
Department of Science and Technology Institutionen för teknik och naturvetenskap  
Linköping University Linköpings universitet

gnipökrroN 47 106 nedewS ,gnipökrroN 47 106-ES

LiU-ITN-TEK-A--17/020--SE

Development of a layout for
effective use of space in a block

stacking warehouse
Sebastian Gunnervald

Viktor  Gustafsson 

2017-06-02



LiU-ITN-TEK-A--17/020--SE

Development of a layout for
effective use of space in a block

stacking warehouse
Examensarbete utfört i Transportsystem

vid Tekniska högskolan vid
Linköpings universitet

Sebastian Gunnervald
Viktor  Gustafsson 

Handledare Anna Fredriksson
Examinator Martin Waldemarsson

Norrköping 2017-06-02



Upphovsrätt

Detta dokument hålls tillgängligt på Internet – eller dess framtida ersättare –
under en längre tid från publiceringsdatum under förutsättning att inga extra-
ordinära omständigheter uppstår.

Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner,
skriva ut enstaka kopior för enskilt bruk och att använda det oförändrat för
ickekommersiell forskning och för undervisning. Överföring av upphovsrätten
vid en senare tidpunkt kan inte upphäva detta tillstånd. All annan användning av
dokumentet kräver upphovsmannens medgivande. För att garantera äktheten,
säkerheten och tillgängligheten finns det lösningar av teknisk och administrativ
art.

Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman i
den omfattning som god sed kräver vid användning av dokumentet på ovan
beskrivna sätt samt skydd mot att dokumentet ändras eller presenteras i sådan
form eller i sådant sammanhang som är kränkande för upphovsmannens litterära
eller konstnärliga anseende eller egenart.

För ytterligare information om Linköping University Electronic Press se
förlagets hemsida http://www.ep.liu.se/

Copyright

The publishers will keep this document online on the Internet - or its possible
replacement - for a considerable time from the date of publication barring
exceptional circumstances.

The online availability of the document implies a permanent permission for
anyone to read, to download, to print out single copies for your own use and to
use it unchanged for any non-commercial research and educational purpose.
Subsequent transfers of copyright cannot revoke this permission. All other uses
of the document are conditional on the consent of the copyright owner. The
publisher has taken technical and administrative measures to assure authenticity,
security and accessibility.

According to intellectual property law the author has the right to be
mentioned when his/her work is accessed as described above and to be protected
against infringement.

For additional information about the Linköping University Electronic Press
and its procedures for publication and for assurance of document integrity,
please refer to its WWW home page: http://www.ep.liu.se/

© Sebastian Gunnervald, Viktor  Gustafsson 



 

 

 

 
2017 

Development of a layout for 
effective use of space in a 
block stacking warehouse 
A case from the paper industry 

SEBASTIAN GUNNERVALD & VIKTOR GUSTAFSSON 



i 

 

Abstract 

Historically, the paper market has consisted of few customers with high demands. However, the 

market has changed and nowadays it consists of many customer with lower demands. The finished 

goods warehouse at Braviken Papermill is dimensioned and structured according to the historical 

market, which causes problems in the warehouse process. The main problem is that the utilization 

rates in the storage bays are low due to the relatively large bays compared to the order quantities. 

This problem could lead to a situation where the warehouse, despite physical space in the bays, gets 

full because all bays are occupied by orders. Currently, to fix this problem, time consuming manual 

operations are done in the allocation system. The purpose of this project is to develop a new set of 

bays that fits the current market and increases the utilization rates. The goal of the new set is to 

decrease the amount of manual operations and instead use the full potential of the allocation 

system. To fulfil the purpose and reach the goal, four research questions are constructed. Three of 

the four research questions address the development of the new set of bays. This means the 

development of the new bay types, their respective dimensions and the amount of each type to be 

included in the new set. The fourth question handles the simulation study of the project, with the 

aim to compare the current and new set of bays regarding the utilization rates of the warehouse 

space. 

To determine the new set of bays, a literature review regarding warehouse management and block 

stacking warehouses are done. Furthermore, interviews are conducted with system experts and a 

computer model of the system is developed to be used in the simulation study. 

The new set of bays consist of four bay types, dimensioned for 2, 4, 8 and 16 reel stacks respectively. 

To maintain the current storage capacity, there should be 1165 bays in total. However, as the new 

set consists of smaller bays compared to the current set, more space is needed for aisles. 

Consequently, the current storage capacity is not maintained and decreases with 16.4 %. The 

conclusive number of bays in the new set is 995, distributed as; 266 2-stack bays, 303 4-stack bays, 

163 8-stack bays and 257 16-stack bays. 

Several experiments are done, and the new set of bays performs better than the current one, in 

terms of the utilization rates for storage events in the bays. The average utilization rate is 

significantly higher for the new set compared to the current. A decrease in effective storage space 

can be compensated by an increased degree of utilization. Also, it is beneficial with more and 

smaller bays in a market situation like the one of Holmen Paper. The recommendation for Braviken 

Papermill is to implement a warehouse layout in accordance with the new set of bays developed in 

this project.  

Keywords:  

paper reel warehouse, paper and pulp industry, conceptual modeling, warehouse design, warehouse 

layout, floor stacking, block stacking, utilization of warehouse, simulation. 
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Definitions 

Bay is the term used for the numbered storage area where a reel order is stored. 

Height of a reel means the height when the paper reel is standing with the circular shape as base.  

Length of a reel is the length of the paper that is wound on a reel. 

Order is used to describe a specific customer order, and can only consist of one type of paper reels, 

i.e. the reels for a specific order has the same width, quality, paper core, color and customer. 

Paper core means the cylinder of cardboard that forms the center of a paper reel. 

Stack is a unit used in the project in order to exclude the height dimension. The number of reels in a 

stack depends on the reel type. A stack is one reel deep, one reel wide and the number of 

stackable reels high.  

Ton is defined as a metric ton, i.e. 1000 kg. 

Transport order is a document that contains information about a transport, for example a truck 

load, container load, rail transport or a boat transport. A transport order contains information 

about which orders and how many reels from each order that should be loaded on the specific 

transport.  
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1. Introduction 

Holmen is a Swedish corporate group in the forest industry that manufactures paper, cardboard and 

timber goods, but are also present in the forestry and energy markets (Holmen 2016). One of the 

companies within the group is Holmen Paper AB, established in 1904 (allabolag.se 2016), that 

manufactures paper for books, newspapers and magazines. Holmen Paper has two paper mills up-

and-running, one of them is Braviken which is located outside of Norrköping, Sweden. At Braviken, 

the final products in the form of paper reels, are stored in a finished goods warehouse, which is the 

studied process in this project. The aim of the project is to suggest alternative layouts for the 

finished goods warehouse at Braviken. This is done by analyzing the current warehouse process and 

layout in comparison with the findings of a literature review. The alternative layouts will be 

evaluated and compared with the current layout through a simulation study. 

When a paper reel is produced, it is transported to the finished goods warehouse, which consist of 

four warehouse facilities. Each facility consists of several storage areas, bays, where the paper reels 

are stored. The capacity of each bay depends on the size of the bay and the type of reel that is 

stored. For a reel type with the diameter 1250 mm and the height 1300 mm, the largest bay can 

handle approximately 280 reels and the smallest bay can handle approximately 40 reels. In general, 

each bay can handle one unique order of paper reels at a time. When a specific order of paper reels 

is shipped from the warehouse, it is retrieved from the bays according to a transport order and 

transported to the loading area before loaded on a carrier. A transport order is a document where 

the content of the shipment is specified, and can include several customer orders.  

Historically, the market has consisted of few customers with large orders of paper reels. However, 

the market has changed and consists nowadays of many customers with smaller order volumes. The 

layout of the finished goods warehouse is based on the historical market situation and consists of 

large bays in relation to the order sizes. This causes problems in the warehouse, as small orders in 

larger bays will result in a large amount of unused bay space. This leads to a situation where the 

warehouse, despite physical space in the bays, gets full because all bays are occupied. In this 

situation, the allocation of orders to bays gets ineffective and forces manual operation. The manual 

operation of the order allocation is time consuming and involves at least one fully dedicated human 

resource. The problem described above justifies an investigation of the warehouse layout to find a 

new, more suitable set of warehouse bays. 

1.1. Purpose 

The purpose of the project is to suggest a new set of bays for the finished goods warehouse at 

Braviken Papermill, and compare the performance, in terms of utilization of storage space, between 

the suggested and current set of bays. To fulfill the purpose, the following research questions are 

constructed: 

1. How many bay types should the new set consist of and which dimensions should the new 

types have? 

To make sure that the new set of bays will fit in the existing warehouse facility, it is 

important to determine the dimensions of each bay. The desired results of this question are 

guidelines and limitations for the bay dimensions, based on what is found in the literature 

review, the conducted interviews and an analysis of historical order data. 
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2. How many bays of each type are suggested? 

