
The third storage policy to be considered is class-based storage. Here, the SKUs are combined               
into classes, e.g. based on similarities in product type or other relevant criteria received from               
an activity profiling analysis. These classes are then assigned to specific zones of the              
warehouse, and SKUs are then placed randomly within these zones. Due to the limited need               
for individualization compared to the dedicated storage assignment policy, class-based storage           
is generally seen as advantageous in practical settings (van Kampen et al., 2012). The              
classification can be conducted with methods such as the pareto principle (more commonly             
referred to as an ABC-analysis) (Petersen et al., 2004) or the FNS-technique (van Kampen et               
al., 2012). When using such methods in a warehousing setting, variables such as volume and               
popularity are often used to classify the SKUs (van Kampen et al., 2012). 

3.3.4 Family grouping 
Finally, there is a storage assignment policy named family grouping. This policy can be used               
together with class-based storage or other similar policies. The difference when using family             
grouping is that SKUs with, for example, a high degree of affinity receive dedicated locations               
close to each other, resulting in more convenient picking of these (de Koster et al., 2007). To                 
reveal such characteristics, the demand-correlation profile discussed in section 3.2.2 can be            
used. 

3.4 Layout decisions 

The creation of a warehouse design typically consists of four main steps; functional             
description, technical specification, equipment selection and determination of a layout          
(Rouwenhorst et al., 1999). Considering the layout step of the decisionmaking, several topics             
within this step have to be evaluated. When comparing research articles and literature             
addressing this topic, the areas found in table 4 were some of the most commonly discussed.                
The choices made within these different areas affect, apart from the other warehouse             
activities, both construction and maintenance cost, material handling cost, storage capacity,           
space utilization and equipment utilization (Gu et al., 2010).  
 
Table 4: Areas in need of consideration when determining warehouse layout 

Area Discussed in Chapter 

P/D location (Petersen & Schmenner, 1999; Petersen II, 1997; Tompkins 
et al., 2010; Bartholdi III & Hackman, 2010) 

3.4.1 

Aisle 
configuration 

(Petersen & Schmenner, 1999; Petersen, 2002; Bartholdi III 
& Hackman, 2010; Roodbergen, 2011; Gue & Meller, 2009) 

3.4.2 

Storage 
configuration 

(Bartholdi III & Hackman, 2010; Tompkins et al., 2010) 3.4.3 
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3.4.1 P/D location 
The flow within a warehouse is dependent on how the flow of goods is transported in and out                  
of the warehouse storage area. This incoming and outgoing flow is determined by the              
placement of the pick-up and drop-off (P/D) locations (Tompkins et al., 2010).  The             
positioning of these can have significant effect on the overall picking performance and choice              
of both picking, routing and storing policies (Petersen II, 1997). According to Petersen &              
Schmenner (1999), placement of the P/D location in the middle of the longest warehouse wall               
saves four percent on average in picking travel distance. However, this figure will depend on               
the storage policy of choice. Tompkins et al. (2010) suggests a more general set of factors to                 
consider when determining the P/D location, including; peak load, congestion, deadheading,           
carrier capabilities, machine capabilities, in-process storage capabilities, production schedule         
and carrier dispatching rules. Further, placing the P/D locations apart from each other have              
the possibility to create a higher amount of convenient storage positions, while placing them              
together creates fewer but even more convenient storage positions (Bartholdi III & Hackman,             
2010).  

3.4.2 Aisle configuration 
Aisles are used within the warehouse to allow for travelling between different storage             
locations. The main benefit of an aisle is increased accessibility. Bartholdi III & Hackman              
(2010) states that it is generally preferable to orient aisles in parallel to the direction of the                 
material flow. Further, two or more cross-aisles, running through the main aisle direction,             
might be preferable. To increase storage space, there has been examples of warehouses             
removing the cross-aisle on the opposite side from the P/D location. It has, however, been               
shown by Petersen & Schmenner (1999) that this increases the picking distance for all              
commonly used routing policies and layouts. Roodbergen (2011) states that, even though            
layouts with only two cross-aisles are very common in practice, it is rarely the optimal choice                
with regards to operational efficiency. It should, however, be noticed that an introduction of              
cross-aisles inevitably increases the required size of the warehouse in total, since the amount              
of storage spaces needed remains constant.  
 
When considering unit load warehouses with only one or two stops per picking route, Gue &                
Meller (2009) have shown that the preferable aisle configuration in most cases is not any               
combination of parallel cross-aisles. Instead, the use of a V-shaped layout, defined as the              
fishbone layout (see figure 5), strongly decreases the travel time needed. This is, however,              
only valid when using a random storage policy. If another policy is used, the gains from the                 
presented layouts is expected to be smaller (Roodbergen, 2011). Further, for the layout to be               
applicable, the P/D location has to be placed at the bottom center of the warehouse area (Gue                
& Meller, 2009).   
 
Hall (1993) showed that a wider warehouse is superior to a longer. Subsequent research show               
that fewer, longer aisles results in shorter picking routes. However, if using picking zones,              
these should ideally contain one aisle each, although causing extra aisles (Petersen II, 1997).              
Petersen further concluded that a deeper warehouses require less space for aisles as these then               
are fewer in numbers. 
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Figure 5: Illustration of the fishbone layout (Roodbergen, 2011) 

 

3.4.3 Storage configuration 
How to configure a specific storage area depends on the characteristics of the goods to be                
stored. First, differences between unit-load-, carton- and piece-pick areas have to be            
considered. Second, the relative popularity of the SKUs, or categories of SKUs, is of              
importance when considering the type of storage solution to be used. Finally, specific             
features, like perishability and fragility, create constraints on which storage solutions that are             
possible.   
 
For a unit-load area, one of the main questions is how high and deep pallets should be stored.                  
The height is determined by the stackability of units, or if racks are used, the number of levels                  
possible in the racks (Bartholdi III & Hackman, 2010). The depth, however, depends on              
several factors. By increasing the depth of each lane of storage, the number of aisles needed is                 
reduced. However, deeper lanes are also more susceptible for honeycombing. Meaning that            
the positions not directly accessible from the aisle will be unavailable even if they are empty,                
due to the fact that there are pallets left in the position(s) in front of them (Bartholdi &                  
Hackman, 2010; Tompkins et al., 2010). The most space efficient lane depth for a specific               
SKU when using floor storage can be approximated by the use of formula 1. When pallet flow                 
racks are used instead, formula 2 can be applied.  
 
Formula 1: Minimizing the average floor space needed when using floor storage (Bartholdi 
III & Hackman, 2010). 

 
qi = order quantity in pallets 
z i = maximum stack height  
a = width of aisle 
 
Formula 2: Minimizing the average floor space needed when using pallet flow racks 
(Bartholdi III & Hackman, 2010). 
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qi = order quantity in pallets 
z = pallet openings in rack 
a = width of aisle 
 
Another aspect to consider when determining the storage configuration is the need for             
first-in-first-out (FIFO) storage. Using deeper lanes decreases the possibility to maintain a            
FIFO policy without the need for extensive extra handling (Bartholdi III & Hackman, 2010). 
 
When instead configuring a case- or piece-pick area, the benefits of introducing a             
forward-pick area (FPA) in the warehouse should be evaluated. An FPA is a fraction of the                
warehouse reserved for the fastest moving SKUs. In this area, the assigned SKUs have              
dedicated positions from where they are picked. One possible configuration of an FPA is to               
use the first level of storage as dedicated positions from where SKUs are picked, while the                
remaining levels are used as random storage for replenishment (Bartholdi III & Hackman,             
2010). 

3.5 Operational policies 
Warehouse operations consist of several activities, all of which need to be considered when              
deciding upon a detailed warehouse design. The major activities include; receiving, transfer            
and put-away, order picking/selection, accumulation/sorting and shipping (de Koster et al.,           
2007). These activities are all to some degree interdependent, resulting in conflicting            
objectives and the need for trade-offs when composing the design (Rouwenhorst et al., 1999;              
Hassan, 2002). Further, the design also needs to be aligned with the overall objectives of the                
warehouse.  
 
When discussing policies in a general warehouse it is important to note that among the three                
major categories of policies: storage, picking and routing policies, it is clear that storage              
policies are the most characterizing for the whole warehousing system. That is, picking             
policies and routing policies are largely dependent on the chosen storage policy (Petersen &              
Schmenner, 1999). 

3.5.1 Picking policies 
De Koster et al. (2007, p. 481) defines order picking as “the process of  retrieving products                
from storage (or buffer areas) in response to a specific customer request”. This process is the                
most labor intensive operation in most warehouses (Tompkins et al., 2010), often making up              
50-75 percent of operating expenses (Coyle et al., 2003). Bartholdi III and Hackman (2010)              
suggest that order pickers typically spend 55 percent of their time on traveling. Hence, order               
picking is an important activity of most warehouses and should be further characterized in              
detail. 
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Figure 6: Common picking methods (inspired by de Koster et al., 2007) 

 
De Koster et al. (2007) use figure 6 to describe common order picking solutions. Fully               
automated solutions are outside of the scope of this project. Hence, the right hand side of                
figure 6 will not be further elaborated upon. On the left hand side, a parts-to-picker system                
refers to an automated storage and retrieval systems (AS/RS), usually a crane, that retrieves              
and puts away unit loads, pallets or bins, from a depot (de Koster et al., 2007). When using                  
this method, the pickers always leave and pick up SKUs at the depot. Further, put system                
refers to the practice of first collecting a large batch of items and subsequently sort them to                 
various customer orders. The practice is beneficial in warehouses with many customer orders             
to be picked within a short period of time (de Koster et al., 2007). Picker-to-parts refers to                 
situations where the picker travels to the location of the part and picks the item. This method                 
is the most common picking method (de Koster et al., 2007). Picker-to-part systems can be               
further divided according to different picking strategies. Ackerman (1990) describes three           
typical approaches: (i) Strict order picking, (ii) batch picking and, (iii) zone picking. 

3.5.1.1 Strict order picking 
Strict order picking (discrete picking), i.e. one order per route. This strategy does not require               
any subsequent sorting, but the pick density (defined as picks per area of pick face) will be                 
lower (Bartholdi III & Hackman, 2010). It is often used on relatively large orders (Chan &                
Chan, 2011). 

3.5.1.2 Batch picking 
Batch picking, refers to when more than one order is picked per route. According to Petersen                
and Aase (2004), the best time savings are achieved when sorting is performed during the               
picking route. However, this will slow down the picking and increase the risk of errors               
(Bartholdi III & Hackman, 2010).  
 
Gu et al. (2007) describe two batching methods; seed batching and the savings heuristic.              
When using seed batching, an order is used as a starting point for the batch pick list (a “seed”)                   
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and then complemented with other orders of proximity until the unit load is full. There are                
numerous heuristics for picking the seed and the orders to be added to the seed. De Koster et                  
al. (1999) suggest the following algorithms for choosing the “seed”: (i) Random order, (ii)              
order with the farthest item, (iii) order with the largest number of aisle to be visited, (iv)                 
orders with the longest travel time, (v) orders with the longest distance between the aisles to                
be visited and, (vi) orders with the largest number of items. Further, orders can be added                
according to the following algorithms: (i) Orders picked so that the total distances between              
the seed items and the closest item in the order is minimized. (ii) The orders that minimize the                  
difference between the seed’s center of gravity and the addition orders. (iii) Select orders that               
minimize the number of additional aisles to be visited. (iv) Select the orders that will               
minimize the total picking time of the orders. 
 
The second method is the savings heuristic. Each order is assigned to a batch and the batches                 
are then combined until the capacity of the carrier is reached. Batching can also be made by                 
adding all orders to a pool and pick article-wise (Roodbergen, 2006). Van den Berg (1999)               
argues there is a potential trade-off between urgency and efficiency when batching orders. He              
suggests a static approach, that is, batching the most urgent orders in a way that minimizes                
travel time. A dynamic approach could be, for example, to rank orders according to due date                
and to set up a picking schedule that will satisfy those dates.  
 
An important issue is to determine when to batch orders. As a rule of thumb, Bartholdi III &                  
Hackman (2010, p. 25) suggest that: “It is better to batch orders when the costs of work to                  
separate the orders and the costs of additional space are less than the extra walking incurred                
if orders are not batched ”. Van den Berg (1999) notes that large batches will maximize               
throughput but reduce response time. 

3.5.1.3 Zone picking 
Zone picking is when pickers are assigned to pick in a specific area of the warehouse. This                 
can be further divided according to Frazelle and Apple (1994) as: (i) Sequential zone, when               
orders travel from zone to zone on a conveyor belt. (ii) Batch zone, when orders are batched                 
and picked zone-wise and subsequently sorted to customer orders. (iii) Wave picking, when             
picking is performed within a limit time frame rather than based on orders. 

3.5.2 Routing policies 

A routing policy determines in which order the items of the pick list should be picked by                 
stipulating rules on how to travel the warehouse. These rules can be either heuristics-based or               
optimal (Petersen & Schmenner, 1999). Heuristics are often easier to adhere than the optimal              
routing due to the consistency of route choice and their simplicity (Gu et al., 2007). Yet, even                 
if the best heuristic solution is chosen for each pick, the travel distance is on average five                 
percent over the optimal solution (Petersen II, 1997). This is further elaborated by Petersen              
and Schmenner (1999) who conclude that heuristics produce 3,3 percent longer travel            
distance, despite the best heuristic is chosen at each time. 
 
Picking is closely connected to routing, therefore they require joint solutions. The routing             
problem can be understood as a Traveling Salesman Problem in a warehouse specific context              
(Gu et al, 2007).  
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There are six common routing policies to be explained. These are all described by numerous               
authors, some of whom are Petersen, Schmenner, Roodbergen and de Koster. The policies             
will be described as for a rectangular warehouse with straight parallel aisles, so called              
single-block warehouses. All of the following policies were originally developed with regard            
to such a standardized warehouse (de Koster et al., 2007). The policies are;             
transversal/s-shape, return, combined/composite, midpoint, largest gap and optimal.  

3.5.2.1 Transversal/S-shape heuristic 
The transversal heuristic refers to when the picker travels down the full aisle at which he has a                  
pick to make. Aisles without picks are not entered. He enters and leaves on opposite sides                
(Petersen II, 1997; Burinskiene, 2010; Roodbergen, 2006; Petersen & Schmenner, 1999; de            
Koster et al., 2007). The picker makes all the picks on the list in one route. The transversal                  
policy works better with within-aisle storage (Petersen & Schmenner, 1999). Given a random             
storage policy, Petersen II (1997) has shown that the transversal policy performs reasonably             
well for long pick lists, over 35 picks, and poorly for short pick lists. This statement is further                  
confirmed by Chan & Chan (2011), who also states that this policy works better for longer                
pick lists. 

3.5.2.2 Return heuristic 
The return heuristic refers to when the picker enters and leaves the aisle from the same end.                 
Only aisles with picks are entered. (Petersen & Schmenner, 1999; Chan & Chan, 2011;              
Petersen II, 1997). The return heuristic is often used at warehouses with a class-based storage               
policy and low pick density (Chan & Chan, 2011). The return policy works better with               
diagonal and across-aisle storage (Petersen & Schmenner, 1999). 

3.5.2.3 Combined/composite heuristic 
The combined heuristic is a combination of the transversal and return policy. The picker              
travels each aisle which include picks and exits through either end of the aisle depending on                
where the next pick is at. (Petersen II, 1997; Burinskiene, 2010; de Koster et al., 2007). The                 
choice of exit route is usually made by utilizing dynamic programming (de Koster et al.,               
2007). The combined heuristic minimizes the travel distance between the farthest picks in two              
adjacent aisles (Petersen II, 1997). Further, the heuristic gives shorter travel distances and             
retrieval times compared to the return and transversal heuristics (Chan & Chan, 2011). The              
combined heuristic has been established as the best heuristic for routing by a number of               
different studies. This heuristic minimizes the travel distance and picking time (Petersen II,             
1997; Chan & Chan, 2011). Petersen & Schmenner (1999) suggest that combined routing is              
the best heuristic for within-aisle, diagonal and across-aisle storage. However, it is unsuitable             
to match with a perimeter storage policy.  

3.5.2.4 Midpoint strategy 
The midpoint strategy refers to when the warehouse is divided into two parts, typically a front                
and a back section. The sections are separated, either physically or by a rule, so that pickers                 
cannot travel between the sections within the aisles. The warehouse is travelled as when using               
the return heuristic, but reversed at the midpoint of each aisle instead (Petersen & Schmenner,               
1999; Petersen II, 1997; Burinskiene, 2010). Hall (1993) states that the midpoint strategy is              
superior to the transversal strategy when the number of picks per aisle is close to one. 

3.4.2.5 Largest gap strategy 
The largest gap strategy refers to when the picker returns from the aisle when reaching the                
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largest gap. Thus, the method is similar to midpoint strategy. The largest gap refers to the                
longest distance between two of the following: two adjacent picks, a pick and the front of the                 
aisle or a pick and the end of the aisle. When that gap is reached, the picker returns back out                    
of the aisle and onto the next one. Note that if the largest gap is between two picks, the aisle                    
must be visited from both ends (Petersen & Schmenner, 1999; Petersen II, 1997; Burinskiene,              
2010; de Koster et al., 2007). Hall (1993) states that the largest gap strategy always               
outperforms the midpoint strategy. Yet, the midpoint strategy is simpler for a picker to              
perform. Further, the largest gap strategy is also superior to the transversal policy             
(Roodbergen, 2006). The largest gap strategy is the best routing heuristic for a perimeter              
storage policy (Petersen & Schmenner, 1999). Petersen II (1997) states that the largest gap              
strategy is the best heuristic for shorter pick lists, up to 25 items, given a random storage                 
policy. However, it performs poorly for longer pick lists. 

3.5.2.6 Optimal routing 
Ratliff and Rosenthal devised an optimal routing algorithm in 1983. The algorithm was             
further developed by van der Poort and de Koster in 1998. Both of the models are based on                  
dynamic programing.  
 
Table 5 is adapted from Petersen & Schmenner (1999). It presents how much longer than the                
optimal route the picker must travel if working in a warehouse of a certain layout and                
following a certain routing policy. 
 
Table 5: Routing policies as a percent over optimal routing for each storage policy, W - 
within-aisle, P - perimeter, D - diagonal, A - across-aisle, M - middle P/D, C - corner P/D 
(Petersen & Schmenner, 1999). 

Storage policy Composite Largest gap Midpoint Return Transversal 

WM 8.4 17.2 23.8 37.3 19.6 

WC 6.4 9.7 15.1 35.5 18.6 

PM 23.8 2.1 3.8 58.9 36.1 

DC 4.8 6.2 11.6 13.3 29.0 

DM 4.7 8.7 15.6 11.2 32.4 

PC 24.1 2.1 3.6 50.5 38.2 

AM 4.7 6.6 12.6 10.0 35.5 

AC 4.9 6.1 11.5 9.8 34.9 

Mean 10.2 7.3 12.2 28.3 30.5 
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3.6 Equipment selection 
In industry nowadays, there is a very large number of different materials handling equipment              
and systems. These are diverse in both concept and design. Most of them can, however, be                
classified into a few basic categories related to their characteristics and area of usage. Chu et                
al. (1995) uses the following categorization, which is also in line with what is used by other                 
authors: (i) Transport equipment, (ii) positioning equipment, (iii) unit load formation           
equipment and, (iv) storage equipment. 
 
Due to the scope of this thesis, the descriptions below exclude all equipment related to               
automation. Before investing in automation several factors have to be evaluated, including            
capital cost versus operating cost and time-reduction versus order flexibility (Naish et al.,             
2004). Further, decisions regarding automation affect most of the other warehouse design            
decisions, as well as the overall investment needed for the project, and should therefore be               
considered before entering the discussion of detailed design decisions (Gu et al., 2010). 
 
1. Transport equipment 
The most common transportation equipment in warehouses are trucks, either manual or power             
driven. These are used for movement of goods within the warehouse perimeter (Ray, 2007).              
There are a variety of different truck models, suitable for different layouts and operations. The               
most common types includes; hand truck, counterbalance lift truck, reach and double-reach            
lift truck, narrow aisle truck and turret truck (Bartholdi III & Hackman, 2010; Kay, 2012).               
Apart from trucks and other vehicles, different types of hoisting equipment can be used,              
mainly to lift, lower and/or move goods within the warehouse. These can be placed at a fixed                 
location (positioning equipment) or be mounted on a vehicle or rail. Commonly used hoisting              
equipment include winches, elevators and cranes (Ray, 2007). 
 
2. Positioning equipment 
Used for handling of goods at a single position in the warehouse. Places the goods in a                 
preferred position for subsequent handling or storage. Common objectives include increased           
ergonomics for pickers and decreased product damage. Can, for example, be conducted by the              
use of a fixed hoisting device or pallet load leveler (Kay, 2012). 
 
3. Unit load formation equipment 
Used to create a single load from one or multiple units. Includes commonly used equipment               
like pallets, crates and boxes (Kay, 2012).  
 
4. Storage equipment 
Used for holding and/or buffering of goods. Most commonly used manual storage equipment             
includes racks, bins and shelves (Kay, 2012). All of these can be obtained with a variety of                 
different functions and advantages. Racks, for example, can be either single or double deep,              
drive-through, flow-through or push back. The choice of equipment depends on the amount             
and characteristics of the goods, as well as the storage space available (Bartholdi III &               
Hackman, 2010). See section 3.4.3 for detailed information about storage configuration.  
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4. A Decision Support Framework for Warehouse 
Detailed Design 
In this chapter the decision support framework is introduced and explained. The framework             
is defined by using a combination of the theoretical frame and the design science              
framework from chapter two and three. First, the overarching process is described and             
illustrated. Then, in chapter 4.2 - 4.5, each module is explained and illustrated individually. 

 
The structure of the decision support framework is derived from the areas discussed in the               
frame of reference. Further, inspiration has been gathered from the frameworks created by             
Hassan (2002), Goetschalckx & Ashayeri (1989) and Rouwenhorst et al. (2000). However, as             
concluded in the beginning of the frame of reference, several of the decisions related to design                
of a warehouse are highly interdependent and therefore need simultaneous consideration. This            
is illustrated in the framework by iterations between four different decision modules. The             
different modules have been designed so that each module includes a number of decisions that               
are closely linked to, and have a high effect on, each other. As seen in the tables below, the                   
different modules broadly follow the same pattern of choices as the studied frameworks of              
Hassan (2002) and Goetschalckx & Ashayeri (1989). To group the similar decisions together             
and construct subproblems is further supported by Rouwenhorst et al. (2000), who point out              
the importance of relating the sub-solutions to each other to avoid suboptimal outcomes. To              
form sub-problems as a way of reaching a goal state also resemble means-ends-analysis             
closely (Holmström et al., 2009; Simon, 1996).  
 

 
Figure 7: The relation between warehousing theory and design science methodology. 

 
Figure 7 shows how the modules (on the left hand side), based on warehouse theory, match                
conceptually with the steps in the compiled design science research process described in             
chapter 2.2. The exploration and refinement phases (on the right hand side) motivate an              
iterative approach towards the four modules (A-D). A merge of this structured theory and the               
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design process will lead to the proposed decision design framework. 
 
The first step, objectives and limitations, is initiated with the first module in the framework               
where the objectives and limitations of the warehouse facility are to be determined. These              
parameters then act as start state (limitations) and goal state (objectives) for the entire              
framework process. Thereafter, each module onwards should be approached by the use of             
solution exploration and refinement. Each module should be processed one at a time and each               
visit should generate feasible solution(s) to the sub-problem of that module. Preferably, this is              
done by first exploring alternatives within that decision module and then refining these into              
one sub-solution before moving to the next module. By doing so, the number of feasible               
solutions considered simultaneously are kept within a manageable range. When finished           
processing one module, a new one should be explored. Depending on the findings within the               
current module, the next step may be to iterate back and modify a previous module, or the                 
conclusion reached will be carried forward and impact the subsequent modules. The modules             
are gradually refined and the sub-solutions are matched against one another in order to ensure               
a viable final solution. This iterative process continues until a solution that fulfills the              
objectives stated in the problem definition state is achieved. Thereafter, the solution is to be               
evaluated and tested before finally implemented.  
 
The entire framework process is illustrated in figure 8. By following the iterative steps of this                
framework, it is ensured that several possible solutions are considered and compared to each              
other before a final decision is made. The use of clearly defined start- and goal-states in the                 
beginning of the framework also ensures that the final solution actually solves the root cause               
of the problem. 
 

 
Figure 8: The decision support framework for warehouse detailed design 
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4.1 Initial decision module - Identification of objectives & 
limitations 

Input: Company strategic objectives, physical layout of warehouse, warehouse information,          
SKU characteristics, operational measurements (Gu et al. 2010).  
 
First, the overall objectives of the warehouse should be determined based on the strategic              
objectives of the company. These objectives then act as an indication of constraints to the               
design (Goetschalckx & Ashayeri, 1989). This could, for example, include constraints related            
to profitability, environmental impact, service level, quality and so on. The operations            
strategy is a key input as it determines how the warehouse will be operated, in turn affecting                 
storage and order policies etc. (Gu et al., 2010). These objectives have significant impact on               
subsequent steps in the framework and should therefore be evaluated thoroughly (Hassan,            
2002). At this stage, the amount of storage needed in the warehouse should also be evaluated                
based on a chosen time horizon. It is important to explain the desired outcome by defining the                 
root cause to problems that are creating the need for a new warehouse layout. It is also                 
important to try and identify the generative mechanisms through which such outcomes should             
come about (Tanskanen et al., 2015). 
 
When considering constraints, the physical layout and flow of the warehouse, including walls,             
docks, connection to production etc. determines the internal constraints impacting the detailed            
design. Further, the requirements stated by customers and suppliers and area specific            
regulations and legalizations determine the external constraints. Finally, the warehouse          
characteristics should be determined by analyzing its objectives, functions and the SKU            
characteristics. These characteristics provide decisionmakers with guidelines of what levels of           
operations and requirements that are expected by the design (Hassan, 2002). 
 
Table 6: Parts and steps included in the initial decision module 

Part Steps References Chapter 

Determine warehouse 
objectives 

 

1. (Gu et al., 2007; Tompkins et 
al., 2010) 
2. (Tanskanen et al., 2015) 

3.1 

Conclude constraints 1. Internal 
2. External 

1. (Hassan, 2002; Goetschalckx & 
Ashayeri, 1989) 
2. (Hassan, 2002; Goetschalckx & 
Ashayeri, 1989) 

3.0 

Determine warehouse 
characteristics 

1. Type 
2. Functions 
3. SKU 
characteristics 

1. (Bartholdi III & Hackman, 
2010; van den Berg, 1999) 
2. (Tompkins et al., 2010; de 
Koster et al., 2007) 
3. (van Kampen et al., 2012; 
Frazelle, 2015) 

3.1 
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4.2 Decision module A - SKU classification 

Input: Order data, individual SKU characteristics, objectives and limitations of the           
warehouse. 
 
Chan & Chan (2011) highlight the importance of storage assignment, stating it is “ the most               
important factor that affect the performance of picking ” (Chan & Chan, 2011, p. 2687).              
Hence it is probable that this module will come early in the design process. The process of                 
determining a SKU classification method is highly iterative and depends both on the activity              
profiling and the storage policy decision. By beginning with an initial analysis of the SKUs in                
storage based on some of the criteria mentioned in chapter 3.2, a first classification can be                
achieved. This classification should always include separate classes for items with special            
storage requirements, such as flammable, toxic or especially valuable SKUs (Hassan, 2002;            
Goetschalckx & Ashayeri, 1989). Then, based on the outcome of the classification, a suitable              
storage policy is chosen and the consequences of the decisions are evaluated. Depending on              
the chosen storage policy, different number of storage locations will be needed. To be able to                
compare this number, the steps are repeated with new criteria to be analyzed. This process is                
then iterated until one or a few final optimal classifications have been found. 
 
Table 7: Parts and steps included in decision module A 

Part Steps References Chapter 

Classify SKUs 
according to 
activity profiling 
criteria 

-- (Frazelle, 2015; Bartholdi III & Hackman, 2010; van 
Kampen et al., 2012) 

3.2 

Determine suitable 
storage policy 

-- (Tompkins et al., 2010; Chan & Chan, 2011; Petersen 
et al., 2005; Gu et al., 2007; Petersen et al., 2004; 
Bartholdi III & Hackman, 2010; de Koster et al., 
2007; van Kampen et al., 2012; Petersen et al., 1999; 
Petersen, 2002) 

3.3 

Evaluate and 
repeat 

- - - 

 

4.3 Decision module B - Layout options 

Input: Classification of SKUs, needed storage locations, storage policy, objectives and           
limitations of the warehouse. 
 
In this module, layout and policy decisions that support the overall objectives of the              
warehouse are to be identified. This is a highly complex task due to the interdependence of                
the decisions made, both within each of the two areas and between them (Hassan, 2002).               
Because of this interdependence, an iterative process is needed. The first step in this process is                
to determine an initial set of layout options. This includes: (i) P/D location(s), (ii) number,               
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width and location of aisles and cross-aisles, and (iii) depth and characteristics of storage              
lanes. The different steps affect different parts of the warehouse design. The P/D location(s)              
impacts throughput, picking distance and time, assignments of items to storage for some             
storage policies and the risk for congestion. Further, the choice of aisles and their orientation               
affect the space needs, operational policies, materials handling and storage assignment for            
some storage policies. Finally, the choice of storage lanes affect the number of aisles needed,               
storage policy, materials handling and operational policies (Hassan, 2002).  
 
The decisions should be considered in the order stated above. However, if a desirable solution               
is not achieved, for example, if the number of storage locations are too few when configuring                
step three as desired, the process may need to be remade with different aisle options.  
 
Table 8: Parts and steps included in decision module B 

Part Steps References Chapter 

P/D location 1. Same/separate 
location 
2. Positioning  

1. (Tompkins et al., 2010; Bartholdi III & 
Hackman, 2010) 
2. (Tompkins et al., 2010; Petersen II, 
1997; Petersen & Schmenner, 1999;) 

3.4.1 

Aisle 
configuration 

1. Number of aisles 
2. Width 
3. Location 
4. Cross-aisles  

1. (Petersen et al., 1999; Petersen II, 
1997) 
2. - 
3. (Gue & Meller, 2009; Roodbergen, 
2011; Bartholdi III & Hackman, 2010) 
4. (Petersen et al., 1999; Roodbergen, 
2011) 

3.4.2 
 

Storage 
configuration 

1. Depth of lanes 
2. Characteristics 

1. (Bartholdi III & Hackman, 2010; 
Tompkins et al., 2010) 
2. - 

3.4.3 

 

4.4 Decision module C - Operational policies 

Input: Classification of SKUs, storage policy, objectives and limitations of the warehouse,            
detailed layout of warehouse. 
 
As mentioned in chapter 3.5, the decisions regarding operational policies and layout options             
are highly interdependent. Therefore, the choices made in chapter 4.3 will limit the number of               
operational policies suitable for the warehouse considered and vice-versa. For both picking            
and routing the choice between different policies mainly relates to the relative importance of              
speed and reliability when picking orders, determined by the warehouse objectives and            
limitations. Further, the space requirements may differ between picking policies, mainly due            
to the need for collection and sorting stations.  
 
Due to the relationship between different picking and routing policies, the choice of these              
needs to be considered simultaneously.  

39 



 
Table 9: Parts and steps included in decision module C 

Part Steps References Chapter 

Routing 
policies 

1. Determine relevant 
constraints  
2. Choose routing hypothesis 
based on theory 
3. Evaluate qualitatively 

1. (de Koster et al., 2007; Gu et 
al., 2007)) 
2. (Petersen & Schmenner, 1999) 
3. - 

3.5.2 

Picking 
policies 

1. Determine relevant 
constraints  
2. Choose picking hypothesis 
based on theory 
3. Evaluate qualitatively 

1. (de Koster et al., 2007; 
Ackerman, 1990) 
2. (Bartholdi & Hackman, 2010; 
Chan & Chan, 2011; Petersen & 
Aase, 2004; van den Berg, 1999; 
Frazelle & Apple, 1994) 
3. - 

3.5.1 
 

Evaluate the 
combination 
of chosen 
policies 

- - - 

 

4.5 Decision module D - Equipment 
Input: Classification of SKUs, storage policy, objectives and limitations of the warehouse,            
detailed layout of warehouse, chosen picking and routing policies. 
 
Decisions regarding equipment selection for storage is directly affected by the choice of             
storage policy and configuration. Further, operational policies determine the need for specific            
picking and sorting equipment. Finally, the SKU characteristics and warehouse limitations           
can narrow the number of equipment variations allowed. This can, for example, be related to               
fragility of SKUs or ergonomic policies for pickers. The decision made at this step affect both                
possible storage methods, depth of storage, and assignment of SKUs (Hassan, 2002). 
 
Table 10: Parts and steps included in decision module D 

Part Steps References Chapter 

Selection of suitable 
equipment 

1. Transport 
2. Positioning 
3. Formation 
4. Storage 

1. (Chu et al., 1995; Bartholdi III & 
Hackman, 2010; Kay, 2012; Ray, 2007) 
2. (Chu et al., 1995; Kay, 2012) 
3. (Chu et al., 1995; Kay, 2012) 
4. (Chu et al., 1995; Bartholdi III & 
Hackman, 2010; Kay, 2012) 

3.6 
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5. Methodology 
This chapter describes the methodological choices made with regards to research strategy            
and design. The chapter regarding research strategy explains the use of a single case study.               
Then, the research design chapter discusses the case sampling, case company and data             
collection methods. Finally, the trustworthiness of the conducted research is critically           
discussed and evaluated.  