To handle the variation of order sizes and the different storage times (Berry 1968, in Matson 

& White 1981) for each order, it is beneficial to have different types of bays, which 

motivates this research question. The desired result from this question is the required set of 

bays to maintain the current storage capacity in the new layout, based on an analysis of 

historical order data and the result from the first research question. 

3. How should the new set of bays be placed to fit in the existing warehouse facility? 

To prove that the new set of bays can be used in the existing warehouse, it is important to 

show that it fits in the warehouse. This means that all bays should be available for the reel 

trucks and that all operations currently performed in the warehouse can be done in the new 

layout. The desired result from this question is a 2D visualization of the warehouse where 

the new set of bays is allocated in a feasible way, and a comparison regarding the effective 

storage area between the two sets of bays. 

4. How does the utilization of warehouse space change with the new set of bays compared 

to the current set?  

To evaluate the new set of bays, it is compared to the current set used in the warehouse. 

This is done through a simulation study, where both sets are simulated and compared. A 

simulation study is used as it is a good method for performance analysis of a real system 

over a long time period and at the same time enables comparison between different 

scenarios. The planned result of this question is graphs and tables that show the difference 

in performance between the layouts, in terms of the utilization of storage space, unoccupied 

storage space and the number of unoccupied bays. 

1.2. Limitations 

The studied system of the project starts in the packaging, where the paper reels are allocated to a 

bay in the warehouse, but the actual packaging is excluded from the study. The studied system ends 

in the warehouse, when the paper reels are picked from the bays for transportation from Braviken. 

This means that the actual production of paper and the loading of transports are excluded, but the 

transport orders are still considered in the study. The first step in the warehouse process is the 

transportation from the packaging to the bay. This whole step will be excluded from the study, as it 

only affects the internal transport time and not the fill rate of the warehouse and bays. 

As the factor of interest is the used floor space and the height is the same for all bays in the 

warehouse, the height dimension will be excluded from the study. Different orders can include reels 

with different height, but all reels in an order has the same height. This enables the conversion from 

the number of reels in three dimensions to the number of stacks in two dimensions. 

Another limitation is that the context of the study only includes the current facilities, and it is only 

the set-up of bays inside the existing facilities that will be changed. This means that it is not possible 

to build or re-construct any facility within the study. The study will also be limited to only consider 

the current material handling and storage methods, which means that floor-stacking will be used in 

all alternatives.  

1.3. Disposition  

Chapter 2 includes an overall description of the Holmen Group and the areas where they are 

represented. It also includes a more detailed description of Braviken paper mill, especially the 
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warehouse processes, as it is the studied system. To provide the reader with necessary technical 

knowledge about the topic of the project, Chapter 3 is the frame of reference for the project. The 

chapter includes inter alia, research about warehouse design and what researchers think is 

important to consider when creating warehouse layouts for a floor stacking warehouse. Chapter 4 is 

the Method chapter and starts with a description of the workflow of the project, followed by the 

methods used for the literature search, the simulation process and the interviews. Chapter 5 

consists of the analysis and results of the project, where the new warehouse layout is determined 

and tested through a simulation study. Chapter 6 is the discussion part of the report, followed by 

conclusions and recommendations in Chapter 7.  
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2. The studied system – Holmen Braviken Paper Mill 

This chapter consist of a description of the studied system. It includes a brief description of the 

company and the general flow in the paper production, followed by a detailed description of the 

studied system ┘hiIh is ﾏarked さFiﾐished goods ┘arehouseざ iﾐ Figure ヱ. 

The system to be studied in this project is the finished goods warehouse at Braviken Papermill. 

Figure 1 present an overview of Braviken.  

In order to get a good understanding of the warehouse process, it is necessary to understand the 

production process. There are two active paper machines at Braviken, called PM52 and PM53, which 

can be seen in Figure 1. When a paper reel is produced in either of the two machines, it is 

transported to the finished goods warehouse, which consist of four warehouse facilities; Magasin 1, 

Magasin 2, Magasin 3 and Magasin 4. The production process starts with the receiving of pulp 

wood, which is stripped, chipped and grinded until the texture of the wood is like wool. Water and 

chemicals are then added to the wood-wool to start the dissolving process, which in the end forms 

the pulp. In the next step, the pulp is squeezed between several steel rolls to form the paper and to 

get rid of most of the water. The paper is then dried with steam before it is rolled up on a nine 

meters wide steel roll. When the steel roll is full it contains up to 40 tonnes of paper, which is cut in 

the right width and length, and re-rolled onto paper cores. The next step is the packaging of the 

paper reels, where each paper reel is wrapped with cardboard paper. The packaging is also the start 

of the warehousing process, as the paper reels are allocated to a storage location, a bay, in the 

warehouse. The allocation of the paper reels to a bay are done according to several decision 

variables, which are presented in Table 1. 

Finished goods 

warehouse 

Figure 1: Overview of the Braviken paper mill. Copyright: Holmen Paper AB. 

Finished goods 

warehouse 
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Table 1: Decision variables in the allocation to bays. 

Decision variable Description  

Transport mode What type of vehicle that will transport the 

paper reel from the warehouse 

Paper reel height The height of the paper reel 

Paper machine Which machine that produced the paper reel 

The available storage space The number of available bays 

The order volume How many reels that belongs to the specific 

order 

Customer requirements If there are any storage requirements from the 

customer, e.g. warmer bays. 

Produced order share Already produced paper reels from order 

Unproduced order share Paper reels from order that is not yet produced 

 

The paper reels can be transported from Braviken by three different transport modes; boat, train or 

truck. Depending on the transport mode, the paper reels are allocated differently, with the goal to 

minimize the distance between the bay and the loading area. The boats are loaded from the harbor 

at Braviken and are of the type RoRo-ships, which means that the loading vehicles can drive directly 

aboard and load the paper reels. The trains are loaded inside the warehouse as a railway through 

the warehouse enables the trains to drive in. For the trucks, paper reels are loaded from one of the 

11 loading bays attached to the warehouse. If the height of the paper reels is too high to fit vertically 

in the trucks, they need to be loaded horizontally, which is done inside the warehouse at the same 

place as for the trains. The paper reel height and the paper machine are also decision variables in the 

allocation to bays, where paper reels that are higher than 3100 mm and produced in PM53, are 

limited to only fit the conveyors to Magasin 4, hence, primarily stored there.  

The available storage space is a central decision variable, and is used to allocate the paper reels to 

the facilities and bays that are not currently occupied, which means that there is storage space 

available. Another decision variable is the order volume, where the goal is to find a match between a 

bay and the volume of the current order. There are three different intervals for the order volume; 0 

< mini < 11 tons, 11 ≤ small < 37 tons, 37 tons ≤ large. There are four types of storage bays; divisible, 

single, surplus and small. The divisible bays are sufficiently wide to enable storage of four stacks 

abreast, which means that the width of this type is between 570 and 600 cm, but with varying 

depth. Also, the divisible bays can, as the name indicates, be divided between two orders of paper 

reels, where each order can occupy up to half the size of the particular bay. The single bays can 

handle two stacks abreast, and have a width between 280 and 366 cm, with varying depth, and can 

only handle a single order. Both the divisible and single bays are primarily used to store the large 

orders and stand for more than 75 % of the effective storage area. The reason why each bay should 

be able to handle at least two stacks abreast is the width of the paper reel trucks, which have a lift 

device that enables transport of two stacks at the same time. The surplus bays are used to handle 

the surplus paper reels in the divisible and single bays and to enable storage of new orders, but they 

are also used to store the mini orders. The surplus bays are of varying width and depth, and have no 

limits for the number of orders stored in each bay. The small bays have a width between 150 and 

370 cm, but with varying depth, and can store up to two orders simultaneously independent of the 
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width. The reason for this is that Holmen values a high fill rate more than the possible extra work for 

the trucks that comes with mixed orders within a bay. The standard height of all bays is 6720 mm, 

but there is a possibility to decrease the height of some stacks in a bay depending on the height of 

the warehouse in that specific location. The current set consist of 394 divisible bays, 48 single bays, 

158 small bays and 6 surplus bays.  

The next decision variable is customer requirements, which could be that the customers want their 

papeヴ to He stoヴed iﾐ さ┘aヴﾏざ Ha┞s. These Ha┞s aヴe ﾐot heated, Hut aヴe loIated as faヴ fヴoﾏ the gates 
as possible, mostly in Magasin 2, which protect them from wind and cold. The allocation algorithm 

also considers produced respectively unproduced order share when choosing bays for a specific 

order. This enables allocation in different types of bays for an order, depending on the volume 

already produced and the volume that is left to produce. 