 
As stated by Kovács and Spens (2005), a thesis within the field of logistics is interdisciplinary                
by definition. The research field of logistics originates from many different scientific            
traditions (Arlbjørn & Halldórsson, 2002) and has been influenced by both economic and             
behavioral areas of study (Mentzer & Kahn, 1995). Therefore, when conducting logistics            
research, many different research strategies can be applicable and need to be considered.             
Consequently, the methodology needs to be accompanied with a logical plan, containing            
clearly defined objectives and constraints for how the answers to the research questions             
should be reached (Saunders et al., 2016). The purpose is to test the proposed framework for                
decision making regarding the detailed design of a warehouse. Therefore the chosen            
methodology was designed from a standpoint with the decision support framework in place,             
and the methodology aims to explain the application of this framework in order to answer the                
research questions. 
 
The data collection and analysis related to the chosen research questions are conducted using              
an deductive research approach, meaning that the created framework is to be tested in order to                
analyze its performance in a real warehouse setting. The deductive research approach often             
starts with a literature review, or similar theory collecting method, then forms hypotheses and              
propositions from this theory. These hypotheses and propositions are then empirically tested            
and evaluated before generalized conclusions are drawn (Arlbjørn & Halldórsson, 2002;           
Kirkeby, 1990). On the contrary, an inductive research approach begins with the collection of              
empirical data without any theoretical boundaries. Then, theories are formulated based on the             
conclusions drawn from that set of data (Saunders et al., 2016; Taylor et al., 2002). 

5.1 Research strategy 
According to Saunders et al. (2016) the choice of research strategy is related to the chosen                
research question(s). This is further elaborated by Yin (2009), who suggests a linkage             
between the chosen research question and the preferred research strategy as seen in table 11.               
However, the different strategies should not necessarily be seen as independent of each other              
(Eisenhardt, 1989; Saunders et al., 2016; Yin, 2009). Instead, the usage of multiple strategies              
has the possibility to strengthen the quality of the overall study. For example, by combining               
qualitative and quantitative data collection strategies, relationships that were not directly           
visible from a single perspective can become evident (Eisenhardt, 1989). 
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Table 11: Relationship between research strategy and question (Yin, 2009) 

Research strategy Form of research question 

Experiment How, why? 

Survey Who, what, where, how many, how much? 

Archival analysis Who, what, where, how many, how much? 

History How, why? 

Case study How, why? 

 
In this thesis, both of the research questions are essentially “how?”-questions. How the             
framework can be conceived and then a follow up question with regard to the successfulness               
of such implementation. According to Yin (2009) these sort of questions implicates that either              
experiment, history or case study would be the preferred research strategy. Using an             
experiment is preferable when a single, often independent, variable, and how this variable             
affect others, is to be studied (Hakim, 2000). This type of strategy is not applicable in the case                  
of this thesis, mainly due to the high number of different variables involved in the decision                
making of a detailed design of a warehouse. Further, a history research strategy is suitable               
when the focus of the study is on past events and changes over time (Saunders et al., 2016).                  
Even though this thesis uses historical data and theory, these are mainly related to the frame                
of reference and quantitative analysis and neither of them is applied to study historical              
changes. Finally, the case study research strategy is suitable when rich understanding of the              
research context and how it could be put into practice is desirable (Eisenhardt & Graebner,               
2007). Case studies are, according to Voss et al. (2002), often seen as one of the most                 
powerful research strategies within the area of operations management. Case studies are often             
suitable when the research purpose and question are of an in-depth manner. A warehouse              
operation is a complex business with a multitude of input variables, hence an in-depth              
investigation is a useful approach in order to gain significant insight. Furthermore, case             
studies allow the researcher to interact with informants and draw on multiple sources, which              
cannot be achieved with, for example, surveys or archival analyses alone (Yin 2009). Case              
studies are also preferable when aiming to gain an understanding of current events that              
depend heavily on contextual conditions (Yin, 2009). These statements correlates well to the             
research required in order to test the chosen research questions for this thesis. Therefore, the               
case study is chosen as research strategy for this thesis. 
 
A case study research strategy may consist of either single or multiple cases. Table 12               
describes the advantages and disadvantages of the each choice. This case study will be              
conducted as a single case. Voss et al. (2002) describes single cases as allowing a greater                
depth, especially when performing qualitative analysis. This implicates a need for a detailed             
understanding of the processes studied, hence access to relevant data is of great importance              
(Frazelle, 2015; Voss et al., 2002). Yet, there will be a greater risk of ending up with biased                  
and ungeneralizable results due to local circumstances (Yin, 2009; Voss et al., 2002). Such              
biases are partly offset by triangulation as described below in section 5.4.2 and any remaining               
tendencies will be towards a company profile such as described in section 5.2.1. 
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The case study is also characterized by its embedded perspective, as opposed to a holistic               
(Yin, 2009), meaning it will focus on a specific subsection of the operations - the warehouse                
layout. This also means the unit of analysis is defined as the entire new warehouse area of the                  
facility in Landskrona, including internal logistics processes related to this area.  
 
Further, the study is characterized by dealing with a contemporary event. There is a              
warehouse construction project at the case company running in parallel to this study.             
Company officials are dealing with the same problems as described in this study, yet they               
approach them from an incremental and experience based perspective. This case study is             
carried out at a stage in when much of the outer design is already decided upon, yet the actual                   
construction has not yet begun, nor is the internal design set. 
 
Table 12: Choice of number and type of cases, adopted from Voss et al. (2002, p. 203) 

Choice Advantages Disadvantages 

Single cases Greater depth Limits on the generalizability of conclusions 
drawn. Biases such as misjudging the 
representativeness of a single event and 
exaggerating easily available data 

Multiple cases Augment external 
validity, help guard 
against observer bias 

More resources needed, less depth per case 

 

5.2 Research design 
The design of a research single case study should consist of a logical plan for answering the                 
research questions (Yin, 2009). In this study, there is a need to go into detail on the design                  
effort involved with designing a warehouse. As stated by Simon (1996), the design process              
can be just as defining for the final solution as the goal setting. Therefore, the effort in which                  
a deep level of detail is achieved will be paramount in utilizing and testing the decision                
support framework. A case study uses multiple methods of data and data collection. Yet the               
case company at which the data collection is carried out has a great impact on the study.                 
Therefore it must be profiled and the research process must be characterized.  

5.2.1 Case company - BorgWarner Landskrona 
BorgWarner is an American supplier of engineered automotive systems and components for            
powertrain applications to the vehicle industry. Many of the large vehicle manufacturers are             
customers. The company employs roughly 30,000 people worldwide and have 74 facilities in             
19 countries. The company is divided into Engine and Drivetrain solutions, where            
BorgWarner Sweden AB is a business unit within Drivetrain solutions. BorgWarner TTS            
Europe has approximately 450 employees, of  which 360 are based at the plant in Landskrona.  
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Figure 9: Illustration of the corporate structure linked to the Landskrona facility 

 
The facility in Landskrona, BorgWarner Sweden AB, produces all-wheel drive couplings for            
passenger cars. The patented product features a programmable electronic control unit that can             
be modified to meet each customer’s specific requirements. This type of coupling was first              
produced in 1998 by the Haldex Traction System division at the plant in Landskrona, Sweden.               
Back then, the production ran at a rate of eight couplings per shift. The company was later                 
bought by the BorgWarner organization in 2011. Currently, a fifth generation coupling is the              
main product in production. Approximately 20 versions of the coupling is produced on five              
different assembly lines. Four high volume lines of about 70 couplings per hour and one low                
volume line of about 20 couplings per hour. Spare parts and low volume couplings are mainly                
produced and distributed through the Hungarian productions site. The volumes at the            
Landskrona site are projected to increase from 1.15 million units to 1.4 million units in 2017. 
 
BorgWarner Sweden AB is certified under the ISO/TS 16949 standard for quality            
management systems, an extended version of ISO 9001 for the automotive industry. The             
standard has a strong emphasis on continuous improvement, defect prevention and the            
reduction of waste in the supply chain. BorgWarner TTS Europe has achieved this standard              
by working with their “TTS Way” framework, which is based on the Lean philosophy. This               
framework is used as a guideline for operations and decisions within the company. The Lean               
methodologies applied in the production facility includes, for instance, a Kanban system for             
replenishments, 5S and Kaizen (continuous improvements). The company constantly         
emphasize “a good flow” throughout the whole production process, and they seek to minimize              
lead- and downtimes in order to be as efficient as possible. 
 
The customers that the Landskrona plant serves are primarily first tier suppliers to the              
European automotive industry. The Landskrona plant has a finished products inventory (FPI)            
on site and distributes couplings directly to their customers. The inbound and outbound             
deliveries are usually scheduled to specific weekdays. The delivery intervals usually range            
from between 1-3 times a week. They have an advanced ERP system, SAP implemented, in               
order to simplify the planning activities and keep track of the physical items. Large amounts               
of order data  and storage data can be found in the ERP system. 
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Against this background, the authors argue that BorgWarner can be viewed as a representative              
case (Yin, 2009). Such representation is arguably valid for at least production warehouses             
with lean work processes in the automotive industry. It is possibly also representative for              
production warehouses in other industries with similar characteristics as those described           
above. 

5.2.2 Case sampling 
By using a single case study, an in-depth understanding of the studied phenomena is possible               
(Voss et al., 2002; Yin, 2009). However, this requires using a case company which enables               
this level of detail in the analysis. The Landskrona site can support large amounts of relevant                
data in order to gain such a deep level of understanding, enabling the researchers to evaluate                
the decision support framework in detail. The authors are also able to collect data from a                
broad range of functions at the company, meaning the potential benefit of a single case study,                
to go into detail, can be further exploited. 
 
BorgWarner have well established warehousing work processes in place, providing a           
foundation for improvement and developments. There are also well defined operational           
strategies, meaning the initial characterization of the warehouse can be done accurately.            
Since the outer layout is already decided upon, the case study can be fully focused on the                 
internal layout design, which is also the purpose of the study. Also, BorgWarner has complete               
control over their warehouse operations, there are no third party logistic providers for the              
purpose of internal logistics. More aspects strengthening BorgWarner as a suitable case            
company include their strong focus on lean production, their streamlined operation and their             
significant experience of working with logistics issues in-house, The physical flows are            
important, hence there are common incentives between the researchers and BorgWarner           
officials to improve these further if possible. It is also possible that knowledge held in-house               
can complement the proposed framework. Altogether these aspects enable a clearly focused            
and well delimited case study.  

5.2.3 Methods for data collection 
Methods of data collection can be either qualitative, quantitative or a mix of both. A               
quantitative method can be seen as any data collection or analysis technique that generates or               
uses numerical data, such as graphs or statistics. On the other hand, a qualitative method               
instead generates or uses non-numerical data, such as categorization of material (Saunders et             
al., 2016). Due to the nature of this thesis, and its need for a rich variety of data, several                   
different methods of information collection were used. This must include both qualitative and             
quantitative methods. Hence, in accordance with Saunders et al. (2016) research was            
conducted as what is described as “mixed methods research”. That implies usage of several              
different methods of data collection, both of quantitative (e.g. order data) and qualitative (e.g.              
interviews) nature. A mixed method, both with regard to data collection and sources of data,               
will aid the interpretation of the results, the generalizability of the results and the confidence               
of the results of the study (Saunders et al., 2016). The logical domain of which the research of                  
this thesis is placed within can be viewed in figure 10 below. 
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Figure 10: Categorization of the different methodological choices for data collection 

(Saunders et al., 2016) 
 

The aim is to use the more satisfying method at each step of the research process. That is, a                   
large part of this study was based upon quantitative data. But in order to enhance the                
interpretation of the data, qualitative methods are exploited as well, mostly by the use of               
semi-structured interviews (Höst et al., 2006). In interviews, subjective views are received.            
This is counterbalanced by searching for saturated evidence, which is a standard approach             
within design science (van Aken, 2004). Both methods are used concurrently throughout the             
study and the qualitative methods supported the quantitative methods.  

5.3 Research process 
Figure 11 provides an overview of the structure of the research process. Each chapter              
thereafter then explains each of the steps respectively.  
 

 
Figure 11: Overview of the research process 
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5.3.1 Scope of the project 
In order to answer the research questions, there must be a research plan specifying the scope                
of the project and how to answer the posed questions. This step is completed in cooperation                
with BorgWarner in order to assure applicability of the output. There is also a brief literature                
study in order to orient ourselves on the position of common theory buildup in our field. 

5.3.2 Research strategy and research design     
The subsequent step of the research process is research strategy and research design. These              
are outlined in previous chapters 5.1 and 5.2.  

5.3.3 Frame of Reference  
When conducting the literature review for the creation of a frame of reference, the search               
strategy described as “building blocks” by Rowley and Slack (2004) was used. This strategy              
involves searching in various databases with specific keywords related to the research topic,             
and then extend these searches by the use of synonyms. In our case, this meant using the                 
search engine provided by Lund University named LUBSearch, which collects academic           
resources from a large variety of databases. The initial keywords were: warehouse, warehouse             
layout, order picking, warehouse design, warehouse lanes, warehouse management, storage          
policy, and SKU classification . To ensure that the initial literature only came from trustworthy              
and qualitative sources the search were at first limited to only include the highest ranked               
journals by academics within the respective fields, these were (Gibson & Hanna, 2003;             
Gibson et al., 2002): (i) International Journal of Logistics Management (IJLM), (ii)            
International Journal of Physical Distribution & Logistics Management (IJPDLM) and, (iii)           
Journal of Business Logistics (JBL).  
 
After the initial search, and a broadened search by the use of synonyms, a second strategy,                
described as “citation pearl growing” (Rowley & Slack, 2004), was used to further extend the               
search. This strategy uses the references list from the already withdrawn articles to find new               
publications of interest. By doing so, the search was also extended to not only include articles                
from the top ranked publicists.  
 
After finalising the search, the actual review of the collected resources began. To ensure that               
the this was conducted in a structured manner, the review approach described by Rowley and               
Slack (2004) was used. This approach uses a five step process for the creation of a                
comprehensive literature review, beginning with the scanning of articles. In this phase, all the              
collected resources were scanned and categorised based on topic and perceived relevance to             
the study. After the initial scan, the documents were read, marked and summarised based on               
their order of relevance. In parallel to reading the documents, key themes were identified and               
sketched up using a mind map for future categorising. These key themes were then grouped to                
form the different headings when writing the frame of reference.  

5.3.4 Creating a decision support framework 
A decision support framework is proposed based on the theoretical overview in the previous              
chapters. The key aspects of the design science and warehousing theories are compiled into              
the decision support framework in chapter 4. The framework will be used for the case study                
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and serve as a logical decision support tool for the purpose of the study. 

5.3.5 Single Case study - BorgWarner Sweden AB  
Throughout the case study several different types of data were collected, both qualitative and              
quantitative, as suggested by the chosen mixed methods research design. The data collection             
partly overlap with the analysis, which gave the researchers a head start and also allowed               
them to take advantage of flexible data collection (Eisenhardt, 1989).  

5.3.5.1 Initial data collection plan 
The data collection was performed in an iterative way. The basic plan was to collect the type                 
of data suggested by each module of the framework. The basic data and information were               
then customized according to the case study by more in depth data collection based on local                
issues of particular importance. This iteration was dependent on the initial data collection. The              
initial data collection plan is presented in table 13. 
 
Table 13: Basic data collection plan 

Module Data to collect 

Initial module Operating policies 
Blueprints of outer walls 
Growth estimates of future volumes 
Equipment requirements (e.g. turning radius of trucks) 

Module A  Order data of SKUs 
Special characteristics of SKUs 
Flow patterns of SKUs 

Module B Zone layout 
Requirements on physical layout (e.g. aisle width) 

Module C Operating policies in place 

Module D Current equipment in place 

 

5.3.5.2 Qualitative data collection 
Qualitative data is expressed in words and explanations and is suited for unstructured             
information like thoughts, strategies and other intangible information (Holme & Solvang,           
1997). In the case study, general information regarding the company and its business and              
structure was received from the company website as well as financial reports from previous              
years. Also, five semi-structured interviews were performed with different decisionmakers at           
the company, as described in table 14. Each interview was prepared with a few guiding               
questions, depending on which function the interviewee belonged to, while still leaving            
enough time left for discussions which appeared during the interview situation. Further,            
several observations were conducted at the current warehouse and production facility. Other            
data collection methods used in small scale throughout the study includes informal            
conversations, attendance at meetings and review of archival documents (Voss et al., 2002).  
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Using a semi structured interview means that, compared to structured or unstructured            
interviews, the interviewer uses a number of predetermined questions while still letting the             
interviewee freely elaborate upon the area of discussion. Depending on the nature of the              
discussion, questions can be either added or omitted during the interview. If instead using              
structured interviews the predetermined set of questions is strictly followed, much like using a              
questionnaire. Unstructured interviews, on the other hand, are completely uncoordinated by           
the interviewer. Instead, the interviewee is allowed to freely elaborate upon the subject             
discussed (Saunders et al., 2016; Voss et al., 2002). It should be noted that the iterative                
element of the proposed framework is executed through the exploration of new data.             
Openness for new perspectives and information is therefore desirable. This is achieved by             
using semi structured interviews.  
 
When using observations, the researchers study, for example, places, people or a course of              
events. Observations can be conducted as either absolute observant, absolute participant,           
participating observant or observing participant, depending on the level of knowledge the            
observed object has about being observed (Rosengren & Arvidson, 2002). When observing            
physical objects as in this study, like storing facilities or layouts, the level of knowledge from                
the object is irrelevant for the quality of the observation.  
 
Table 14: Interviews performed during the case study 

Date Name Function Information received 

2017-01-04 Johan 
Cederfeldt 

Logistics 
Manager 

- Overall information regarding the logistics, 
the warehouse and its functions.  
- Future outlook regarding logistic investments. 

2017-01-09 Martin 
Svensson 

Logistics 
Developer 

- Information regarding the current expansion 
plans for the warehouse.  
- Sketches of the current warehouse and 
production area. 

2017-02-01 Niklas 
Karlsson 

Supervisor 
System & 
Mechanical 
Testing  

- Product and component characteristics.  
- Development of components per product.  
- Variation of products 

2017-02-07 Robert 
Andersson 

Quality 
Manager 

- Sensitivity of articles 
- Quality errors reported from suppliers 
- Results from quality investigations 

2017-03-10 Bengt 
Östberg 

Capacity 
Manager 

- Historic sales and future trends 
- Upcoming product launches 

 

5.3.5.3 Quantitative data 
The quantitative parts of the data collected include storage data and order data. Storage data               
was collected in order to see how much of which SKU is stored in which zone of the                  
warehouse. The analysis was not performed on a “SKU / location specific” level but rather on                
a “class based / zone specific” level. This makes the analysis itself easier and makes the                
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results more applicable as the number of objects decreases significantly. 
 
There are needs for quantitative analysis primarily in module A to C as these deal with SKU                 
classification, layout of aisles and operating policies. For this analysis, data regarding orders             
of both finished goods and raw material, SKU positions in current warehouse, growth rates              
and SKU movement were of the highest interest. This data is crucial for both the SKU                
classification and layout configuration analyses. 
 
Table 15: Quantitative data collection 

Purpose Source & Date of 
receival 

Data period Data description Analysis 
description 

Module A - 
ABC 
analysis to 
classify 
SKUs 

2017-02-13, from 
Almir Spahic 

From 
2016-11-14 
to 
2016-12-04 

All SAP 
transactions to 
the assembly 
lines. 

The SKUs are 
filtered on 
relevance to the 
physical flow and 
analysed according 
to the 
80/20-principle. 

Module B - 
Spaghetti 
map to 
identify 
congestions 

2017-02-13 from 
Almir Spahic 

2016-11-22, 
10:00-14:00 

All transaction 
data between 
different storage 
bins with 
connection to the 
physical flow of 
components to 
assembly lines. 

All SAP-registered 
physical 
movements, with 
regard to the flow 
of SKUs in the 
production chain, 
are mapped as 
lines on a blueprint 
of the facility.  

Module A - 
Dimensionin
g of 
waregouse 
zones  

2017-03-06, from 
Johan Cederfeldt 

From 
2017-02-21 
to 
2017-03-05 

Text documents 
containing 
inventory levels 
and value of 
inventory for 
each article 
number at 23:50 
hours each day.  

Inventory levels of 
articles grouped 
into classes are 
analysed over 
order cycles. 
Normal fluctuation 
of inventory level 
is obtained. 

Module A - 
Classificatio
n of SKUs 

2017-01-24 from 
Almir Spahic 

2017-01-24 Snapshot of all 
storage locations 
and the held 
inventory in each 
location. 

Analysis of last 
movement and 
analysis of SKUs 
according to 
category. 

Module C - 
Analysis of 
inbound 
flows 

2017-01-31, from 
Alexander Holm  

From 
2017-01-09 
to 
2017-02-03 

Number of 
inbound pallets 
and number of 
inbound 

The inbound flows 
of SKUs is shown 
in diagrams over 
time. Number of 
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deliveries each 
day 

deliveries is also 
estimated. 

Module C - 
Analysis of 
outbound 
flows 

2017-01-31, from 
Kristin Svensson 

From 
2016-11-15 
to 
2016-12-16 

Number of 
outbound pallets 
and number of 
outbound 
deliveries each 
day 

The outbound 
flows of eaches is 
refined as SKUs 
and shown in 
diagrams over 
time. Number of 
deliveries is also 
estimated. 

Initial 
module - 
Establishing 
outer layout 
& 
Module B - 
aisle layout 

2017-01-30, from 
Martin Svensson 

N/A AutoCAD 
blueprint of outer 
walls and outer 
installations. 

Measurements on 
different areas of 
the facility. 
Foundation for all 
iteration on 
possible layouts. 

 

5.3.6 Conclusions 
The research questions were answered based on the case study material and theoretical frame              
of reference. Contributions to theory and practice were further discussed and some final             
remarks were made about the experiences of the case study. Lastly, research topics for future               
research were suggested.  

5.4 Trustworthiness of research 
When judging the quality and credibility of a research study, the areas of reliability and               
validity should be considered. Reliability concerns whether or not the study can be repeated              
with the same results. Validity, on the other hand, relates to whether or not the study actually                 
describes what it is set out to describe (Voss et al., 2002).  

5.4.1 Reliability 
According to Saunders et al. (2016) there are four common threats to the reliability of a                
research study; subject or participant error, subject or participant bias, observer error and             
observer bias. A subject or participant error may occur if, for example, the choice of time,                
environment or situation have an influence on the result of an interview. A subject or               
participant bias relates to the risk of, for example, interviewees providing answers just             
because they feel that they are expected to give them. A participant bias may occur if the                 
company or organization is characterized by an authoritarian management style. The threat of             
observer error relates to the researcher’s interaction with, for example, interviewees.           
Depending on how the researcher approaches an interview, or how questions are asked,             
different results can be expected. Finally, observer bias may occur when different types of              
data are to be interpreted, if the interpretation have a risk of being affected by the person                 
conducting it.  
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Table 16: Efforts made to address the criterion for reliability throughout the study 

 Error Bias 

Participant 
or subject 

Main data was collected for a 
period of three weeks and its 
reliability confirmed by the use of 
observations. Lack of seasonality 
effects were confirmed by several 
employees. 

Interviews were conducted with one 
employee at the time. Thereby 
ensuring that no sense of pressure, for 
example because of a certain hierarchy 
within the company, affected the 
answers.  

Observer Both researchers participated in all 
interviews and interview notes 
were actively taken in order to 
avoid subjectivity.  

Results of data interpretation discussed 
with subject matter experts at case 
company. 

5.4.2 Validity 
The area of validity can be divided into three main criteria, which should be addressed in                
order to ensure a trustworthy research (Yin, 2009): 

₋ Internal validity - seeks to establish a causal relationship, whereby certain conditions 
are shown to lead to other conditions. 

₋ Construct validity  - identifies correct operational measures for the concepts being 
studied. 

₋ External validity - defines an area to which a study’s findings can be generalized (on a 
level required by the purpose of the study). 

 
When considering internal validity, case studies usually exploit a multitude of sources and let              
their results converge by the use of triangulation. When conducting case studies, there are              
often a multitude of factors weighing in and only a few sources (Yin, 2009). Triangulation by                
many data collection methods and sources therefore have the potential to provide stronger             
conclusions (Eisenhardt, 1989). This gives an edge in studying current and complex events,             
such as warehouses. The extensive amounts of data available at the case company enable              
significant triangulation throughout the case study. Would any bias still occur, it will likely be               
towards the advanced and lean inspired operational strategies implemented at the case            
company. Apart from data triangulation, Yin (2009) describes three other methods of            
triangulation: investigator triangulation, theory triangulation and methodological       
triangulation. These methods are considered at different stages of the research, and by the use               
of different strategies. 
 
Further, construct validity can be ensured by the use of multiple sources of information and               
evidence and by then letting key informants and subject experts review the draft of the report                
before finalizing it. The criteria of external validity is often one of the main arguments against                
single case study research, due to the risk of poor generalization possibilities. To minimize              
this risk, the case sampling should consist of an in-depth description of the case company and                
upon which criteria it was chosen. This is described above in section “5.2.2 Case sampling”               
and by doing so, the researchers ensure that the case can be reconstructed at another company                
or situation with similar characteristics, thereby enabling further case studies. 
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Table 17: Efforts made to address the criterion for validity throughout the study 

 Internal validity External validity Construct validity 

Collection 
of theory 

Theory was collected 
from several different, 
peer reviewed, sources 
by searching both 
EBSCOhost and Google 
Scholar (theory 
triangulation). 

- Existing frameworks 
within the same field 
of research were 
identified and 
compared with regards 
to theory used.  

Research 
strategy 

The research strategy 
was designed after 
thorough consideration 
of several applicable 
strategies 
(methodological 
triangulation). 

- Existing frameworks 
within the same field 
of research were 
identified and 
compared with regards 
to methodology used.  

Case 
sampling 

- In-depth description of 
case company and its 
characteristics, allowing 
for identification of 
similar companies for 
further studies.  

N.A. 

Data 
collection 

Unobservable events 
has, to the largest extent 
possible, been verified 
with data from other 
sources by the use of 
data triangulation.  

Critical questions were 
used in several different 
interviews with 
employees from 
different departments 
and results compared. 

Data were collected 
from multiple sources. 
Interviews were 
conducted with 
employees from 
various departments 
and quantitative data 
were confirmed by 
observations. 

Data 
analysis 

Unobservable findings 
has, to the largest extent 
possible, been verified 
with data from other 
sources by the use of 
data triangulation. 

N.A. Results were reviewed 
by both case company 
employees with 
knowledge about the 
data and by supervisor 
at the university with 
theoretical knowledge. 
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6. Case study - BorgWarner Sweden AB 
Landskrona 
The single case study was performed at BorgWarner Sweden AB in Landskrona. This             
chapter presents the process and results of applying the decision support framework on the              
warehousing situation at the case company, where new warehouse facilities are to be             
introduced. The chapter is divided into seven headings, each representing one of the steps              
in the proposed framework.  

 
This chapter evaluates the situation at the Landskrona facility and applies the decision support              
framework on the planned warehouse facility in order to suggest a detailed design solution.              
The framework will enable a structured approach towards the decision making related to each              
decision module. The presentation of the case study follows the proposed framework. As the              
framework consists both of a strictly warehousing theoretical side - the content of the              
modules, and a methodological side - the design science concepts of exploration and             
refinement, there are several iterations made between the four decision modules. The different             
modules are continuously iterated and gradually refined throughout the whole case study.            
Some of the most significant iterations are highlighted at the end of each module, but the vast                 
majority of minor iterations are left out due to limited impact on the bigger picture.  

6.1 Problem definition - Initial decision module 
The first module in the decision framework aims to identify the objectives, constraints and              
characteristics of the warehouse operations. This background will frame the solution           
exploration in the subsequent modules. 

6.1.1 Determine warehouse objectives 
BorgWarner plan to expand the warehouse at the facility due to increasing production             
volumes. In order to ensure that the warehouse design will be aligned with the company               
strategy at BorgWarner, clearly defined objectives for the intended warehouse are needed.            
Like many other producing companies, BorgWarner strives to be cost-efficient. The company            
vision statement includes working towards “ a clean, energy-efficient world ” (BorgWarner,          
2016). Further, their accompanied mission states that the company shall achieve this vision by              
“ delivering innovative powertrain solutions that improve fuel economy, emissions &          
performance ” (BorgWarner, 2016). In summary, BorgWarner wants to be the leading edge in             
the powertrain industry, delivering premium products rather than the lowest price. 
 
To support their vision and mission, the facility in Landskrona works against a number of               
strategic objectives, affecting different parts of the organisation, of which three can be related              
to the warehouse design and operations: (i) Improve efficiency, technical cleanliness and            
safety in material flow, (ii) improve safety and attendance and, (iii) improve productivity             
through state of the art industrialization solutions (BorgWarner, 2017). 
 
As these strategic objectives are qualitative and therefore not easily quantifiable, the            
subsequent evaluation must be aimed towards ensuring a sufficing solution with regard to the              
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stated objectives. Company officials will be interviewed in order to ensure these goals are met               
to the highest possible degree. Eventually this will come down to a judgement call and the                
principle of saturated evidence will be consulted for these purposes. 

6.1.2 Conclude limitations & constraints 
Apart from the implications for design priorities given by the strategic objectives, several             
limitations and constraints narrow the number of preferable solutions for the warehouse            
detailed design. Internal constraints, created by the company itself, affect both the number of              
eligible layouts and processes. One of the major internal constraints is the physical boundaries              
of the new warehouse. Apart from the current warehouse area of 1 200 m 2, the area of the new                   
warehouse facilities are limited to 1 000 m2 for the upper part and 600 m 2 for the lower part                   
and the placement of docks are already determined, as seen in figure 12 (BorgWarner, 2016).               
Further, the trucks currently used at the company have a maximum width of 1.3 m, which                
limits the minimum aisle width (BorgWarner, 2017). Also, the assembly lines, situated            
throughout the production floor, cannot be moved.  
 
There are also a few internal logistics principles that are to be followed, therefore also               
restricting possible actions. First, the company works solely on a FIFO (First-In-First-Out)            
basis, requiring every storage location to support this principle. The storage and picking             
processes also has to follow the kanban principle, including, for example, two bin systems.              
Finally, every material racks should be equipped with smash and pusher protection to improve              
safety (BorgWarner, 2015). 
 

   
Figure 12: Mockup of new warehouse facility (BorgWarner, 2016) 

 
The current warehouse operates with a total of 1304 storage positions. These positions are              
located both within the actual warehouse facility, throughout the production and in a             
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temporary tent approximately 130 meters from the facility. The tent currently has a capacity              
of 216 storage locations and the actual warehouse facility has 797 locations, including both              
raw material storage (RPI) and finished goods storage (FPI). On average, the overall             
utilization of the warehouse is around 100 percent as determined by graph 1. As some of these                 
positions are currently situated throughout the production area and in the tent, the actual              
utilization, with regard to suitable reserve storage locations, is significantly higher. Assuming            
all material to be stored in the raw materials area of the current warehouse, the utilization                
would be averaging above 170 percent (BorgWarner, 2017).  
 

 
Graph 1: Illustration of the average number of pallets in storage between 2017-02-21 and 

2017-03-05 
 
The needed number of future storage locations resembles an internal constraint on the new              
warehouse layout design due to the fact that the new facility should have, at least, that number                 
of new storage locations. When analyzing historical sales data, a clear trend towards             
constantly increased demand can be seen, as illustrated in graph 2. On average, the sales have                
increased by 15-20 percent per year with regards to volume and current forecasts shows no               
signs of stopping. Therefore, apart from the need for increased warehousing space, the facility              
will also be expanded by adding two, perhaps three, new production lines. Required space for               
these lines have been estimated by the company.  
 
Assuming a desired average space utilization of 80 percent and a 20 percent increase of               
production volumes over the next five to ten years, the total number of required storage               
locations will be as described in table 18. The estimation is based on the current number of                 
797 locations within the RPI and the FPI together, and a required growth of required               
warehouse locations of ten percent per year. The required number of storage locations is              
assumed to be lower than the increase in volumes produced due to the possibility to also                
increase, for example, delivery frequency when the volumes increase, thereby lowering the            
increase in needed storage spaces. 
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Graph 2: Sales data for different generations of couplings with overall trend 

 
Table 18: Estimation of needed storage locations based on average growth 

End of year Storage locations needed Increase from current RPI+FPI 

2017 1870 135% 

2018 2057 158% 

2019 2263 184% 

2020 2489 212% 

2021 2738 244% 

2022 3012 278% 

2023 3313 316% 

2024 3644 357% 

 
Apart from the internal constraints, there are also external factors limiting the solutions             
possible. One of the main external influencers is The Swedish Work Environment Agency             
(Arbetsmiljöverket), which publishes general provisions (AFS 2009:2) on Swedish work          
environments. The document is divided into a legislative, forcing part with general rules and a               
suggestive part with interpretation of these rules.  
 
When considering the suggestions applicable for a detailed design of a warehouse §53 is of               
particular interest. §53 relates to the width of aisles and states that an aisle only intended for                 
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traffic of pedestrians is recommended to be 0.7 m wide for one-way traffic and 1.2 m wide for                  
two-way traffic. If the aisle is intended for trucks, or similar vehicles, the aisle is instead                
recommended to be 0.6 m wider than the vehicle for one-way traffic and 0.9 m wider than two                  
of the vehicles for two-way traffic (AFS 2009:2). The recommended aisle widths for             
BorgWarner, given that the width of the trucks are 1.3 m, are summarized in table 19.                
However, as these figures are merely general suggestions (AFS 2009:2) without any            
connection to the processes in place in Landskrona, the recommendations cannot be heeded             
without further analysis.  
 
Table 19: Recommended aisle width at BorgWarner in Landskrona given current truck fleet 

 Pedestrians Vehicles (1.3 m wide) 

One-way traffic 0.7 m 1.9 m 

Two-way traffic 1.2 m 3.5 m 

6.1.3 Determine warehouse characteristics 

The warehouse in Landskrona, both the existing and the planned extension of it, is tightly               
linked to the production line, serving it with raw materials using kanban and just-in-time              
principles. At the end of production, the warehouse also stores finished products awaiting             
external transportation. According to the definition from van den Berg (1999), the warehouse             
in Landskrona is a typical example of a production warehouse.  
 