When the allocation of the paper reel to a bay is done, the paper reel is transported to the facility 

where the bay is located, through a conveyor system. The conveyor system connects the two paper 

machines to all warehouse facilities, which means that this internal transportation is automated. The 

actions that take place during the internal transport differs depending on the destination. Paper 

reels transported to Magasin 1 or Magasin 2 are transported by conveyors directly to the floor level 

in the warehouse. The paper reels transported to Magasin 3 or Magasin 4 are instead transported to 

the roof of the warehouse, and then hoisted down by a reel elevator. Due to the paper reels being 

tヴaﾐspoヴted hoヴizoﾐtall┞ oﾐ the Ioﾐ┗e┞oヴs, the┞ aヴe ヴaised to staﾐdiﾐg positioﾐ H┞ a さヴeel ヴaiseヴざ 
before being transported by reel trucks to their respective bay. When the paper reels of an order are 

transported to their bay, they will be stored until a transport order is received where reels from the 

order are listed. A transport order is a document that contains information about a transport, for 

example a truck load, container load, rail transport or a boat transport. It contains information about 

which orders and how many reels from each order that should be loaded on the specific transport. 

An important aspect is that a customer order can be split up between several transport orders, 

which means that not all paper reels in a bay are picked at the same time. Figure 2 presents an 

instant overview of the warehouse and the bays seen from the internal production system. 

 

  



7 

 

Occupied bay space means the space in each bay that is occupied by paper reels, represented with 

beige in Figure 2. Unused bay space means the space in each bay that is unused due to the order not 

filling up all space in the bay, hence, unavailable bay space. This type of space is represented by the 

light green color in the system. Empty bay means that the bay is currently empty and available for 

new orders, and is represented by the dark green color. Blocked bay means that the bay is 

unavailable for new orders, as it is used to store, for example, orders that are shipped from the 

paper mill in Hallstavik. This type of bays is stヴiped iﾐ HlaIk aﾐd ┘hite aﾐd ﾏaヴked ┘ith aﾐ さ“ざ. The 
bay space represented by white color is the Reserved bay space, which means that the space is 

reserved for paper reels currently in production.  

The current warehouse layout, presented in Figure 2, is designed for a market with few customers 

and large orders, which historically have been the case for Braviken. However, the market has 

changed and consists nowadays of many customers with smaller order volumes. This causes 

problems in the current layout, as small orders in larger bays will result in a large amount of unused 

bay space. The consequence of this problem is that the warehouse, despite physical space in the 

bays, gets full because all bays are occupied by orders. When the warehouse gets full it forces 

manual operations such as moving reels between bays, re-planning of the production and 

transportation, moving reels to disposal and manual management of the allocation process. These 

activities are time consuming and involve at least one fully dedicated human resource. To conclude, 

the current warehouse layout consists of too large bays in relation to the market situation, which 

leads to a fully occupied warehouse, despite unused bay space. This requires manual operation of 

the warehouse system, which eventually means a cost for the company, and justifies an 

investigation of the warehouse layout to find a new, more suitable set of warehouse bays. 

Figure 2: Warehouse overview from the internal production system. Iﾐ the figure, さMAGヱざ represeﾐts Magasiﾐ ヱ, さMAGヲざ 
represeﾐts Magasiﾐ ヲ, さMAGンざ represeﾐts Magasiﾐ ン aﾐd さMAGヴざ represeﾐts Magasiﾐ ヴ. Copyright: Holﾏeﾐ Paper AB.  

Occupied bay space 

Unused bay space 

Empty bay 

 Blocked bay 

 Reserved bay space 

S 



8 

 

3. Frame of reference 
This chapter consist of the literature review of the project and is divided in three parts. The first part, 

Warehousing, presents some general foundations and concepts of warehousing. The second part, 

Warehouse design, describes issues and decisions on different levels in a warehouse organization. 

The third part, Block stacking warehouses, presents some issues and characteristics of a block 

stacking warehouse.  

3.1. Warehousing 

Warehousing can be defined as the storing of products before they are sold, used, or sent to shops 

(Cambridge Dictionary 2017). A warehouse is used for two main reasons; to better match supply 

with customer demand and for consolidation of products (Bartholdi and Hackman 2011). Ackerman 

(1997) gives a more detailed view and presents five common functions of a warehouse; stockpiling, 

product mixing, consolidation, distribution, and customer satisfaction. Stockpiling is used when the 

warehouse works as a reservoir to handle production overflow. The stockpiling function is mainly 

needed in two situations, when a company have seasonal production and level demand, or when a 

company has level production and seasonal demand. If a company has product-oriented factories at 

different locations, product mixing can be used in a warehouse to combine the items from the 

different factories, which also includes the postponement aspect. The consolidation function of a 

warehouse means that different products or units of one product are gathered together and use the 

same transport, which increases the fill rate of the transports. This is commonly used when a 

manufacturer pulls supplies from its suppliers, who sends the items to a consolidation center that 

gathers supplies from several suppliers. Distribution is the reverse of consolidation, where a 

manufacturer sends finished or semi-finished products to a regional distribution center, before they 

are transported to their respective destination and market. The warehouse can also be used to hold 

inventory just to increase customer satisfaction through short lead times. According to Arnold et al. 

(2008) the mission of a warehouse or the warehousing department of a company is to: 

 Provide timely customer service. 

 Keep track of items so they can be found quickly and correctly. 

 Minimize the total physical effort and thus the cost of moving goods into and out of storage. 

 Provide communication links with customers. 

The warehouse operations can be divided into two main processes; the inbound process and the 

outbound process (Bartholdi and Hackman 2011). Examples of the sub-processes within the inbound 

process are presented by Arnold et al. (2008) and de Koster et al. (2007), as follows:  

 Receive goods, which possibly includes required quality checks and inspections. 

 Identification of goods, through a product- or order number, and record of the quantity. 

 Dispatch goods to storage, which includes sorting of goods and moving to a storage location. 

These processes are followed by the actual holding of goods and the sub-processes of the outbound 

process, presented by Arnold et al. (2008) and de Koster et al. (2007) as follows:  

 Hold goods, which means that the goods are stored and protected until needed. 

 Pick goods, which means that the goods are selected and moved to a marshal area. 

 Marshal the shipment, which means that the goods of an order are put together and 

checked for possible errors. 
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 Dispatch the shipment, which means that goods of an order are loaded onto the shipment. 

On top of the inbound and outbound process it is important to operate an information system 

(Arnold et al. 2008), also known as a warehouse management system (Bartholdi and Hackman 2011), 

to keep track of the goods that are stored in the warehouse.  

3.2. Warehouse design 

Warehouse design means how the processes in a warehouse should be operated, planned and 

controlled, in terms of resources (equipment, space, labor etc.) and organization (planning, control 

procedures etc.) (Rouwenhorst et al. 2000). Warehouse design is a complex procedure that often 

includes trade-offs between conflicting objectives, and many feasible designs, which makes it almost 

impossible to find an optimal solution. Rouwenhorst et al. (2000) describes the warehouse design 

procedure as decisions at all levels in the organization; strategic, tactical and operational. The next 

sections will present the description made by Rouwenhorst et al. (2000) together with similar and 

comparable information from other papers. 

3.2.1. Strategic level 

As described in Rouwenhorst et al. (2000), the decisions made at the strategical level has a long-

term impact, at least five years, and they are often related to high investments. The decisions at this 

level can be divided into two groups; decisions regarding the design of the process flow and 

decisions regarding the selection of warehouse systems. The design of the process flow means what 

processes that are needed in the warehouse and in what order the products will be put through 

them. The processes needed varies between different warehouses, but the most common are 

receiving, storing, picking and shipping. The selection of warehouse systems at this level concern 

technical and functional systems that are related to high investments for the company. Examples of 

such systems are the storage and sorting systems, which are commonly needed in most types of 

warehouses. The selection of warehouse systems is also dependent on the type of processes that 

are present in the warehouse. Different types of warehouse systems are block stacking, pallet racks, 

flow racks, automated storage and retrieval systems, and deep bays storage systems (Matson and 

White 1984).  

According to Gu et al. (2010), the warehouse design involves five major decisions, where one of 

them could be compared to the strategic decisions described above, the decision about the overall 

warehouse structure. This decision aims at determine the functionality of the functional 

departments of the warehouse, including how many storage departments it should be, what 

technologies to be used, and how orders in the warehouse will be assembled. The main issues at the 

strategical or overall level are to meet the storage and throughput requirements through sufficient 

systems and functions, and at the same time minimize costs (Gu et al. 2010). This means that the 

decisions need to consider both the technical capability and the economic aspects of the warehouse 

(Rouwenhorst et al. 2000). According to Rouwenhorst et al. (2000), the processes that are most 

affected by the strategic decisions are the actual storing or holding process, and the picking process, 

which is part of the outbound flow of the warehouse (Bartholdi & Hackman 2011). 

3.2.2. Tactical level 

The decisions made at the tactical level has a medium-term impact, at least 2 years, and are based 

on the decisions made at the strategical level (Rouwenhorst et al. 2000). Despite the tactical 
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decisions having impact on a shorter term than the strategical, they sometimes require high 

investments and should therefore not be made or reconsidered too often. The decisions at the 

tactical level often concerns the determination of a warehouse layout, the dimension of various 

resources and several organizational aspects. Examples of specific areas of concern at this level are 

(Rouwenhorst et al. 2000): 

 The number of docks, both receiving and shipping 

 Technical zones 

 Warehouse layout 

 Storing, picking and peripheral equipment 

 Forward and reserve area 

 Storage concept 

 Pick zones 

 Batch sizes 

The tactical decisions above could be compared to the sizing and dimensioning decision, and the 

selection of equipment, which are two more of the five major design decisions raised by Gu et al. 

(2010). The sizing and dimension decision starts with the determination of the storage capacity, 

which could either be determined by an external part or by the warehouse department itself. When 

the storage capacity is determined, it is translated into floor space, and the floor space is then 

allocated between the warehouse departments. The layout of each department can be divided into 

three main issues (Gu et al. 2010); storage department layout, automated storage and retrieval 

system (AS/RS) configuration and pallet block stacking pattern. The storage department layout 

includes physical dimensions apart from the products, such as the door allocation, the number of 

aisles and the width and orientation of aisles. The second problem, AS/RS configuration, includes the 

dimension of storage racks and the number of automatic cranes that should operate in the 

warehouse. The issue of pallet block-stacking pattern includes the bay depth, the stack height, the 

aisle width, and the storage gap between two pallets or units. These decisions mean a tradeoff and 

balance between the space utilization in the warehouse and the ease of storing and retrieving the 

products.  

There are a several ways to measure the utilization of a warehouse. Some examples are the amount 

of occupied floor space in relation to total or effective storage, or the total volume used in relation 

to total warehouse volume. The best way to increase the degree of utilization is to reduce the 

amount of wasted space in the warehouse. The most frequently wasted space in a warehouse is the 

space closest to the ceiling, but the width and layout of aisles are also common sources to waste. 

When reducing the amount or width of aisles, it is important to consider the tradeoff between 

reduced space for aisles and the risk of increased costs for material handling and damaged goods 

due to reduced handling space (Ackerman, 1997; Thornton, 1961). Another source to wasted space 

is honeycombing, visualized in Figure 3, which means a situation where unoccupied space in a bay is 

unavailable because the bay is partly occupied by an order. 
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Thornton (1961) and Hemmi (1963) presents the ratio between utilized area and total area of a 

warehouse as another aspect to consider when developing a warehouse layout. The utilized area is 

defined as the area where physical goods can be stored, which means that aisles and other obstacles 

are excluded. The ratio is affected by the width of the aisles, where narrow aisles could force the 

warehouse planner to increase the space between stacks to enable picking. A way to avoid the extra 

space is to rotate the pallets, for example, 45o in relation to the aisles. On the other hand, the 

rotation of pallets increases the amount of space needed close to walls and obstacles (Thornton, 

1961). A common way to measure the utilization of a warehouse is to measure the degree of 

utilization in relation to the theoretical capacity (Ackerman, 1997). For example, a warehouse with a 

width of 50 m and a length of 100 m, in total 5 000 m2, where pallets of 1 m2 are stored one unit 

high, have a theoretical capacity of 5 000 pallets. If the current number of pallets in the warehouse 

are 2 500 pallets, the degree of utilization becomes 50 %. Usually, the inventory is more complex, 

and could consist of different heights or be used for storage of different kinds of goods. One way to 

enable a more realistic measurement of more complex situations is to measure different areas of 

the warehouse individually and then compose them to an overall measurement for the warehouse 

(Ackerman, 1997).   

The selection of equipment aims at determine the level of automation in the warehouse, and what 

type of storage and material handling equipment to use (Gu et al. 2010). There are two main issues 

regarding this selection, first to identify the equipment alternatives that are reasonable and possible 

to use in the warehouse, and second to select one or several among the alternatives.  

3.2.3. Operational level 

According to (Rouwenhorst et al. 2000), the decisions made at the operational level mainly concern 

the assignment and control issues of resources (labor, equipment) and products. The operational 

decisions are made according to the rules and constraints set by the decisions at the strategical and 

tactical level. Some specific issues of concern are (Rouwenhorst et al. 2000): 

 Work force assignment 

 Replenishment task assignment 

 Storage plan 

 Batch formation 

Figure 3: Example of honeycombing, the bays has space for more reels but the bays are blocked until the whole bay is 

empty. 

Start                    Later              Still later 
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 Picking task assignment 

 Sequencing of pick, routing 

 Dwell point 

 Chute/bay assignment 

 Dock assignment 

In connection to these issues, de Koster et al. (2007) gives a detailed description about the 

assignment of products to a storage location, and the policies behind the assignment. There are five 

common assignment policies; random, closest open location, dedicated, full turnover and class-based 

(de Koster et al. 2007). In the random storage assignment, the products are assigned to a location 

that is selected randomly from all possible storage locations with equal probability. The random 

assignment often lead to high space utilization, but will at the same time increase the travel time for 

order pickers (Choe and Sharp 1991). The assignment to the closest open location means that the 

replenishment employees are deciding about the storage location of a product, which often result in 

the first empty storage location that they encounter (de Koster et al. 2007). In the dedicated storage 

assignment, each product has a fixed storage location in the warehouse. This means that the 

location is reserved for a product even if it is out of stock for the moment, which leads to low space 

utilization. However, the pickers will have knowledge about where to find each product, which 

enables effective order picking. Full turnover storage assignment means that the products are 

assigned to a location based on their turnover; the higher the sales rate, the more accessible the 

product will be. With a class-based storage assignment, the products are grouped into classes 

according to their turnover rate. A common way to class products is the ABC-classing, where the A-

class includes the fastest moving products, then the B-class with the slightly slower products and 

lastly the C-class with the rest. A rule of thumb is that the A-class should include about 15 % of the 

products and about 85 % of the turnover (de Koster et al. 2007).  

3.3. Block stacking warehouses 

Block stacking is a common method for the storage of large quantities of palletized and boxed 

products. The definition of block stacking is that one or more unit loads are placed into rows, one or 

more unit loads deep, stacked one or more units high, forming stacks (Marsh 1979; Matson and 

White 1984). One or more stacks are forming a lane (bay), which is the storage area assigned to one 

or more products or orders. The bays in a block stacking warehouse are placed next to each other 

and commonly perpendicular to the aisles, from which trucks are storing or retrieving products from 

the bays (Goetschalckx and Ratliff 1991). Block stacking are common when large quantities of a 

product are stored, for example paper goods and household products, where a high space utilization 

to a low cost is important. Like in most other warehouses, there are two main decisions to be made 

with block stacking, the warehouse design and the storage and retrieval policies, as discussed in 

Chapter 3.2. In the block stacking method, there are two competing objectives, which need to be 

balanced and implemented according to the warehouse (Goetschalckx and Ratliff 1991). The first 

objective is to maximize the space utilization, which means that the floor space in the warehouse 

should be used as effective as possible or that the warehouse should be built as small as possible. 

The second objective is to minimize the handling costs in the warehouse, which means the cost of 

the storage and retrieval of products. Shallow bays will ease the handling of products when they are 

put to and from storage and will decrease the handling costs. However, the space utilization will 
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decrease as more shallow bays requires more space for aisles to enable the availability of all 

products in the warehouse (Goetschalckx and Ratliff 1991). 

The main issues in a warehouse with block stacking are the depth and width of the bays and how 

many types of bays that should be included in the layout. Also, the number of each bay type need to 

be considered. According to Goetschalckx and Ratliff (1991), an efficient block stacking warehouse 

layout is likely to contain different bay depths, and unit loads of the same batch or order will go in 

bays of different depths. However, to achieve easy material flow and avoid wasted space in the 

warehouse, there should be bays on both sides of an aisle (Marsh 1979), and the bay depth on either 

side of that aisle should be kept equal (Goetschalckx and Ratliff 1991). Marsh (1979) presents some 

basic aspects to consider when determining the dimensions of bays as follows: 

 The effective width of a unit load, w, equals the sum of the width of the unit load, uw, and 

the minimum operation clearance, cw. Hence, w = uw + cw. 

 The effective length of a unit load, l, equals the sum of the length of the unit load, ul, and the 

minimum operation clearance between stacks in a bay, cl. Hence, l = ul + cl. 

 The height of a bay equals the free stacking height in the warehouse. 

 The minimum width of an access aisle is affected by the required handling space of the 

warehouse equipment, e.g. handling trucks. 