The main value adding activity performed at the Landskrona plant is the assembly of              
couplings. The plant produces all-wheel drive couplings for passenger cars. These couplings            
are sent to suppliers further down in the value stream, who assemble the couplings into rear                
axles. These are in turn sent further downstreams to the actual automobile manufacturers             
where they are assembled into the vehicles.  
 
The first generation of couplings consisted of 122 unique components and had a splitted rear               
axle. On average, a new generation of couplings is introduced every two to three years,               
depending on when the car manufacturers decide to switch platforms. At the moment, the              
production is concentrated around the fifth generation of couplings, which was introduced in             
2010. This generation consists of approximately 60 unique components, and comes in several             
varieties for different car manufacturers and models. The varieties share some of the             
components between each other, but a majority of them are unique. Many of the components               
are also sensitive to both pressure, dust and moisture and even the tiniest deformation of a                
component can cause the entire coupling to malfunction. Therefore, both storage and handling             
of components must be carried out with caution. Also, the use of packaging material is               
decided by the customer and therefore different for each of the couplings. 
 
There are primarily three types of storage in the warehouse. Raw products inventory (RPI)              
holds the materials to be assembled and/or machined by the production lines and machining              
stage. Semi-finished products exist in moderate amounts as the machining and assembly            
operations run at different speeds. The machining also runs seven days a week compared to               
the five days of the assembly lines. The FPI holds pallets of assembled couplings to be                
shipped to customer. In all three of the storage areas, there is an underlying principle of                
zoning according to the type of SKU held there. Each type of component is placed in                

59 



pre-decided locations, the boundaries of each such zone is somewhat floating depending on             
the current number of articles in the warehouse, still each zone is to the extent possible                
centered around a point in the warehouse, similar to a center-of-gravity. One of these zones is                
the picking zone for materials replenished as “pick by package”, located in the golden zone               
(GZ) of primarily one aisle.  

6.1.4 Output 
The output after analyzing the areas related to the initial decision module are summarized in               
table 20. 
 
Table 20: Output: Initial decision module 

Area Findings 

Warehouse objectives Fulfill the storage need while improving both efficiency, 
technical cleanliness and safety throughout the processes 

Limitations and 
constraints 

- FIFO 
- Area of 1 000 m 2 and 600 m 2 for new facilities  
- Placement of doors and docks 
- Aisle width as recommended in table 19, or otherwise motivated 
- Minimum number of storage locations as stated in table 18 
- Racks equipped with smash and pusher protection 
- Ergonomic picking locations, equipped with pull out units. 

Warehouse 
characteristics 

A production warehouse with regular unloading, replenishment 
and shipping processes. Both components and finished goods 
sensitive to pressure, dust and moisture. 

6.2 Decision module A - SKU classification 
There is currently a layout in place aiming to enhance the internal physical flow of goods. By                 
using the pareto principle, an ABC-analysis has been used as a foundation for assigning fast               
moving goods, replenished through the kanban system, to preferable pick locations. There are             
roughly 40 such pick locations in the golden zone of the current layout. These can be viewed                 
as A, and to some extent B, locations in an assumed ABC classification of pick locations. For                 
the raw materials replenished on full pallets, there is currently no focus on ABC classification.               
Rather a class based zoning, based on SKU characteristics, is strictly followed. This practice              
is kept despite different components having widely varying pick rates. The current storage             
policy can therefore be classified as class based zoning with random storage using a closest               
open location policy within the zones.  
 
Overall, on 2017-01-24 the warehouse consisted of 656 unique articles, located at 910             
different storage positions. A movement analysis shows that 208 of these articles have not              
been moved in three months or more. Of these, 94 have not even been moved during the last                  
12 months. An illustration of the latest movement date for different articles is shown in graph                
3. As the number of available pallet locations in the warehouse is an issue, any slow moving                 
articles that takes up pallet positions should be removed unless otherwise motivated. Twelve             
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of the slow moving articles are currently stored in pallet locations. The rest of the slow                
moving articles are mainly stored in the pater noster units, referred to as elevators. 
 

 
Graph 3: Latest date of movement for articles currently in stock (BorgWarner, 2017). 

6.2.1 Classification according to article characteristics 
The primary distinction to be made between different kinds of inventory relates to its              
characteristics in terms of particular storage requirements. Special materials include for           
instance flammable chemicals, requiring safety storage, and blocked materials that must be            
restricted from access by regular truck drivers. There are also particularly sturdy SKUs such              
as the packaging materials which are largely made up by new plastic pallets and trays. These                
have far lower requirements on protection than other materials. All articles are categorized             
according to their characteristics below in eight different groups with various handling            
requirements. 
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Table 21: Categorization of articles in storage 

Category Description Unique 
articles 
stored 

Picking 
op. per 
week 

Main storage 
location 

Articles to production Raw material used in the 
production of couplings 

244 2130 Warehouse 

Articles to machining Raw material used to 
machine housings 

8 560 Tent 

Packaging material Material used to store, 
protect and label goods 

31 
 

67 Warehouse & 
Tent 

Finished goods Couplings ready for 
shipment 

27 590 Warehouse 

Machined articles Housings machined 
awaiting production 

13 570 Production 

Restricted goods Articles temporarily 
banned from usage 

N.A. N.A. Warehouse 

Liquids Different types of oil 6 3 Chemistry 

Spare parts & other A variety of tools, spare 
parts and other seldom 
used items 

327 14 Warehouse & 
Production 

6.2.2 Classification according to flow patterns 
There are also distinctions between various articles in their different physical flows            
throughout the warehouse. There are primarily four different types of flows in place. Inbound              
materials can follow the 1. blanks-, 2. full pallet-, 3. packaging- or 4. kanban-flow. These               
imply various ways of storage keeping and handling as of today, see figure 13 below for an                 
illustration. 
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Figure 13: Types of physical flows from inbound to production line.  

 
Storage levels have been measured at the more important steps of the flows. Primarily the               
flows connected to the primary activity of the facility - its assembly lines. The lines are                
marked as ‘production’ and although they hold a lower amount of raw materials, these are               
neglected for our purposes. The ‘FPI collection bins’ is where the assembly line staff drops               
off the finished goods and truck drivers pick them up.  
 
New packaging materials (i.e. plastic pallets) are mostly stored outdoors. There are            
approximately 70 ground locations outside, which support stackable heights of 3, 4 or 6              
pallets depending on packaging type. Group 3a in figure 13 represents these pallets. When              
moved inside, these are stored in approximately 20 pallet locations next to the assembly lines,               
marked as group 3b. This interim storage is continuously filled up by the trucker drivers.               
Furthermore, there are approximately 110 empty metal cages (packaging material for a certain             
customer) stored at a 3PL warehouse nearby.  
 
The remaining groups are presented in table 22. The storage levels were obtained from an               
overview of the warehouse repository taken between 2017-02-21 - 2017-03-05. Spare parts            
and other special items have been removed, as they distort the analysis. 
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Table 22. Groupings according to material flow (number of units). 

Group Average Minimum Maximum 

1a - storage level of coupling housing 
blanks 

144 129 159 

1b - storage level of machined 
coupling housings 

146 124 165 

2a - storage level of raw materials that 
are replenished as full pallets 

1545 1484 1597 

4a - storage level of raw materials 
replenished as kanban (both reserve- 
and pick locations) 

131 124 142 

 
The table shows that the inventory levels fluctuate relatively closely around the mean. This              
indicates a relatively low number of empty locations despite a class based storage policy.              
Also, the figures can be compared to the safety stock policy of two days inventory for the                 
assembly lines and three days safety stock for the machining operation. These safety stock              
policies and the intervals of inbound deliveries are outside of the scope of this thesis and will                 
be viewed as delimitations. 

6.2.3 Classification according to volume and type of picks 
As described above, the “articles to production” are picked and replenished either through full              
pallets or through kanban boxes depending on the type of material and where in the               
production it is to be assembled. When looking at the articles moved between 14 November               
and 4 December, 55 percent of the articles were replenished through kanban boxes and 45               
percent were replenished by pallet. The articles picked in kanban boxes are in turn replenished               
as full pallets from a reserve storage.  
 
Further, articles replenished by pallet to the production lines are grouped with other similar              
types of SKUs. These classes are stored separately, but to some extent overlapping zones. The               
classes can be viewed as sub-groups to the general classes “Articles to production” and “Raw               
material - full pallet” presented above. The classes are: (i) Pumps, (ii) ECUs, (iii) Discs (1                
frame high), (iv) Reserve storage of kanban articles, (v) Disc drums & Hub shafts (3 frames                
high), (vi) Companion flanges (2 frames high) and, (vii) Other full pallets (e.g. purchased              
pre-machined coupling housings). 
 
In total, the number of picks per week average around 5 000 - 6 000. However, there are a few                    
articles that are picked substantially more than others, as illustrated in graph 4 and 5. By                
ranking the articles using the pareto principle, the skewness found in table 23 and 24 is                
achieved.  
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Graph 4: Number of picks per week for each article replenished by pallet (BorgWarner, 

2017) 
 

Table 23: Categorization of articles according to average number of picks per week for 
articles replenished by pallet 

Category Percentage of picks Percentage of articles 

A 69.3% 21.4% 

B 24.2% 31.0% 

C 6.5% 47.6% 

 

 
Graph 5: Number of picks per week for each article replenished by kanban (BorgWarner, 

2017) 
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Table 24: Categorization of articles according to average number of picks per week for 
articles replenished by kanban 

Category Percentage of picks Percentage of articles 

A 71.5% 20.5% 

B 19.1% 29.5% 

C 9.4% 51.3% 

 
When instead analyzing the amount of articles consumed per week, a different scenario             
appears. According to the data, the average quantity of units consumed per week for two of                
the articles, the inner and outer disc component, are more than 100 percent higher than for any                 
other article currently in stock, as seen in graph 6. Overall, when using the pareto principle on                 
the number of units of each article picked per week the skewness described in table 25 is                 
achieved. 
 

 
Graph 6: Amount of each article consumed per week (BorgWarner, 2017) 

 
Table 25: Categorization of articles according to average amount consumed per week 

Category Percentage of total consumption Percentage of articles 

A 38,89% 0,90% 

B 29,99% 4,95% 

C 28,10% 29,28% 

D 3,02% 64,86% 

 
By combining the data regarding replenishment principle and one of the other categorizations 
suggested in table 23 - 25 the segmentation can be extended to consider each of the different 
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replenishment principles individually. For example, by using the number of picks per article, 
the categorization illustrated in graph 7 is achieved. By doing so, it can be seen that there are 
more pallet picks occurring on average. However, there are only two articles replenished by 
pallet that have more picks than the most frequently picked article by kanban. 
 

 
Graph 7: Number of picks for each article based on replenishment principle (BorgWarner, 

2017) 

6.2.4 Iterations of particular importance and connection to strategy 
There is a clear pareto distribution with regard to pick frequency of each article. The SKUs                
must be free to be organized according to the ABC classification described. There is also a                
need to handle special SKUs such as blocked materials and chemicals. These zones must be               
large enough, hence an implication for decisions to be made in module B. 
 
The flow pattern description will serve as foundation for the in depth analysis of the operating                
policies and flows. The different flows have implications on the choice of operational policies              
in module C. The division between kanban and full pallets is implied by the design of the                 
assembly lines, hence cannot be altered. This, in turn impacts the ways in which the SKUs can                 
be divided into zones (see module B). The flow patterns also give an understanding of how                
the flows can be managed and altered, which is of importance for module C. 
 
As the warehousing strategy of BorgWarner rates technical cleanliness as one of their main              
priorities, the use of an entirely volume-, pick-, or value-based classification in order to              
optimize picking is not at the highest priority. Instead, by classifying the SKUs both              
according to their characteristics (e.g. stored on wooden pallets) and their type of flow (e.g.               
kanban), it can be ensured that dust generating articles affect the level of cleanliness achieved               
by the more sensitive articles such as machined coupling housings, pumps and various smaller              
components used in the assembly. Only acceptable solutions, from a cleanliness point of             
view, are therefore considered when proceeding with the iterations.  
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6.3 Decision module B - Layout options 
At the moment, the storing facilities only consist of one warehouse directly linked to the               
production facility through a single entrance (D1). There is one main gate for loading and               
another for unloading of transports (G2). There is also a secondary gate (G1), which is mainly                
used for transportation of blanks to machining and other articles from the tent on the               
courtyard. When finished loading and unloading from G2, articles are placed in the receiving              
area (SQ), before being moved to a storage location. Pallet racks with single storage depth are                
used for storage. As seen in figure 14, the finished products inventory (FVL), hereafter              
referred to as the FPI, and the raw materials warehouse make up an adjacent sections of the                 
same physical space. That means the physical flows are carried out two-way in the same same                
aisles, as illustrated with green arrows for incoming and red arrows for outgoing flow. Aisles               
are mostly configured perpendicular to the flow of material and there is one major cross-aisle               
going in the direction of the physical flow.  
 

 
Figure 14: Green arrows (inflow of materials), red arrows (outflow of finished goods), D1 
(door to production), G1 (secondary gate), G2 (primary gate), GZ (golden zone), SQ (the 

receiving area) and FVL (finished products inventory) 
 
When introducing the new warehouse facilities, extended storage areas will be available at the              
upper and lower part of the current facility, connected by using two new doors (D4, D5). The                 
primary gate will be replaced by three new gates (G2, G3, G4) and two additional doors (D2,                 
D3) connecting the new facility with the production area will also be introduced. 
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Figure 15: New warehouse area after introduction of the new facilities 

 
To be able to analyze the positioning of P/D locations and aisles, but also to support some of                  
the other upcoming analyses, a spaghetti diagram was constructed based on the current layout              
of the facility. In order to create this diagram, several replenishers contributed in             
reconstructing their most commonly used traveling paths, both in the warehouse and in the              
production. Thereafter, data from between 10 am to 2 pm on Monday November 22 2016               
were used to mark each physical movement in the facility with a single line. Monday               
November 22 2016 was a relatively busy day and during the four hour window there was a                 
heavy influx of inbound materials. The outflux of pallets are not part of the data on which the                  
analysis was made, therefore the flow from FPI to gate D2 is underestimated. Also, the               
outbound flow of pallets and pallet frames and the inbound flow of new packing material are                
not included in the map as these flows are not registered in the ERP system. 
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Figure 16: Spaghetti map illustrating the flow of goods within and between the warehouse 
and the production. Blue dot is receiving area, yellow dot is P/D location for pallets to the 

FPI, green dot represents the machining stations. 
 

It is clear that the major aisle throughout the entire plant carries a large share of the                 
movements in both directions. In particular, between the receiving area and production line 10              
there are dense movements in both directions. This situation is likely to impede the flow as                
trucks move in opposite directions, hence hinder each other from moving swiftly.            
Furthermore, in the curves close to the blue mark and the FPI, there is a combination of                 
frequent traffic in both directions, perpendicular curves with poor visibility, floor storage of             
valuable finished goods and relatively narrow aisles (the opening to the receiving area is 2.1               
meters wide). This implies an increased risk of both collisions between trucks and collisions              
with floor standing pallets. The curves and narrow openings also forces trucks to slow down,               
which thereby reduces the speed of the overall flow. 

6.3.1 P/D location 
As seen in figure 16, the flow of goods in the current facility is mainly concentrated to the                  
area around door D1 and the P/D locations has therefore naturally been placed close to this                
area. Due to the lack of other possible connections between the warehouse area and the               
production area, this setup is hardly changed without extensive reconstruction. However, after            
introducing the new warehouse building, the doors D2 and D3 enable new possible             
connections between the warehouse and the production area. By dividing the P/D location for              
different categories of articles between these doors, the congestion created in the area around              
D1 can be eased by utilizing separate flows in and out of the warehouse facility.  
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By using the same data as in figure 16, a new spaghetti map was created to illustrate the                  
possible flow of goods if the P/D location for the RPI would be placed near door D3 and the                   
P/D location for the FPI would be placed close to door D2. As seen in figure 17, this change                   
has the potential to ease the congestion problem currently occurring in the area around D1.  
 

 
 Figure 17: Spaghetti map illustrating the potential flow of goods within and between the 

warehouse and the production when placing the RPI  and the FPI in the new facilities. Yellow 
dot is the P/D location for pallets to the FPI. 

6.3.2 Aisle configuration 
As concluded in chapter 6.1.2, there are recommendations from The Swedish Work            
Environment Agency on the width of warehouse aisles. These limitations depend on the type              
of traffic used in the warehouse. As of now, truck traffic, both one- and two-way, is occurring                 
frequently in all of the aisles. This will most certainly be the case also in the new warehouse.                  
Therefore, an aisle width of around 3.5 meters is recommended to be used for every aisle.                
Further, the orientation of the aisles should support the natural flow within and through the               
warehouse.  
 