In a block stacking warehouse, it is important to dissociate the terms space efficiency end efficiency 

of space utilization. Space efficiency means how much of the total warehouse space that is effective 

storage space, e.g. if the total warehouse space is 10 volume units and the effective storage space is 

5 volume units, the space efficiency is 50 percent. The space efficiency will increase with the depth 

of the bays as deeper bays will give availability to all bays with less space dedicated to aisles (Hemmi 

1963; Goetschalckx and Ratliff 1991). According to Hemmi (1963), an increase in depth from one to 

six unit loads, will increase the space efficiency by approximately 40 percent. However, the increase 

of space efficiency is flattened out with the depth of the bays, so an increase in depth from 20 to 21 

units will not affect the space efficiency significantly. The efficiency of space utilization means the 

efficient use of storage space, i.e. the fill rate of a specific bay over time. According to Berry (1968) 

the efficiency of space utilization will increase when the depth or height of a storage bay is reduced. 

This means that it is influenced in the opposite way compared with space efficiency in terms of bay 

depth, which is the reason to dissociate the two terms.  

One way to calculate the space utilization is to calculate the number of unoccupied bays. One easy 

way to increase the number of unoccupied bays, and thereby decrease the level of utilization, is to 

divide the bays into several smaller bays. For example, if the size of the bays in a warehouse have a 

capacity of 500 units of a product and the demand is 100 units per week, a bay will be emptied every 

5th week. But, if the bays instead have a capacity of 100 units, the same number of products will 

occupy 5 bays, but a bay will be emptied every week. Smaller bays will consequently lead to a 

minimal honeycombing and a utilization closer to 100 % for the occupied bays (Berry 1968). 

However, there is always a tradeoff between total storage space, which will decrease with small 

bays, and the level of honeycombing, which will increase with larger bays. A higher number of empty 

bays leads to better possibilities for optimization of where to store a product or order. 

There are several ways to measure the utilization rate in a warehouse bay. One way is to measure 

the space utilization, i.e. the relation between the total volume of a bay and the used volume in that 
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specific bay (Goetschalckx & Ratliff, 1991 and Derhami et.al., 2016). Another way is to use the 

relation between used floor area and the total floor area of a bay, often called floor utilization 

(Derhami et.al., 2016). The relation between the reel capacity of a bay and the actual number of 

reels stored in that bay is another way to determine the space utilization. A simplification of the reel 

capacity, which consider three dimensions, is to calculate the capacity in two dimensions, in terms of 

stacks. Since a bay often is considered blocked until the whole bay is empty this way of calculating 

the utilization will not affect the number of used bays. However, if the utilization is calculated in 

terms of stacks the fill rate will be deceptive in some cases, for example when more reels could be 

stacked in a stack. The calculations for the different utilization measurements are presented in Table 

2, together with an illustration of a bay with reels in Figure 4. 

Table 2: Calculations for different utilization measurements 

Measurement Calculation 

Space 

utilization (%) 

戟嫌結穴 懸剣健憲兼結劇剣建欠健 懸剣健憲兼結 

Floor utilization 

(%) 

戟嫌結穴 欠堅結欠劇剣建欠健 欠堅結欠 

Reel capacity 

utilization (%) 

�憲兼決結堅 剣血 堅結結健嫌 件券 建ℎ結 決欠�迎結結健 潔欠喧欠潔件建� 剣血 建ℎ結 決欠�  

Stack capacity 

utilization (%) 

�憲兼決結堅 剣血 嫌建欠潔倦嫌 件券 建ℎ結 決欠�鯨建欠潔倦 潔欠喧欠潔件建� 剣血 建ℎ結 決欠�  

 

Table 2 presents four different ways of calculating the utilization of the warehouse bay. The first 

measurement, Space utilization, is calculated by dividing the used volume with the theoretical 

volume. The used volume means the sum of the reel volumes stored in the bay. The second 

measurement, Floor utilization, is calculated by dividing the used floor area with the theoretical floor 

area. The used area means the sum of the areas of the reels placed on the floor in the bay. The third 

measurement is calculated by dividing the aItual ﾐuﾏHeヴ of ヴeels ┘ith the Ha┞’s theoヴetiIal ヴeel 
IapaIit┞. The last ﾏeasuヴeﾏeﾐt is IalIulated H┞ di┗idiﾐg the aItual ﾐuﾏHeヴ of staIks ┘ith the Ha┞’s 
theoretical stack capacity.     

The determination of the bay depth in a block stacking warehouse often includes a trade-off 

between the space utilization and the handling time. The deeper the bay, the larger is the effective 

storage area. However, deeper bays require more caution when storing and retrieving, which 

increases the material handling time, so there is a need to consider both in a block stacking 

warehouse. Roll et al. (1989) suggest that a warehouse container, a bay, should be larger than the 

unit load size and smaller than the average amount held of a specific item times the unit load size. 

Matson and White (1984) suggest another approach, where a bay should be a multiple of the 

shipment size, as it will make the space utilization more efficient. The suggestion from Matson and 

White (1984) can also be connected to a scenario presented by Goetschalckx and Ratliff (1991), the 

perfectly balanced warehouse. In a perfectly balanced warehouse, every time a bay of a certain 

depth gets vacated, a new batch of items arrives to the system, which requires a bay of that depth to 

use the space in an optimal way. However, if a batch arrives with a computed optimal bay depth, 

 Figure 4: Illustration for the utilization calculations 
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and no such bay is available, the batch can be assigned to the next shorter or longer bay, without 

affecting the space utilization in a significant way (Goetschalckx and Ratliff 1991). 

In addition to the size and number of bays in a warehouse, there is the issue of the warehouse 

layout or the configuration of the bays and aisles. Thornton (1961) and Moder & Thornton (1965) 

found that the optimal placement of unit loads, considering both space efficiency and handling 

times, is perpendicular to the aisle. Hemmi (1963) tested 18 different layouts, all with perpendicular 

unit loads in relation to the aisles and found the following: 

 The warehouse layout has great impact on the space efficiency for smaller warehouses, but 

could almost be neglected in larger ones. 

 The size of the warehouse influences the selection of the optimal layout. 

 Handling times increases linearly with the warehouse size. 

 The best layouts considering both space efficiency and handling time are the layouts that 

have an approximately square shape and with multiple parallel aisles. 

 In smaller warehouses the suggestion is to use the layouts that combine high space 

efficiency and short handling times. 

 In larger warehouses, the suggestion is to use a layout with short handling times, as the 

difference in space efficiency between layouts in a larger warehouse is small. 
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4. Method 

This chapter consist of a description of the methodologies used in the project and is divided into eight 

parts. The first part presents the overall workflow of the project. The second part presents how the 

literature searches were conducted in the project, for both theoretical and methodology literature. 

The third part describes the mains issues and steps within a simulation study and how they were 

performed in the project. The fourth part presents a framework for conceptual modelling and the 

conceptual model of this project. The fifth and sixth part describe the data collection process 

respectively the input data analysis. The seventh subsection copes with different techniques for 

validation and verification. The last part describes tools for output analysis and how the output 

analysis was conducted in this project. 

4.1. The workflow  

During the project, several activities were performed. To clarify the workflow of these activities, a 

schematic overview is presented in Figure 5. 

  

Figure 5: Visualization of the workflow of the project. 

R
e

p
o

rt
 w

ri
ti

n
g

 

Literature study 

Conceptual modelling 

Data collection 

Development of alternative layouts 

Implementation of computer model 

Experimentation 

Analysis 



17 

 

The project started with a literature study to get general knowledge about warehouse design, how 

to create a warehouse layout and what to consider when creating a new warehouse layout. The 

second step was the conceptual modeling which resulted in information about the data needed to 

transform the conceptual model to a computer model, and is described in more detail in Chapter 

4.4.2. Thus, the third step was to collect the data needed. The collected data together with the 

knowledge from the literature study were used in the fourth step, the development of alternative 

layouts. To examine which of the current and the alternative layout that performs the best in terms 

of utilization and amount of space used for aisles, a simulation model was developed. The 

experimentation step was closely connected to the implementation and consisted of testing the 

current and new layout to investigate how the utilization was affected. The analysis step was done 

to get deeper knowledge about the benefits and drawbacks with the different layouts and to find 

ways to further improve them. The writing of the report was conducted in parallel with the other 

activities throughout the project. 

4.2. Literature search 

This sub-chapter presents the conducted literature searches in the project for both Chapter 3 – 

Literature review, and Chapter 4 – Method. 

4.2.1. Theoretical literature 

To get more knowledge about the subject of the project, warehouse management, two initial 

searches were conducted in Google Scholar. In the first search, the term さ┘aヴehouse ﾏaﾐageﾏeﾐt 
AND ┘aヴehouse la┞outざ was used, which resulted in 76 300 results in order of relevance. The titles 

and abstracts of the most cited of the ten first listed articles were read to decide their relevance and 

usefulness in the project. The selection process resulted in the choice of de Koster et al. (2007), 

which was cited 1014 times, as a general source. To find more relevant articles, the Google Scholar 

fuﾐItioﾐ さヴelated aヴtiIlesざ ┘eヴe used, ┘hiIh ヴesulted iﾐ the addiﾐg of Barthholdi & Hackman (2008), 

Gu et al. (2010) and Rouwenhorst et. al. (2000) to the general sources. In the second search, the 

teヴﾏ さ┘aヴehouse ﾏaﾐageﾏeﾐt la┞outざ ┘as used, ┘hiIh ヴesulted iﾐ ヵ8 800 hits in order of relevance. 

The most relevant articles out of the ten first listed based on title and abstract were selected, and 

resulted in the adding of Richards (2014) and Tompkins et al. (1998). Another approach used to find 

relevant and general literature about warehouse management was to visit the library at Linköpings 

Univeristy Campus Norrköping, and look in the shelf for material administration. With this approach 

three general sources were found, Arnold et al. (2008), Richards (2014) and Tompkins et al. (1998), 

the latter two for the second time. The sources that were found in the initial searches and at the 

library had three functions in the project; as direct sources for the literature study, as reference 

generators through their reference lists and as keyword generators for more specific literature 

searches. 

When the general sources were read through and keywords noted, several more specific literature 

searches were performed. The first three searches were performed in Unisearch, which is a database 

collecting scientific literature material from several databases, and is run by EBSCO Industries. The 

search term for the first of these searches was: 

(SO ((International journal of production research) OR (International Journal of Engineering) OR 

(European Journal of operational research))) AND (SU warehouse) AND layout AND block 
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This search term means that the generator searched in three different journals; International Journal 

of Production Research, International Journal of Engineering, and European Journal of Operational 

Research. The reason was that content in these three journals were frequently referenced in the 

general sources, hence, they were considered as relevant to the subject of the project. Within these 

thヴee jouヴﾐals, the geﾐeヴatoヴ should seaヴIh foヴ aヴtiIles ┘ith the ke┞┘oヴd さ┘aヴehouseざ aﾐd the 
Ioﾐteﾐt should also Ioﾐsist of the ┘oヴds さla┞outざ aﾐd さHloIkざ. This seaヴIh ヴesulted iﾐ ヲヴ hits, ┘heヴe 
three articles were considered relevant, Roodbergen et al. (2015), Rao and Adil (2013), and Derhami 

et al. (2016). The search term for the second search was: 

(SU(warehouse OR warehousing)) AND (Warehouse OR distribution center) AND (layout OR design 

OR configuration) AND (block stacking) 

This search term tells the geﾐeヴatoヴ to fiﾐd aヴtiIles ┘ith the ke┞┘oヴd さ┘aヴehouseざ oヴ 
さ┘aヴehousiﾐgざ, aﾐd ┘ith Ioﾐteﾐt that iﾐIludes the ┘oヴds さ┘aヴehouseざ oヴ さdistヴiHutioﾐ Ieﾐteヴざ, 
さla┞outざ, さdesigﾐざ oヴ さIoﾐfiguヴatioﾐざ, aﾐd さHloIk staIkiﾐgざ. This seaヴIh ヴesulted iﾐ ヲヶ hits, ┘heヴe 

two articles were considered relevant, Derhami et al. (2016) for the second time and Goetschalckx 

and Ratliff (1991). The third specific literature search was performed with the following search term: 

(SU(warehouse OR warehousing)) AND (Warehouse OR distribution center) AND (layout OR design 

OR configuration) AND (block) 

This search term was almost the same as the previous one, the only difference was the last search 

word, which was changed to さHloIkざ iﾐstead of さHloIk staIkiﾐgざ. This seaヴIh ヴesulted iﾐ ヴ46 hits, 

where the hits were evaluated according to their title and keywords. The evaluation resulted in six 

articles that were considered relevant, Thomas and Meller (2014), Roodbergen et al. (2008), Gue 

and Meller (2009), Gue (2006), Derhami et al. (2016) for the third time, and Goetschalckx and Ratliff 

(1991) for the second time. Through Roodbergen et al. (2008) the article by Francis (1967) was 

found. 

Another literature search was done in Google Scholar, which is a search engine for scientific 

literature ﾏateヴial distヴiHuted H┞ Google. The seaヴIh teヴﾏ used ┘as さblock storage warehouse order 

allocationざ, ┘hiIh ヴesulted iﾐ ンヰ 700 hits in order of relevance. Several relevant articles were found 

through the search, together with sources found in the reference list of those articles, which are 

presented and derived below: 

 Rouwenhorst et al. (2000) 

 Cormier and Gunn (1992) 

o Goetschalckx (1983) 

o Goetschalckx and Ratliff (1991) 

In Table 3 a summary of the theoretical literature search is presented. 
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Table 3: Summary of the theoretical literature search. 
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1 
Google 

Scholar 

さwarehouse management 

AND warehouse layoutざ 
76 300 

10 

most 

cited 

1  de Koster et al. (2007) 

2 
Google 

Scholar 
Related articles to 1 101 

10 first 

listed 
3 

 Barthholdi & Hackman 

(2008) 

 Gu et al. (2010) 

 Rouwenhorst et. al. 

(2000) 

3 
Google 

Scholar 

さwarehouse management 

layoutざ 
58 800 

10 first 

listed 
2 

 Richards (2014) 

 Tompkins et al. (1998) 

4 

Linköping 

Univeristy 

Library  

Shelf for material 

administration 
- - 3 

 Arnold et al. (2008)  

 Richards (2014)  

 Tompkins et al. (1998), 

5 Unisearch 

さ(SO ((International journal 

of production research) OR 

(International Journal of 

Engineering) OR (European 

Journal of operational 

research))) AND (SU 

warehouse) AND layout AND 

blockざ 

24 All 3 

 Roodbergen et al. (2015) 

 Rao and Adil (2013) 

 Derhami et al. (2016) 

6 Unisearch 

さ(SU(warehouse OR 

warehousing)) AND 

(Warehouse OR distribution 

center) AND (layout OR 

design OR configuration) 

AND (block stacking)ざ 

26 All 2 

 Derhami et al. (2016) 

 Goetschalckx and Ratliff 

(1991) 

7 Unisearch 

さ(SU(warehouse OR 

warehousing)) AND 

(Warehouse OR distribution 

center) AND (layout OR 

design OR configuration) 

AND (block)ざ 

446 446 6 

 Thomas and Meller 

(2014) 

 Roodbergen et al. (2008)  

o Francis (1967) 

 Gue and Meller (2009) 

 Gue (2006)  

 Derhami et al. (2016)  

 Goetschalckx and Ratliff 

(1991) 
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8 
Google 

Scholar 

さblock storage warehouse 

order allocationざ 
30 700 

10 first 

listed 
2 

 Rouwenhorst et al. 

(2000) 

 Cormier and Gunn (1992) 

o Goetschalckx (1983) 

o Goetschalckx and 

Ratliff (1991) 

 

4.2.2. Methodology literature 

A literature search was also done regarding the methods that was used in the project. In the project, 

there was a need to collect both numerical data and information about the process and systems of 

the warehouse. The collection of numerical data followed the method described by Robinson 

(2004a).The collection of process and system information will be done through briefings and 

interviews with various employees at Holmen Paper. An interview plan was done based on the 

books Jacobsen (1993) and Lantz (2013), where the former where found with the search term 

さiﾐteヴ┗juﾏetodikざ ふeﾐg. iﾐteヴ┗ie┘ ﾏethodolog┞ぶ aﾐd the latteヴ ┘ith the seaヴIh teヴﾏ さiﾐteヴ┗jutekﾐikざ 
(eng. interview techniques), both through Unisearch. Both books were the first hit in the list for their 

respective search term. 

There was a need to analyze numerical input data, which in turn required literature about the 

methodology of such analysis. From other projects the project team were aware of three sources on 

this subject, which were decided to be used; (Vincent 1998 in Banks 1998), Biller and Gunes (2010) 

and Robinson (2004a). There was also a need for sources to create the conceptual model of the 

┘aヴehouse pヴoIess. A liteヴatuヴe seaヴIh ┘as doﾐe ┘ith UﾐiseaヴIh, usiﾐg the seaヴIh teヴﾏ さIoﾐIeptual 
ﾏodelliﾐg siﾏulatioﾐざ, ┘hiIh ヴesulted iﾐ ヱヰヱ 376 peer reviewed hits. The main reason for the high 

number of hits is because the term さIoﾐIeptual ﾏodelliﾐgざ is Ioﾏﾏoﾐl┞ used iﾐ the aヴea of soft┘aヴe 
development. Also, there is a scientific journal called Journal of Conceptual Modelling, which do not 

publish articles in the area of simulation, but database design. However, three sources were found 

that considers conceptual modelling within simulation, and all of them were used during the project; 

Brooks and Wang (2015), Robinson (2008a, 2008b). The two latter articles have been used by the 

project team during other projects. 