According to Gue & Meller (2009) the fishbone layout of aisles is the most efficient. Yet,                
their research assumes a random storage and P/D location in the centre. The physical shape of                
the facility in Landskrona does not allow such a P/D location and the current storage policy, a                 
class based system with volume based classifications, is easier to work with compared to a               
fully random storage policy. As there are differences between the case company and the              
modelled warehouse in which the fishbone layout would be the optimal choice, the fishbone              
layout cannot be neither confirmed nor disconfirmed as an superior choice based on previous              
research. The rectangular shapes of the areas in the building make vertical or horizontal aisle               
orientations preferable options. 
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The number of pallet locations obtained with vertical and horizontal orientations of the pallet              
racks in the old storage area was evaluated. Three layouts were tried: the old vertical,               
horizontal in centre and entirely horizontal orientation. The results assume pallet racks with             
six storage locations and are therefore slightly higher than the current number of pallet              
locations within the same area. Looking at the new upper area of the warehouse facility, due                
to the placement of the new docks (G2, G3) in relationship to the door to the production (D3),                  
the flow of goods naturally moves horizontally throughout the new building. However, for             
deliveries not stored in this area the needed flow may be different. Overall, the choice of a                 
vertical or horizontal structure generates a difference of 15.8 percent on the number of storage               
positions when required aisles are introduced. When instead looking at the lower part of the               
new facility, the preferred flow mainly depends on which gate is used for the transportation of                
articles stored in that zone. Still, figures for the different layouts are important for comparison               
purposes and are presented in table 26. 
 
Table 26: Theoretical number of pallet locations for different aisle configurations 

Configuration Current area Upper new area Lower new area 

Entirely vertical  774 (-) 1536 (-15.8%) 528 (-) 

Horizontal in centre, 
vertical along walls 

714 (-7.8%) 1600 (-12.3%) 426 (-19.3%) 

Entirely horizontal 642 (-17.1%) 1824 (-) 396 (-25.0%) 

6.3.3 Storage configuration 
When considering the lane depth of different storage solutions the theorems suggested by             
Bartholdi III and Hackman (2010) can be used to approximate an optimal depth for usage in                
the warehouse overall or in specific lanes. By using formula 1 with qi representing the average                
number of pallets per incoming delivery of article i, and a representing the recommended aisle               
width of 3.5 m (smaller aisles generate lower values for lane depth), the values stated in table                 
27 are received as approximated optimum for pallets stored in racks. When instead using floor               
storage, for example to store packaging material, the values stated in table 28 are received as                
approximated optimum. 
 
Table 27: Approximation of optimal lane depth for different number of pallet openings (z) 
when using racks 

Number of openings (z) Lane depth 

4 1.395 

5 1.247 

6 1.139 

7 1.054 

8 0.986 
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Table 28: Approximation of optimal lane depth for different stack heights (z) when using floor               
storage 

Stack height (z) Lane depth 

2 1.395 

3 1.139 

4 0.986 

5 0.882 

6 0.805 

 
However, these numbers should only be used as guidelines for the upcoming decision making.              
The final decision of which lane depth to use needs to also consider possible congestion issues                
and variety of article order size.  

6.3.4 Iterations of particular importance 
The spaghetti maps show that by dividing the flow of kanban and blanks from the general                
inbound flow is beneficial as it will distribute the physical movements of SKUs more evenly               
throughout the facility. This is a key insight when considering options for flows both in and                
out of the building. That means, it is also desirable to have the kanban and full pallet picks                  
separated from one another. 
 
With the various configurations of aisles and racks, the size of each warehouse area is               
affected. This means the choices made here reflect back on module A and the storage policy                
choice, since an important part of that is to set the dimensions of the zones right. 

6.4 Decision module C - Operational policies 
When evaluating the operational policies of the warehouse and accompanied processes, the            
importance lies upon an efficient and reliable flow. As the main value adding activity              
performed at the Landskrona site is the production of couplings, the warehouse processes             
should first and foremost serve the production lines while minimizing the risk of stoppage.              
Therefore, optimization criteria such as picking time or distance remain secondary. Instead, a             
focus towards a clean, efficient and undisturbed flow is used, first when analyzing the              
processes in a broad sense and then when highlighting key aspects of these processes.  

6.4.1 General processes 
The warehouse operations consist of three main processes; unloading, replenishment and           
shipping. The unloading process refers to the actions needed when an incoming delivery of              
raw materials arrives at the warehouse. Further, the replenishment process includes all actions             
related to the process of serving the production with the materials needed. Finally, the              
shipping process includes all actions needed for the finished goods to be transferred and              
stored on the customer's transportation unit. The current processes in the warehouse can be              
described as in chapter 6.4.1.1 to 6.4.1.3 below. 
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SAP handles both suggestion of put away and retrieval location based on the FIFO principle.               
The picker will drive the closest route to the suggested location. As the facility is not too large                  
and the layout is simple, there is no need for advanced routing support. As the vast majority of                  
retrieve and put away tasks are full single pallets, picking policies are superfluous. However,              
when refilling the towing tractors, a picking policy could help making the work more efficient               
by advising on the proportions between different kanban components. 

6.4.1.1 The unloading process 

 
Figure 18: Simplified flow chart of the unloading process 

 
1. The raw material is unloaded from the hauler with a forklift truck. The unloading is done                

from the long side of the vehicle. The raw material arrives in pallets and in some rare                 
occasions on half pallets. Parcels are handled separately. The largest inbound deliveries            
are approximately 50 pallets and refer to the unrefined components, called coupling            
housing blanks.  

 
2. The forklift truck places the pallets in the lock gate. There is a maximum number of 24                 

pallet locations in the lock gate. There are automatic gates at both ends of the lock gate                 
and due to safety procedures only one gate can be open at a time. 

 
3. The forklift driver verifies the number of unloaded pallets and sign the delivery             

documents provided by the hauler. 
 
4. When the lock gate is full, the outer gate is closed and the inner gate can be opened by a                    

pallet truck operator. The pallets are then moved approximately 20 meters into a             
receiving area. The pallets must be placed in the same direction, labels facing inwards (to               
simplify the attachment of flags in step 6 below). This requirement extends the moving              
operation as the truck operator must make extra turnarounds.  

 
a. When the lock gate is emptied, any remaining pallets can be moved into the lock               

gate from the hauler. This is only the case when inbound deliveries are large or               
when several haulers arrive at the same time. This situation either causes the truck              
driver to wait longer for a complete unload, or causes the outdoor forklift driver to               

74 



store some pallets outside temporarily until the lock gate can receive another load             
of pallets. 

 
5. Once the pallets are lined up in the receiving area, staff will enter the order data from the                  

delivery note into the ERP system. There is currently an ongoing improvement program             
to scan the shipment flag (an identifying note on the pallet) on the incoming pallet rather                
than to enter the delivery data into the ERP system manually. Such a solution would save                
time for the receiving staff. Once the data regarding the inbound deliveries is correctly              
entered into the ERP system, new pallet flags are printed on a printer at the receiving                
area.  

 
6. The printed flags are attached to the pallets. As the matching between pallet flag and               

pallet is done manually, the pallets must be lined up facing the same direction. The               
purpose of the flags is to be able identify all material in the facility easily and in a                  
standardized way. 

 
7. The pallets are moved from the square to the pallet racks holding that type of components                

by a truck driver. There are reach trucks and pallet trucks being used for this operation.                
Each pallet is scanned using a handheld scanner, from “received” to “bin location”, by              
the truck driver. It is important that the pallets face inwards at the square, as it prevents                 
double handling. 

6.4.1.2 The replenishment process 

 
Figure 19: Simplified flow chart of the replenishment process 

 
8. When material is needed at the production lines, there will be replenishments provided by              

three truck drivers called replenishers from hereon, using three towing tractors and two             
stand-in stackers. The flow of replenishment material is designed as a kanban system,             
hence there will be visual notifications when something needs to be replenished.  
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a. The smaller components are delivered to the production lines in kanban boxes (blue             
plastic boxes of standardized size). These are refilled from pallet locations in            
certain picking zones. All such pallet locations holding relatively fast moving           
components are found in the “golden zone” i.e. slightly over one meter above the              
ground. Most of the slow moving components are found in the “pater noster”. 

 
b. The larger components, are delivered to the production lines in full pallets. When a              

pallet is replaced, the old pallet is demounted. The pallet frames and pallets are              
stacked at a few locations throughout the facility. 

 
9. When a component is moved to the production lines the truck driver scans the amount of                

components of the certain article number that is being moved from the raw material              
warehouse to the production lines. In the ERP system, there are three production lines.              
This is designed according to workload for the three replenishers. Each replenishes two             
lines except one who replenishes one line and instead does certain other tasks on all lines.  

 
10. When the pallets leave the production line they are first sealed with plastic bands and               

plastic covers. They are then left at two specific locations: one location for the four high                
volume lines and one separate location for the low volume line. The replenishers pick up               
the pallets from these two locations and scan them from production line to the FPI. The                
pallets are then moved to the area dedicated for finished goods. 

6.4.1.3 The shipping process 

 
Figure 20: Simplified flow chart of the shipping process 

 
11. Shipments are usually dispatched on customer specific weekdays. The ERP system           

present a list of unique pallet numbers, HU numbers, to the shipping coordinator. The              
pallets are chosen based on the FIFO principle.  

 
12. The shipping coordinator confirms the pallets on the list by scanning them. 
 
13. Shipment flags are printed and attached to the outbound pallets, in-house pallet flags are              

removed by the shipping coordinator.  
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14. When the hauler arrives - the arrival time is usually highly uncertain - the pallets are                
being loaded into the lock gate for outbound goods by the indoor truck drivers. The gate                
can hold a maximum of 24 pallets. 

 
15. The forklift driver outdoors will pick up the stacked pallets in the lock gate and load them                 

onto the hauler. The loading is performed from the side of the hauler. 
 

a. If the outbound delivery is for more than 24 pallets, the staff indoors will have to                
wait for the outdoor forklift driver to empty the gate and then close the outer gate.                
Then they can place the remaining pallets in the lock gate. The forklift driver will               
then load the remainder of the pallets. 

6.4.2 In depth description of key aspects 
When analyzing the processes at the facility, there are several areas that require in depth               
analysis. These are: (i) Inbound and outbound flow of pallets, (ii) flow of coupling housing               
blanks to the machining station, (iii) the limitations of the lock gates and, (iv) interim storage                
of the machined coupling housings. 

6.4.2.1 Inbound and outbound flow of pallets 
The inbound flow of pallets averages around 131 pallet per day as of January 2017. As shown                 
in graph 8 below, the number of pallets can vary rather widely, for most part from about 70 to                   
180 pallets per day. This requires adequate manpower in order to deal with the peak days. It                 
should be noted that the inbound deliveries can arrive anytime between 7 am to 4 pm, but they                  
usually arrive around noon. Especially during days with heavy workload, this creates a few              
peak hours. The largest single deliveries are those of coupling blanks which can contain up to                
roughly 50 pallets.  
 
The outbound flow follows a similar pattern, yet the average number of pallets is only 77 per                 
day during early December 2016 (see graph 9). There are wide fluctuations, from one delivery               
of 16 pallets up to six deliveries of 149 pallets on one single day. The same peak around noon                   
also occurs for the outbound flow.  
 
An estimated 6.25 percent of the 208 outbound deliveries were larger than 24 pallets, causing               
inefficient handling as the indoor and outdoor staff must take turns working in the lock gate                
(see 6.4.1.3, bullet point 15a). The vast majority of these deliveries go to one single customer.                
Also for the deliveries of less than 24 pallets, the lock gates create an inefficient system of                 
handling, which will be further explained in chapter 6.4.2.2 below. 
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Graph 8: Number of inbound pallets per day 

 
The outbound pallets follow a similar pattern: 
 

 
Graph 9: Number of outbound pallets per day 

 
The inbound and outbound volumes of pallets are sure to be increasing proportionally to the               
increased production planned ahead. There must be ample space and work processes in place              
that can handle significantly increased flows in and out of the facility. 

6.4.2.2 The lock gates 
The lock gates are used for both incoming and outgoing flows. This includes inbound and               
outbound deliveries, but also to bring used pallets out and to bring in new outer packaging                
material. The gates are therefore potential bottlenecks to the internal physical flow. The gates              
through which all inbound and outbound pallets move, are of particular interest to the analysis               
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as they are a current bottlenecks in the overall production. The locations of these gates are                
illustrated in figure 15. 
 
Table 29. Measurements of the lock gates 

Lock gate Length Width Effective width 

G2 6.04 m 5.48 m 3.00 m 

G1 6.10 m 5.95 m 2.98 m 

G4 (part of future layout) 5.60 m 4.10 m 3.20 m 

 
The widths of the lock gates are larger than the opening of the gates, hence the effective width                  
is reduced according to table 29. To use the extra space on the sides of the gate openings is                   
not feasible as the trucks must be able to drive straight in and straight out through the                 
openings, when handling pallets. As most pallets measure 0.82 x 1.25 m or less, the effective                
width of the gates leaves a loading capacity of twelve floor slots in each gate. The sizes and                  
shapes of the inbound goods tend to vary a lot, making it hard to generalize the stack height in                   
the lock gate. As for the outbound pallets, they can generally be stacked two high rendering                
the gates holding capacities of 24 pallets each. 
 
For smaller deliveries, both inbound and outbound, the lock gates still make up bottlenecks in               
various ways. Most notably due to: (i) The lock gates can only serve one purpose at a time,                  
and (ii) the process through the lock gate renders double handling. To illustrate the first point,                
assume that a hauler arrives and the lock gate for inbound deliveries is not empty. The                
outdoor truck driver would have to wait until the lock gate has been emptied before starting to                 
unload the hauler. The second point is illustrated in the figure below. Each pallet passing               
through the lock gate causes an extra put away and retrieval event, i.e. double handling. 
 

 
Figure 21: Principle sketch of double work when using a lock gate (R - pallet retrieval, P - 

pallet put-away) 
 
The lower lines resemble the retrieval / put away operations when passing through a lock               
gate. The first trucker driver must put away the pallet in the lock gate instead of driving to the                   
final destination bin at once. This renders a process with an extra put away and an extra                 
retrieval event. As these events require high precision, they slow the driver down, thereby              
decreasing the speed of the overall flow. See table 30 for an illustrative example of the                
proportions in time between the different scenarios. The put away and retrieval times in this               
example are set very low, even for an experienced truck driver. That means that the real loss                 
is probably higher than the calculated 63 percent extra time spent on double handling. 
 
Table 30: Calculation of time loss based on the principal sketch in figure 21. 
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With higher volumes in the future, there is a need for an alternative to lock gates. The planned                  
loading bridge to be built is one part of such solution to speed up the loading and unloading                  
significantly. However, there is still a need for a solution that decreases the need for double                
handling when unloading and putting away the pallet.  

6.4.2.3 Coupling housing blanks to the machining station 
The current handling of coupling housing blanks is characterized by double handling. The             
blanks are to be used at the machining station in the back of the production facility. However,                 
before they arrive to the machining station they are both moved, stored and scanned several               
times due to the current lack of space. Upon arrival, the blanks are stacked in the lock gate to                   
receive flags and to be entered into the ERP system. They are then moved in pairs to the tent                   
about 130 meters from the main building, where they are stored in racks. The pallets are also                 
scanned to these temporary storage locations. When needed, the coupling housing blanks are             
retrieved from the same location in the tent and brought to the lock gate.  
 
The truck driver scans the retrieved pallets to an artificial temporary bin in the ERP system.                
As the ERP system cannot distinguish between pallets of the same material number but with               
different dates of arrival, only one date per material number can be transferred at the same                
time. On the inside, another driver brings the pallets from the lock gate to the small racks                 
close to the machining station. The pallet is scanned from the the temporary bin to the storage                 
location on the rack. From here, the pallets are retrieved by the machining station staff. The                
process is illustrated in figure 22. The amount of double handling ceteris paribus is              
exemplified in table 31. 
 

 
Figure 22: Principle sketch of the time loss when storing in tent (R - pallet retrieval, P - pallet 

put-away) 
 
Table 31: Calculation of time loss based on the principal sketch in figure 22 

 
 
The machining station is continuously supplied with coupling blanks at an average speed of              
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one pallet every 54 minutes (or 1.11 pallets per hour). This flow is managed by the machining                 
station operator, using a hand pallet truck with carrying capacity of one pallet. The speed of                
such a truck is relatively low and the pallets are to be picked one by one. Yet, the pallets are                    
replaced within a relatively close timespan for all four machining stations and the picks tend               
to be clustered in time. Almost half of the picks are made less than five minutes after the                  
previous pick was made. Overall, there are four machining stations and it can be assumed the                
operator aim to replenish all four at the same time if possible. 
 
Table 32: Share of picks related to different picking situations 

Situation Number of picks Share of total picks 

# of picks made less than 5 minutes after 
previous pick 

211 47.6% 

# of picks made between 5-30 minutes after 
previous pick 

78 17.6% 

# of picks made more than 30 minutes after 
previous pick 

154 34.8% 

Total 443 100% 

 
The storage of coupling blanks in the tent is an obvious inefficiency as it causes significant                
double handling. A large enough storage of blanks close to the machining station is desirable               
to offset this. However, new production lines are planned so that space in the production hall                
will become scarce. Also, it is generally undesirable to store and transport relatively dirty              
wooden pallets in the production area as cleanliness is high priority. 