4.3. Simulation study 

The creation of the simulation model in the project followed the modeling process presented by 

Sargent (2007). The first step, Description of the system (real or proposed), corresponds to the 

system description in Chapter 2. The process continues with the Conceptual modelling followed by 

transferring the conceptual model to a Computer model (Sargent, 2007), see Figure 6. 
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Figure 6: Modeling process 

The first step includes a thorough written description of the system to be modelled, which should be 

verified before continuing to the next step. The system description of this project can be found in 

Chapter 2. The description was converted to a conceptual model including objectives, rules and 

structures of the system, verified and validated with help from domain experts. The conceptual 

model of this project is presented in Chapter 4.4.2 and follows the methodology presented in 

Chapter 4.4.1. The coding process could be performed either by implementing the model in a 

programming language or by using a specialized simulation software. The coding process of this 

project was done in the programming language Java and is presented in Chapter 5.4.1. The following 

sections includes a description of conceptual modelling, data collection, input data analysis, 

validation and verification, and experimentation, aspects usually included in a simulation study. 

4.4. Conceptual modelling 

Conceptual modelling is often considered the most important part of a simulation study. Despite 

that, it is one of the least understood parts, probably because conceptual modelling often is 

considered more as an art than science (Robinson 2008a). Thus, there has been little research 

performed about conceptual modelling and books about simulation only devotes a few pages about 

the topic (Brooks & Wang 2015). The conceptual modeling methodology used for this project is 

described in this chapter and is based on the framework presented by Robinson (2008a & 2008b). 

One of the purposes with conceptual modelling is to create a common view between the modeler, 

client and domain expert of a real or proposed system (Robinson 2008b). Another purpose is to 

pヴeseﾐt the ﾏodel’s ヴeケuiヴeﾏeﾐts, ho┘ the┞ should He ﾏodelled, aﾐd the ヴelatioﾐ Het┘eeﾐ 
different parts in the system. The conceptual model will impact the study in a lot of different ways, 

for example in terms of data requirements, speed of the developing process, experimentation time, 

validity and the confidence of the results. It is not unusual that insights from this process leads to 

implementation of changes before the actual simulation project is performed (Robinson 2008a).  

There are a lot of benefits with keeping the model as simple as possible. This means that there is 

nothing left that could be removed from the model without pushing the model requirements to an 

unacceptable level (Robinson 2008a). Examples of such benefits are increased understanding and 

faster development of the model, and that the simulation model runs faster and requires less 

amount of data. Another way to simplify the model is to use random variables instead of modelling 

some parts of the system or to merge some steps of the system (Robinson 2008a). However, the 

final decision of what to include depends on the complexity that are needed to achieve the 

objectives of the model. 

Description of system

Conceptual modelling

Computer model
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4.4.1. A framework for conceptual modelling  

This chapter is a description of the framework presented by Robinson (2008b). The framework for 

conceptual modelling consist of five activities; understand the problem, determine the objectives, 

identify the outputs, identify the inputs and determine the model content. In the first step, to 

understand the problem, three different scenarios can occur. In the first scenario, all stakeholders 

have a common view of what the problem is and could express a clear description to the modeler, 

which was the case in this study. In the second scenario, the stakeholders think they have a good 

understanding of the problem and think they could express it, but they are unable to either 

understand or express the problem in a sufficient way. This is often the case in the reality, and the 

reason why improvements and changes often originates from this step. In the third scenario, none of 

the stakeholders understand the problem and consequently the problem is poorly expressed. If this 

is the case, the recommendation is to use a formal problem structuring method.  

The second step is to determine the objectives, which consists of two parts; determine the 

modelling objectives and determine the general objectives. When creating the modelling objectives, 

a good suggestion is to investigate what the overall aim of the organization is and how the project 

could contribute to that goal. The next step is to formulate the objectives in terms of achievements, 

performance and constraints. The achievements could be to reduce cost, reduce inventory levels or 

improve the up-time of the machines. Performance puts numbers on the achievements, for example 

reduce costs by 5 %, or improve the up-time of the machines with 5 %. The constraints includes 

aspects such as monetary limitations, space limitations or predefined design alternatives. If the 

client is unable to provide reasonable objectives, the modeler needs to explain the limitations with a 

simulation and provide suggestions of objectives. Otherwise there is a risk that the client expects too 

much from the simulation, which is one of the most common reasons to a dissatisfied client. 

The general objectives consist of aspects that need to be considered but not necessarily belong 

within the modelling objectives. It could be the degree of flexibility of the model, i.e. how easy it is 

to do changes of the model during and after the simulation study. It could be time limitations, which 

affects the complexity level of the model or the run-speed, which are important if many experiments 

should be performed.  

The third step is to identify the model outputs, which as described before, are used to evaluate if the 

objectives have been achieved, and if not why they have not. Usually, the outputs can be identified 

from the objectives, however, if that is hard, the combined knowledge of the domain experts, the 

client and the modeler could be used to identify suitable outputs. When the outputs have been 

identified, the choice of measurement should also be considered. Should the outputs be numerical 

values or graphs? Which measurements are interesting (min, max, mean and/or standard 

deviation)? When these choices have been made, it is time to identify the experimental factors 

(inputs). The experimental factors could be either quantitative, for example number of resources, or 

qualitative, such as rules or structures of a process. The experimental factors should be factors that 

are believed to fulfill the objectives when changed, and factors that are reasonable, which means 

that they are changed within a predefined and reasonable range.  

The last step in the framework is to determine the model content. From this step, the conceptual 

model will be specific for simulation, and therefore the final decision to use simulation as a tool need 

to be taken before the process continues. A simulation model includes four types of components; 

entities, activities, queues and resources. Examples of entities is components in an assembly line, 
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customers in a store or telephone calls in a call center. Activities could be to assemble components 

to a product or to serve the customers in a call center. Queues could be conveyors, buffers in a 

manufacturing unit or queues before a customer is served in a call center. Resources are the 

machines or staff that perform some of the activities, for example staff in a call center or a welding 

robot in a manufacturing plant. To find the components to include in the simulation model the 

author suggest a three-step guide. The first step is to find the boundaries for the model, which can 

be done by investigating the experimental factors and the outputs of the model, to find the edges of 

the studied system. Step two is to identify all components and relationships between components 

within the specified boundaries. In the third step, all components are evaluated according to their 

effect on the validity, credibility, utility and feasibility of the model. If a component has no effect on 

any of the evaluation terms or limited effect on few of the evaluation terms it could be excluded 

from the model. When assessing whether to include or exclude a component, it is important to be 

cautious and rather include it if there are any doubts or uncertainties. To be able to decide if a 

component should be included or excluded from the model the level of detail needs to be 

determined. Information that could be helpful to find a suitable level of detail are a preliminary data 

analysis, experience of the modeler and to make small prototypes of parts of the studied system. To 

structure the process Robinson (2008a) advocates the use of schematic drawings of the studied 

system and tables where the components are presented with details and descriptions. To clarify the 

assumptions and simplifications made, it could be beneficial to present them in lists, which also 

simplifies the validation of the conceptual model. The tables with components to include in the 

simulation model works as a foundation to identify the data requirements. This process is described 

in detail in Chapter 4.5. Lastly, for an example of how to use the framework, see Robinson (2008b). 

4.4.2. The conceptual model of the studied system 

The following chapter includes a documentation of the conceptual modelling process that follows 

the framework presented in Chapter 4.4.1. 

4.4.2.1. Objectives 

The overall objective of the project was to increase the degree of utilization in the storage bays to 

make currently unavailable and unused warehouse space available. To reach the objective, two 

different scenarios were modelled and evaluated; the current state and an alternative warehouse 

layout. To reach the overall objective of the project, the following modelling objectives were 

established: 

 Investigate the current degree of utilization (see Table 2) in the warehouse and the bays. 

 Investigate the difference in degree of utilization of warehouse and bays between the 

current and alternative warehouse layout. 

 Investigate the maximum degree of utilization in the current and alternative layout during 

the studied time period. 

 Investigate if the suggested layout alternative is suitable for the studied warehouse. 

For the project to be performed within the specified time frame and in the preferred way, the 

following general objectives were established: 

 Time frame: The deadline for the simulation study was the 19th of May 2017. 
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 Flexibility: As the simulation model was only used to evaluate the warehouse layouts, and 

only by the project team, there was no need for the model to be more flexible/adaptable 

than preferred by the project team. 

 Run-speed: As the model was assumed to be of limited size and few experiments to be 

performed, the run-speed of the model was assumed to have limited effect on the project. 

 Visualization: The model was visualized as a basic 2D-model, in order to increase the 

credibility of the simulation model, and make the validation of it easier. 