6.4.2.4 Interim storage of machined coupling housings 
The machined coupling houses are stored in an interim storage in the production area, before               
used at the assembly lines. The coupling housings are placed on plastic pallets with plastic               
frames, three high. They are covered with plastic film on top. The average amount of pallets                
were 146 during a two week period in late February 2017. This figure is not subject to                 
significant fluctuations. The maximum number of storage locations in the interim storage is             
currently 166 pallet locations (see “group 1b” in table 22). The current layout aims to place                
the coupling housings in proximity to the assembly lines. During the weekdays between 14              
November to 4 December there was an average production rate of 5449 couplings per day.               
Assuming similar rates in February, this would generate an average storage time of 4.2 days               
of which two days are to be considered safety stock. 
 
As the assembly lines currently produce slightly faster than can be supported by the              
machining station, there is a small demand to buy machined housings. There are plans to               
increase the machining station by another two units from 12 to 14 machines. The need for                
interim storage is directly correlated to the volumes produced and the policy decision of              
safety stock level. As the output from the machining station increases by 16,67 % the need for                 
interim storage of machined housing couplings will increase proportionally. This will increase            
the space requirement from 166 to 196 pallet locations. 
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6.4.3 Iterations of particular importance and connection to strategy 
The placement of coupling housing blanks require a revisit of previous conclusions about             
cleanliness, aisle width, operational strategy and implications on flow. The coupling blanks            
should be placed as close as possible to the machining station, but this goal must be balanced                 
against other demands on that area.  
 
The issues with loading and unloading calls for a technical solution that can offset the               
problems. This is important input for the choice of equipment in module D. 
 
As the company strategy calls for both efficient and safe processes, the areas where this was                
the furthest from being achieved were identified and focused upon. As seen in the estimations               
of processing time, the solutions were then chosen based on their level of efficiency compared               
to the start state. Still, processes considered as too complicated or unsafe, such as the               
continuous replenishment of coupling housing blanks, were discarded. These choices give           
new implications to the decisions handled in module B. 

6.5 Decision module D - Equipment 
Currently, the warehouse is equipped with regular storing hardware for a production            
warehouse of its size. Racks are mainly of the type RACK83 and are six full pallet positions                 
high. Positions used for less-than-pallet picking are equipped with pull out units to increase              
ergonomics for pickers. Pallets are picked by truck and kanban boxes are transported with              
manual carriers and towing tractors. Further, every picker is equipped with a barcode scanner              
and a truck communication system (TCS), both for receivement and documentation of            
transport orders. At the moment, the company uses eight different types of trucks, twelve              
trucks in total. The TCS system installed on the trucks enables better control of pick orders.                
The system gives real time updates of new pick orders to the truck drivers. The replenishment                
tasks are entered into the system by the production line foremen and the shipping officer               
enters loading and unloading tasks. 
 
Table 33: Properties for pallet racks of type RACK83 

Stack height in opening Width of opening Max weight 

1 EU pallet 1045 mm 1500 kg 

2 EU pallets 1950 mm 2500 kg 

3 EU pallets 2840 mm 3500 kg 
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Table 34: Properties of trucks currently used in warehouse (Unicarriers, 2016; Still, 2017) 

Model name Available Type of truck Lift capacity Lift height 

Atlet Tergo UMS 200 2 Reach 2 000 kg 8 950 mm 

Still RX20-18 1 Counter balance 1 800 kg 7 720 mm 

Still RX60-30 1 Counter balance 3 000 kg 7 540 mm 

Abeko SA 1600 2 Stand-in stacker 2 000 kg 7 000 mm 

Still EXV-SF 14 2 Pedestrian stacker 1 400 kg 5 466 mm 

Still EXV-SF 20 1 Pedestrian stacker 2 000 kg 4 476 mm 

Toyota 14902073 1 Towing tractor - - 

Toyota 14165609 2 Towing tractor - - 

 
In order to create an efficient loading and unloading process, the introduction of a pallet               
conveyor system is of interest. By using a conveyor, several enhancements are possible. First,              
the pallets are easily transported from the unloading area to the suitable area of storage.               
Second, by placing the pallets on to the conveyor with the short side facing the truck, internal                 
pallet-flags can be attached at anytime during the transportation. Third, as the pallets can be               
directly transported from the incoming transport to the conveyor, the needed space for             
temporary placement of incoming goods is reduced. For example, by introducing a pallet             
conveyor system along the upper wall of the new warehouse area, a total of 40-45 (25-30 if                 
turned 90 degrees) pallets can be stored on the conveyor simultaneously.  
 
Most components are stored on wooden pallets of 1.25 x 0.82 meters. Yet, the pallets in the                 
FPI are of six different types. As products are packed according to customer demand, there               
are currently six different types of pallets with different characteristics in the FPI. These can               
be stacked two high on floor storage. 

6.5.1 Implications on other modules and connection to strategy 
There are no substantial impacts on other modules. Hence module D is placed last in our                
study. However, the choices of equipment will be influenced by the need for swift flows in                
and out of the facility in particular. In particular, the use of conveyor belts is of importance in                  
order to both increase the flow with regard to inbound and outbound SKUs and also a step                 
towards their goal to improve productivity through the use of state of the art industrialization               
solutions. Finally, the different characteristics of the finished goods pallets limits the storage             
possibilities in the FPI, thereby limiting the number of solutions possible in module B. 

6.6 Refinement and proposed final solution 
Based on the previous modules, the proposed solution is an extension from the previous              
capacity of 913 pallet positions (excluding tent and production storage) to a total of 3174               
pallet positions, while still keeping both of the pater noster storage units. The increase is               
illustrated in graph 11. As the direction of aisles rendering the highest amount of storage               

83 



locations evaluated in table 26 also corresponds to the direction of the physical flow within               
each area of the new warehouse layout, these directions were chosen respectively. Further,             
due to the difference in flow and handling of the different categories of articles (see table 21                 
and figure 13) the new warehouse area is suggested to be divided into eight different zones.                
Each zone will then be dedicated to a specific category of articles. Table 35 describes the new                 
zones and the number of articles belonging to each zone. Further, the estimated number of               
positions needed within each suggested zone, both now and within 4-5 years, in order to               
maintain a utilization below 80 percent is described. The placement of the zones within the               
new warehouse facility is illustrated in figure 23. 
 
Table 35: Categorization of articles for placement in zones 

Zone Replenishment Unique 
articles 

Positions 
needed now 

Positions needed 
in 4-5 years 

Articles to production 
1. Pallet 235 978 1575 

2. Kanban 40 149 240 

3. Articles to machining Pallet 8 190 306 

4. Finished goods Pallet 27 366 589 

5. Machined articles Pallet 13 166 267 

6. Restricted goods Pallet N.A N.A N.A 

7. Liquids Various 6 13 21 

8. Spare parts & other Various 327 Pater noster Pater noster 

9. Packaging material Single 8 130 209 
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Figure 23: Proposed new layout for the warehouse facilities, including the new areas above 

and beneath the current facility, with each zone illustrated 
 
Looking forward, the zones are to be dimensioned to support an average of five years of                
growth, with an annual growth rate of ten percent. Graph 12 - 15 in appendix A illustrates the                  
current growth trends and for how long the capacity for each of the different zones is                
estimated to last. Graph 11 also shows the total number of pallet positions in the old and the                  
new warehouse layout and for how long they will be able to cover for the storage demand.  
 

 
Graph 11: Illustration of the increased amount of positions needed to reach 80% utilization 

compared to available positions in new and old warehouse layout, both with and without tent 
storage 
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Within the largest zone, zone 1, an ABC-classification based on number of picks performed              
per article (see graph 6) should be applied to the different levels of storage within the zone, as                  
illustrated in figure 24. The fastest moving articles, representing around 20 percent of the total               
number of articles within the category, should then be placed at the lowest levels of storage                
(level 1 and 2 of 8). The articles within class B should be placed in the mid-level storage                  
(level 2, 3 and 4) and the articles within class C on the highest level of storage (level 5-8). By                    
using this classification, the time spent on retrieving pallets from the racks can be minimized.  
 

 
Figure 24: ABC-classification based on storage height 

 
To support the increased flow of goods in the warehouse, a new layout is suggested, in which                 
aisles and storage are arranged according to the natural flow within each zone. The overall               
flow is supported by the introduction of new P/D locations, both for pallet replenishment of               
raw material to the production lines (P/D 1), replenishment of coupling housing blanks to              
machining (P/D 2), which also continues to serve as P/D location for articles picked by               
kanban, and for finished goods awaiting transportation (P/D 3). The latter will be further              
separated by using a dedicated dock for outgoing transports.  
 
As described by figure 17, using the door D3 for the transportation of raw material on pallets,                 
helps to resolve the congestion problem currently situated around door D1 and its connecting              
aisles. Further, by introducing a new door (D4), connecting the current warehouse facility             
with the new one, the transportation of incoming raw material to the golden zone storage does                
not intervene with the replenishment process from the same zone. 
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Figure 25: Placement of the new door (D4) and P/D locations (P/D 1-3) 

 
As seen by the estimations in table 28, the use of single deep lanes are preferable for all                  
storage heights, which means that the current equipment continues to be useful. However, to              
support the higher storage possibilities of the new warehouse facility, trucks that are able to               
operate on these heights are needed. As of now, only two trucks can be used in these new                  
circumstances. However, by using the suggested ABC classification, the number of picks            
required from these higher levels are kept to a minimum. Therefore, the need for new trucks                
with the ability to perform higher picks is reduced. However, in order to ensure a safe                
environment for the warehouse workers, the use of cameras on the high picking trucks may be                
necessary.  
 
To support the new layout, especially when considering the physical flow, some of the              
operational policies have to be redesigned. Operational issues discussed in chapter 6.4.2 needs             
to be resolved in order to create an efficient warehousing process as defined by the objectives.                
The efficiency of the inbound and outbound flow will be directly improved by the              
introduction of the new and improved loading bridges connected to gates G2 and G3. Further,               
by introducing a pallet conveyor system, the double handling issue discussed in chapter             
6.4.2.2 is eliminated. Instead, pallets retrieved from the loading bridge are placed directly             
onto the conveyor and from there transported to the far right of the upper warehouse area                
without the need for turning of pallets before put-away. This reduces any need for a large                
receiving area and speeds up the attachment of flags on the pallets. Only the reduction of                
double handling itself has the potential of reducing the time spent on unloading by 38 percent,                
as seen in table 30. 
 
The amount of double handling when performing the warehousing processes is further            
minimized by the change of storage location for coupling housing blanks from the tent to zone                
3 within the warehouse facility. By doing so, the current operations of retrieving and              
put-away of the blanks to and from the tent are eliminated (as seen in figure 22), rendering                 
potential time savings of 48 percent for the operation.  
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To support the new operational policies, especially when considering the replenishment of            
coupling housing blanks, the TCS can be further used to enhance communication between             
functional silos. The machining stations can use TCS in order to place pick orders. This would                
enable a smaller storage of blanks close to the machining stations even in the future. Such a                 
small storage can be replenished entirely once a day. As shown in chapter 6.4.2.3, the               
machining stations are set for a pace of about 26.7 pallets of blanks per day. With four pallet                  
levels high, this resembles seven floor positions, which is the current number of pallet              
locations found on pallet rack A15 close to the machining station. 
 

 
Figure 26: Summary of the new layout 

6.7 Evaluation & pilot implementation 
The final step of the decision support framework concerns the testing of the final solution.               
The solution is to be evaluated based on its ability to be fully implemented at the case                 
company. Preferably, the evaluation should be performed by the use of a pilot implementation              
where the solution is first tested in small scale at a specific instance at the company. However,                 
in the BorgWarner case, the warehouse facility evaluated will not be accessible until early              
2018 and is therefore not yet available for a pilot implementation. Therefore, an evaluation of               
various aspects of the solution based on input from company decision makers was performed              
instead. Key aspects, and the conclusions drawn from discussing these, are presented in this              
chapter.  
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6.7.1 Location of the coupling housing blanks RPI 
The location of coupling housing blanks RPI was challenging as it included contradicting             
interests. The production area should be kept free for upcoming new assembly lines and it is                
not desirable to have large amounts of wooden pallets in the production area, suggesting a               
placement of this specific RPI within the warehouse area. Yet, it is also undesirable to have                
double handling and therefore all housing blanks should ideally be stored close to the              
machining station. It is also hard for the operators at the machining station to handle long                
travel distances for replenishments, as they must replenish several pallets with often less than              
five minutes in between. Especially when the only feasible trucks available are hand pallet              
trucks, which are relatively slow. 
 
It is hard to weigh these conflicting interests against one another and a bias towards a logistics                 
perspective is easily adopted. However, the logistics activities in a production facility are non              
value adding and support the value adding activities. For this reason, the storage of coupling               
housing blanks was eventually not placed close to the machining station but in the current               
storage area. Instead, the solution is assuming that truck drivers will replenish the small racks               
close to the machining station about one or two times per day. This solution appears to be                 
preferable despite causing a modest amount of double handling. 

6.7.2 Bottlenecks in the lock gates 
A solution to the limited capacity of the lock gates can be designed in many ways. If the                  
building could be further remodeled, another loading bridge for outbound deliveries could be             
constructed adjacent to the FPI. Such a solution is ruled out here due to the delimitations. The                 
options at hand are then one loading bridge with two gates and the two lock gates with a                  
capacity of twelve floor slots each for pallets. To avoid a significant bottleneck when volumes               
increase even further and closer deliveries will ensue, the loading bridge can be used for both                
in- and outbound deliveries. To not disturb the inbound flow, a flow through rack or conveyor                
belt leading from the FPI to the loading bridge can be installed. That way pallets can be lined                  
up for delivery close to the outbound gate, yet without taking up any space in the receiving                 
area. An example this layout is illustrated in figure 27. 
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Figure 27: Illustration of pallet conveyor system for transport of finished goods to loading 

bridge 

6.7.3 Only floor storage in the FPI area 
When evaluating the refined solution, one area of concern was the usage of racks in the FPI.                 
Due to the need for attachment of new shipment flags on the finished goods pallets before                
dispatch, storage at heights unreachable from the ground is not preferable. Therefore, a             
solution with only floor storage of finished goods, stackable two units high, was evaluated.              
The result of the evaluation is presented in table 36. 
 
Table 36: Difference in FPI storage positions between rack and floor storage 

 Rack storage  (4 levels) Floor storage (2 high) 

Floor positions 152 172 

Total positions 528 344 

Change from current solution - -34.8% 

  
Due to the substantial decrease in number of available storage positions when considering             
floor storage, nearly 35 percent, the alternative solution is not preferable. Instead, a solution              
for attaching shipment flags on higher levels should be considered. For example, tools for              
reaching these higher levels from the ground may be considered.  

6.7.4 The choice of storage solution 
There is a need to understand the relation to work processes (see chapter 6.4.1) when               
evaluating various aspects of the proposed layout. For example, when evaluating equipment            
the continued use of pallet racks is proposed despite options such as flow through racks and                
floor storage exists. The major difference of interest here is the accessibility. Accessibility             
affects the flexibility of flows heavily as the FIFO policy and stochasticism of deliveries are               
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given factors that cannot be affected. The production plan can be revised on short notice               
which means that a prognosis of future demand and in which order the demand will be                
consumed cannot be stated with exact precision several days in advance. This uncertainty             
implies that flexibility is required when it comes to picking order of the pallets. Picking order                
from RPI to assembly line must be independent of the inbound delivery. Hence, flow through               
racks are ruled out. Due to the FIFO policy also floor storage is ruled out.  
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7. Conclusions and Further Research 

In this chapter the research questions of the thesis are revisited and evaluated. Thereafter,              
contributions to practice and theory are discussed. Suggestions of further research           
conclude the chapter. 

 
By applying the decision support framework to the BorgWarner case in chapter six, several              
insights about its performance and practical applicability were achieved. The case study also             
highlighted some of the benefits and limitations regarding the design science approach used to              
apply the framework. These insights are used to analyze both existing theory regarding             
warehouse design decisions and design science methodology, before evaluating the practical           
and theoretical contributions achieved by creating and applying the decision support           
framework. The latter analysis includes both current strengths and weaknesses of the            
framework, as well as how it can be useful in other case situations.  

7.1 Research question 1 
How can a decision support framework for the detailed design process of a warehouse be               
conceived by utilizing established warehouse theory in combination with design science? 
 
As concluded in the introduction to this thesis, several researchers have stated that there is a                
need for linking the different areas of warehouse design to one another. Rouwenhorst et al.               
(2000) implicitly state that there is a need for research aimed at developing a systematic               
design approach related to warehousing, which was also the main purpose of this thesis. At               
first, the concept of design science, and to some extent also the more managerial concept of                
design thinking, was studied in order to see if and how it could be applied to the area of                   
warehousing. As already proven by Tanskanen et al. (2015), the concept is transferable to the               
area of logistics innovation and thereby usable as a methodology for logistics research.             
However, as for its usage when aiming to create a detailed warehouse design, the authors               
were not able to find any previous proof of its applicability. Therefore, a design science               
research framework for warehouse layout case studies was created to support the development             
of the decision support framework, ensuring that it would follow the core principles of design               
science.  
 
As for the development of the actual decision support framework, a broad range of relevant               
literature within the area of warehousing was studied. Thereafter, the literature was            
categorized based on five main areas identified, inspired by Gu et al. (2007) who present a                
model consisting of five main categories to consider when designing a warehouse. By then              
screening each area for common decisions in need for consideration when creating a detailed              
designing for a warehouse, the five decision modules were created. These modules enable             
decision makers to cope with different solutions within different areas of warehousing design             
and to weigh them against each other, just as requested by, for example, Rouwenhorst et al.                
(2000) and Hassan (2002). 
 
However, the main benefits of the approach is revealed when the warehousing theory             
represented by the modules is combined with the research framework for design science,             
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thereby creating the combined decision support framework. When merging these two areas            
together, benefits regarding the applicability of theoretical concepts were discovered. Because           
of the core usage of explicitly defined root cause problems (start states) and objectives (goal               
states), the user of the framework is able to value each decision by its potential to fulfill these                  
objectives without the need for usage of predefined optimization scenarios. The benefits of             
this approach to decisionmaking became clear during the case study at BorgWarner Sweden             
AB. There, just as discussed in the analysis, many of the theoretical concepts found in               
literature were not directly applicable to the situations and circumstances at the case company.              
Therefore, their results could not be used as guidance when making layout decisions. Another              
way of supporting the decision making was therefore needed. By the use of the decision               
support framework, solutions were instead evaluated based on their potential to fulfill the             
objectives. If a solution was considered as superior to its identified alternatives, the solution              
was passed on to the solution refinement stage. Then, if the same solution could not be fitted                 
with the chosen solutions from the other modules, the second best solution was tested instead               
and so on. By doing so, the framework ensures that the final solution chosen actually solves                
the problems identified at the company it is applied at, while still considering a multitude of                
potential solutions.  
 
The suggested framework can be used to dimension warehouse areas, hence create a             
warehouse layout on a tactical level (Rouwenhorst et al., 2000). The framework is, however,              
unbalanced from a holistic design point of view, since other starting points will generate other               
sets of considerations to be made. The case study also shows that depending on the type of                 
warehousing layout problem to be solved, there are different levels of abstraction to be taken.               
In this case study, there was in practice a larger need for tactical, layout decisions than what                 
seem to be the case when evaluating the framework. It seems that a framework of various                
concrete warehouse research topics misses the mark on how these topics ought to be              
combined in a given scenario. Neither can design science answer this question as it is highly                
situation based. The best proxy we can present here is one with design science as a rough                 
guide to how to approach the problem. It will then be up to the designer herself and her                  
experience to evaluate the importance of each topic and set up the order of the modules                
accordingly.  
 
It can be concluded that, in order to merge the concepts of warehousing and design science,                
the module based approach presented in this thesis provides several benefits. As the concept              
of design science is iterative by definition, the use of clearly structured definitions and              
limitations that provides the user with guidelines of where each of these iterations are to begin                
and end is needed in order to not end up in a complete chaos of decisions. By using the                   
decision modules presented in chapter four, they can serve as sub-states to the initial start and                
goal states of the design approach, thereby enabling the user to evaluate, rethink, pause and               
discard decisions along the way. By doing so, the number of active and feasible decisions are                
kept to a minimum when moving between modules, creating a more structured and             
perspicuous approach to an iterative methodology. Therefore, the principles used in the            
decision support framework are seen by the authors as a viable approach to increase              
applicability of the general warehousing theory presented in chapter 3.  
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7.2 Research question 2 
And, can the proposed framework enhance the ability to pursue the warehousing strategy at              
the case company by improving the physical layout and related processes? 
 
As described in chapter four, the decision support framework uses an initial decision module              
in order to, among other things, map out the strategy of the case company, both on a company                  
level and on a more detailed warehousing level. By doing so, the defined strategy can then act                 
as a support and a limitation when evaluating achieved solutions in the upcoming modules,              
thereby ensuring that the final solution is in line with the company’s overall values and way                
of doing business. 
 
In the case of this theses, BorgWarner had a strong focus towards efficiency and safety, both                
when considering the employees and the articles produced. Therefore, the solution suggested            
also needs to enable these parameters to be prioritized in order to state that the framework                
aligns the solution with the company strategy.  
 
First, in order to answer whether the framework can produce new efficient layout we must               
revisit the concepts from Tanskanen et al. (2015). The desired outcome is to produce an               
efficient layout and the generative mechanisms to do so can be said to be flow. Flow in this                  
sense has to do with the mobility of SKUs in the warehouse. The framework takes both the                 
ABC classification of SKUs and the accompanying layout into account. This seems to be the               
correct approach to the problem, in a broad sense. However, the lacking level of detail and                
lack of measurements make it impossible to say with certainty whether the framework is              
detailed enough in order to present a viable, efficient, flow promoting warehouse layout. Yet,              
it can serve as a logical decision support tool in such an effort. It’s merits are that it helps                   
putting the theoretical aspects into perspective. In this case study, module B and module C               
were by far the more important modules to focus on when considering efficiency due to the                
classification priority provided upon module A by the strategic importance of technical            
cleanliness, as described in chapter 6.2.4, thereby limiting the use of a classification of SKUs               
solely based on efficiency optimization. Therefore, as the solution creates a preferable flow,             
accompanied with matching processes, it can also be stated that the output of decision support               
framework is in line with the first statement of the company strategy.  
 
Second, when considering the next area of strategic importance; safety, several decisions were             
made in favour of this subject. For example, when evaluating the warehouse flow,             
considerations were taken to the current situation in the main aisle where congestion created a               
potentially unsecure environment for both truck drivers and articles stored there. This            
situation was then avoided by instead moving the flows and P/D locations in order to               
redistribute the traffic. Further, during the process evaluation, processes that could potentially            
lead to different kinds of unsafe situations were given extra attention. For example, the old               
process of loading and unloading of goods often led to congestion and stressful situations,              
which in turn could jeopardize safety due to the time constraint. By redesigning this process,               
and by introducing the conveyor belts, the new processes have the potential of being not only                
safer, but also more efficient. 
 
It can thereby be concluded that, as seen by the case study, the use of the decision support                  
framework resulted in an improved detailed layout that is in line with the strategy of the case                 
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company. Thereby showing that the framework has the potential to enhance the ability to              
pursue the warehousing strategy at the case company by improving the physical layout and              
related processes. However, further research is needed in order to ensure the validity of this               
statement when applying the framework on other situations and companies. Still, it is the              
researcher's belief that thanks to the initial strategy definition achieved by the use of the initial                
decision module, the framework should be able to perform similar results even when applied              
to companies with different strategic goals and targets than those used by the evaluated case               
company. 

7.3 Contribution to theory 
The core of the developed decision support framework is the categorization of existing             
research regarding warehouse design and operations. By providing a module-based view of            
the decisions needed, and relevant theory associated with them, an understanding of how             
different decisions affect each other is achieved. This understanding is further supported by             
using the iterative methodology of design science when applying the framework. The iterative             
process has proven to be valuable throughout the case study, allowing the researchers to              
constantly reevaluate previously made decisions in favour of new findings. Still, conventional            
frameworks reviewed instead use a waterfall type of approach to decisionmaking, leaving the             
decisionmaker unable to study the effect of interdependent decisions across several areas.            
Instead, the output from each step creates the input for the next one, meaning that a change to                  
a previous decision affects the outcome of all subsequent decisions. This approach makes it              
hard for the decisionmaker to see and understand the dependence between decisions and             
consequently risks to create sub optimized solutions.  
 
The solutions can be even further mismatched through the use of generalized theory. Many of               
the reviewed articles use optimization models based on specific situations, for example a             
rectangular warehouse with specific dimensions using an entirely random storage policy.           
Further, the recommended solutions to these specific scenarios are often based on predefined             
minimizing or maximizing criterias, like picking time or travel distance. As these            
circumstances are not always applicable in practise the theoretical results suggested in these             
articles will not produce optimal results for every decision maker. However, by using an              
iterative process that enables comparison between consequences of different decisions from           
different areas of the frameworks, the reliance upon predefined theoretical optimums to make             
decisions is reduced. Still, in order to achieve detailed information regarding the practical             
outcome of warehouse design decisions, situation specific simulations or a pilot           
implementation is required as suggested by the design science methodology. 
 
Still, the decision support framework for warehouse detailed design is largely inspired by             
existing frameworks within the category. Therefore, many of the steps and decisions included             
can be found in other frameworks as well. For example, Goetschalckx & Ashayeri (1989) take               
a general order picking system as a basis for their design framework called SYD-OPS. The               
SYD-OPS is entirely holistic in the sense that all variables are up for examination from a very                 
fundamental level. Also Hassan (2002) proposes a multi step framework that sees to all              
aspects of the layout design. The framework suggested by him includes all of the overarching               
decisions mentioned in our decision support framework. However, none of the reviewed            
frameworks use the same module based approach where decisions are grouped to form a              
number of related areas of decisions. The frameworks put forth by both these academic              
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articles are instead on a high level, excluding details about analysis and what to actually               
evaluate. Other more in-depth theoretical frameworks provide further clues as to what to             
evaluate, yet without a good description of how it relates to the more holistic perspective.  
 
The decision support framework is also the first in its category to be tailored for use with a                  
design science methodology. The concepts we have borrowed from that field are therefore             
abstract to their nature. A consequence of this, the researchers argue, is that there are               
limitations to how deep the theory-acquiring within design sciences can be. On more detailed              
levels, the adaptation to the realm of IT will become substantial, hence applicability for our               
means will be close to zero. We argue that certain core concepts can still be valid also in the                   
field of logistics and physical layout, as there are generic elements to any design task that are                 
similar across different fields. Both design efforts revolve around structuring a multitude of             
aspects and logical problems of various kinds. This is precisely the generic level on which we                
have sought inspiration for our design framework from design sciences. Recent research (see             
Tanskanen et al. 2015) has taken a similar stance towards design science. 
 
This case study proposes and tests a cross-scientific framework in order to address the issue of                
how to carry out the layout design. It is different in the sense that decisions are grouped based                  
on their practical adjacence and then conceptualized as subproblems to the larger design goal.              
This is inspired by means- ends- analysis and the exploration and refinement concepts found              
in design science research. This study indicates that such an approach is suitable for the               
warehouses for which BorgWarner can be viewed as a representative case. 

7.4 Contribution to practice 
When applying the framework on the situation at the case company, several benefits of using               
this iterative methodology were discovered. As BorgWarner uses their warehouse facilities           
mainly as a production warehouse, directly linked to their production area, many of the              
warehousing processes are tangled with the production processes. Therefore, many of the            
decisions made within the warehousing context were later discovered to also affect the             
circumstances in the production. However, by using the approach of first exploring potential             
solutions, refine them and then evaluate the final outcome, decisions affecting these tangible             
processes were able to be re-evaluated when a deeper understanding of the issue was              
achieved. 
 
The constant re-evaluation of decisions did, however, make the process of applying the             
framework somewhat unwieldy. As the researchers have limited experience from earlier           
warehousing projects, decisions had to be evaluated thoroughly. Further, as the process of             
evaluating decisions was ongoing, new decisions and changes affecting these were concluded            
by managers within the company. The entire process could, however, be more efficient if              
instead performed by an experienced professional, especially if this professional has insights            
into the ongoing discussions at manager-level. Then, comparison between a majority of the             
decisions could be based on previous knowledge and experience rather than extensive            
quantitative analysis, thereby reducing the time needed to apply the framework substantially. 
 
However, as showed by the case study results, using the decision support framework when              
creating a detailed warehouse layout enables the decision maker to achieve a final outcome              
that both solves the root cause of the initial problem and is in line with the company's overall                  
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strategy. However, as discussed in the previous chapter, frameworks related to warehouse            
layout design already exists in a variety of setups, for example, as the reviewed frameworks               
by Hassan (2002), Goetschalckx & Ashayeri (1989) and Rouwenhorst et al. (2000). The             
contribution made to practice by introducing yet another decision framework is therefore            
limited. Yet, a module based view upon decision making both simplifies and streamlines the              
design effort by increasing the overview as well as simplifies modifications to each subset of               
parameters, the so called modules. They allow for fairly accurate solutions for each             
sub-problem at an early stage of the design process as the importance of the modules is                
derived from the objectives of the company and the modules can therefore be organized and               
ranked accordingly. This heuristic approach appears to work well, at least for facilities similar              
to the case company.  
 
However, the greatest contribution to practice is instead related to the design science             
methodology created for usage when applying the decision support framework. By           
developing this type of methodology, a new way of working is presented for practitioners              
within the area. These iterative work processes introduces the demand to rethink decisions             
already taken, thereby challenging your initial assumptions as you gain more and more insight              
into the entire situation and scope of the project. The concepts of means-ends- analysis and               
exploration / refinement are previously unintegrated with the general warehousing theory.           
This thesis has proposed an application of those design science concepts to the realm of               
warehouse layout design. Means- ends- analysis could also be used to form different             
sub-problems, according to the circumstances. The use of and explorative / refining approach             
would still be applicable in such scenario. 
 
The authors believe this new methodology, together with the customized decision support            
framework, have the potential to challenge the way warehousing decision makers approach            
new warehouse layout projects. By then learning to use the new way of working, in               
combination with the support of a theoretical framework ensuring that relevant decisions are             
made, new and even further optimised warehouse layouts tightly linked to the company’s             
strategy are potentially going to appear within the industry. Finally, the introduction of an              
iterative way of approaching industry related issues and possibilities in a warehousing context             
can hopefully push the design related methodology to new and unexplored areas of usage.  
 
In many cases, the reason that it is hard to fit theory and practice together is because they                  
include seemingly different things. Routing and picking policies, for example, are such a             
small fraction of the actual work around the subject of operational policies. A more general               
understanding of the term can also include other things that impact the flows and processes of                
the work in the facility. Anything that impacts the work will render policy decisions and               
therefore this concept can be widely expanded. Perhaps this calls for a practical, albeit not               
stringent, definition of what to include in this part of the analysis. 

7.5 Further research on left out aspects 
The ERP system has largely been left outside our scope of this project. However, it should be                 
noted that at our case company, the warehouse management system (WMS) module of the              
ERP system makes automatic suggestions of put away and retrieval locations for each SKU.              
The WMS is an important aspect of the warehouse design and it would be rewarding to have                 
its relation to the proposed design framework further explored. Also the information sharing             
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and the level of automation can affect the design process. Can the framework be expanded by                
adding additional modules for these left out aspects? Or do they fit well within existing               
modules? In which cases would the ERP system and level of automation be strong influencers               
on design and in which cases would they be more consequential to the design decisions in                
other areas? 
 
Also, there is more to picking and routing policies than optimizing the distance travelled. This               
is the focus of the previous research made, yet in reality operational policies such as FIFO are                 
more important than the goal to minimize the distance travelled, especially if there are only               
small differences to the optimal routing. Research upon how to optimally combine these             
decisions, or even simulations of scenarios where they are considered simultaneously, would            
fill a gap currently existing within the field. 
 
Further, it is also important to highlight the limited scope of the literature within the area of                 
detailed warehouse design decisions. There is extensive research on routing policies and            
picking policies and there are solid proof to support and discard various policies under certain               
circumstances. However, there is little or no research on the more generally governing topic              
of physical flows and information flows. These items are in practice closely related to an               
extended concept of operational policies as it is the flows that must be handled by utilizing                
various types of policies. Routing and picking policies are two well delimited subtopics, why              
they probably became so common subjects for academic research. In real cases it is however               
crucial to take a starting point in the wider understanding of the physical flows of the facility                 
in order to develop suitable operational policies, whereas the researchers see a potential for              
new research to be developed. 
 
Finally, there are many examples of how the distinction between different steps of the              
decision support framework is an insufficient categorization. For example, when evaluating           
the operational policies, the work processes were described in detail as part of the solution               
exploration phase. Operational policies, as they are described in theory, can be said to make               
up a part of the actual work processes. One identified problem among the work processes was                
the limited capacity of the lock gates and the impact that had on work procedures. This is a                  
matter of how equipment affects operational policies i.e. how work is carried out. One              
possible solution was identified as to replace the gates with conveyor belts. This is also               
primarily a matter of equipment and how that can improve work processes, a sub-category to               
the operational policies. The common denominator to both items is the underlying work             
processes. This suggests that current or planned work processes can be a better starting point               
for an analysis of warehouse design than the theoretical functional categories obtained from             
academic research. A study performed from this kind of standpoint may introduce a different,              
more practical, view upon logistics research. 
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Appendix - Storage positions in new layout 
compared to estimated need 
 

 
Graph 12: Zone 1 - Articles to production (pallet) 

 

 
Graph 13: Zone 2 - Articles to production (kanban) (replenishment positions) 
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Graph 14: Zone 3 - Articles to machining 

 
 
 

 
Graph 15: Zone 4 - Finished goods 

 

 
 

108 