 Usability: As the model was only used within the project frame and to evaluate a specific 

case, there was no need for more usability than preferred by the project team. 

4.4.2.2. Output 

To fulfil the purpose of the project and to reach the established modelling objectives, the following 

output data was chosen: 

 The average stack capacity utilization (see Table 2) for the storage events in the warehouse 

 The maximum number of occupied bays in the warehouse 

 The minimum number of free bays for each day 

 The average number of free stacks per unoccupied bay per day  

4.4.2.3. Experimental factors 

The experimental factors of the model, i.e. the model variables, were: 

 The number of bay types 

 The number and size of each bay type 

The current warehouse layout was given and was established before the beginning of the project. 

The alternative warehouse layout was determined according to the physical limits and the 

configuration of the facility, in combination of what were raised in the literature and the conducted 

interviews, presented in Chapter 4.5. 

4.4.2.4. Model content 

The content of the model can be described based on four different components; entities, activities, 

queues and resources, and the relations between them. The conceptual model was established with 

the assumption that the input data are received from a file of historical data. The system 

counterparts to these components are presented in Table 4. 

Table 4: The ﾏodel’s Ioﾏpoﾐeﾐts. 

Component Include/Exclude Motivation 

Entities   

Customer order Include The size of an order affects the choice of 

bay(s) in the warehouse. The order will 

generate reels to the process. 

Transport order Include Consist of information regarding storage and 

loading time. 

Reel Include Will affect the storing process 

Activities   
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Production Include Will generate reel stacks to the process. 

Conveyor transportation Exclude Has no or limited effect on the fill rate in the 

warehouse and bays. 

Packaging Exclude Has no or limited effect on the fill rate in the 

warehouse and bays. 

Allocation to bay(s) Include Consist of the allocation rules, which will be 

used to assign stacks to a specific bay. 

Sorting table Exclude Has no or limited effect on the fill rate in the 

warehouse and bays. 

Replenishment Exclude Has no or limited effect on the fill rate in the 

warehouse and bays. 

Stacking of reels Exclude Has no or limited effect on the fill rate in the 

warehouse and bays. 

Storing before transport Include Will affect the fill rate of the warehouse and 

bays. 

Order picking Include Will affect the fill rate of the warehouse and 

bays.  

Transport loading Exclude Has no or limited effect on the fill rate in the 

warehouse and bays. 

Re-packing of reel Exclude Has no or limited effect on the fill rate in the 

warehouse and bays. 

Queues   

Packaging queue Exclude Has no or limited effect on the fill rate in the 

warehouse and bays. 

Sorting table queue Exclude Has no or limited effect on the fill rate in the 

warehouse and bays. 

Replenishment queue Exclude Has no or limited effect on the fill rate in the 

warehouse and bays. 

Loading queue Exclude Has no or limited effect on the fill rate in the 

warehouse and bays. 

Resources   

Bays Include Experimental factor, needs to be included 

Reel trucks Exclude As all activities regarding reel handling are 

excluded, there is no reason to include reel 

trucks 

Conveyors Exclude As the conveyor transportations are 

excluded, there is no reason to include the 

conveyors 

Loading docks Exclude Has no or limited effect on the fill rate in the 

warehouse and bays. 
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4.4.2.5. The model’s level of details 

Each component can be described according to a number of properties and attributes. The 

properties and attributes for each included component from Table 4 are presented in Table 5. 

Table 5: The Ioﾏpoﾐeﾐts’ le┗el of details. 

Component Detail Include/Exclude Motivation 

Entities    

Customer order Quantity:   

 Number of produced 

orders last 2 years 

Exclude Has no effect on the 

simulated process. 

 Number of reels of 

each order 

Include Will affect the degree 

of utilization in the 

warehouse and bays. 

 Arrival pattern:   

 Production pattern Exclude The pattern will be 

given automatically 

through historic data.  

 Attribute:   

 Product type Exclude Has no effect on the 

simulated process. 

 Reel width (height) Include Will affect the number 

of stacks representing 

each order. 

 Reel weight Exclude Has no effect on the 

simulated process. 

 Reel diameter Include Will affect the 

allocation of reels to 

bays. 

 Transport mode Exclude Has no effect on the 

simulated process. 

 Production date Include Will affect the 

generation of stacks 

to the model. Will be 

used to handle surplus 

reels. 

 Preliminary delivery 

date 

Exclude Transport date from 

transport orders will 

be used instead. 

 Customer Exclude Has no effect on 

either the allocation 

or the fill rate in the 

warehouse. 

 Market Exclude Has no effect on the 

simulated process. 



27 

 

 Destination Exclude Has no effect on 

either the allocation 

or the fill rate in the 

warehouse. 

 Special requirements Exclude Has limited effect on 

the fill rate in the 

warehouse. 

 Paper machine Exclude Has no or limited 

effect on the 

allocation to bays. 

 Order type Exclude Has no or limited 

effect on the 

allocation to bays. 

 Order number Include Represents the 

relation between 

customer order, 

transport order, stacks 

and bays. 

Transport order Quantity:   

 Number of handled 

transport orders last 2 

years 

Exclude Has no effect on 

either allocation of or 

fill rate in bays. 

 Number of order lines 

in each transport 

order 

Exclude Has no effect on 

either allocation to or 

fill rate in bays. 

 Arrival pattern:   

 Transport arrival 

pattern 

Exclude The pattern will be 

given automatically 

through historic data. 

 Attribute:   

 Transport mode Exclude Has no or limited 

effect on the 

allocation to bays. 

 Customer orders in 

each transport order 

Include Represents the 

relation to customer 

orders. Specifies 

order-picking location. 

 Number of reels from 

each customer order 

Include Specifies the number 

of reels to be picked. 

 Loading date Include Will affect the 

generation of 

transport orders. 
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 Loading time Include Will affect the 

generation of 

transport orders. 

Activities    

Production Quantity:   

 Number of paper 

machines 

Exclude Will not affect the 

generation of stacks. 

 Flow:   

 Number of reels in, 

converted to stacks 

Include Are used to convert 

customer orders into 

stacks of paper reels. 

 Production stops Exclude Are considered in the 

historical data. 

 Set-up/change-over Exclude Will not affect the 

generation of stacks. 

Allocation to bay(s) Quantity:   

 Number of allocation 

points 

Exclude Will not affect the 

allocation to bays. 

 Nature:   

 Assignment of a 

customer order to a 

bay(s) 

Include Describes the nature 

of the real process. 

 Resources:   

 Bays Include Has effect on the fill 

rate and allocation to 

bays. 

 Routing:   

 Transportation from 

production to bay(s) 

Include Takes no time, but the 

movement of stacks 

are included. 

 Others:   

 Allocation constraints 

and rules 

Include Are used to decide 

how to assign 

customer orders to 

bays. 

Storage Quantity:   

 All bays Exclude Will not affect the 

allocation to bays. 

 Resources:   

 Bays Include Has effect on the fill 

rate and allocation to 

bays. 

 Others:   
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 A stack can only be 

stored in the assigned 

bay. 

Include Has effect on the fill 

rate and allocation to 

bays. 

Order-picking Quantity:   

 All bays Exclude Will not affect the 

order-picking process. 

 Flow:   

 Transport order in, 

decreased inventory 

out 

Include Has effect on the fill 

rate. 

Resources    

Bays Quantity:   

 606 bays Include Will affect the 

allocation to bays. 

 Where required:   

 Allocation to bay(s) Include The bays have effect 

on the activity. 

 Storing Include The bays have effect 

on the activity. 

 Order picking Include The bays have effect 

on the activity. 

 Capacity:   

 Single bays Exclude Will be calculated in 

the based on 

coordinates. 

 Small bays Exclude Will be calculated in 

the based on 

coordinates. 

 Surplus bays Exclude Will be calculated in 

the based on 

coordinates. 

 Other:   

 Handling space Include Will affect the size of 

the bays. 

 Bay coordinates Include Will affect the 

allocation to bays. 

 Order capacity Include Will affect the 

allocation to bays. 
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4.4.2.6. Model assumptions 

Several assumptions were made due to some uncertainties in the real system, these are presented 

below: 

 The transport time from production to storage bays are equal for all stacks and orders. 

 If an order is allocated to several bays, reels re picked from the bay with the lowest number 

of reels. 

 All reels in a customer order has the same diameter. 

 No reels are moved between bays, except to surplus bays. 

 Space that is physically blocked in the current layout, due to loading docks, reel ramps etc. is 

also blocked in the new layout. 

4.4.2.7. Model simplifications 

In the model, a number of simplifications were done in order to simplify the implementation of the 

computer model, which are presented below: 

 The time for order-picking is zero as it does not affect the degree of utilization of the bays. 

 The time for the internal transportation from production to bays is zero as it does not affect 

the degree of utilization of the bays. 

 All reels of a production order are produced at the same time. 

 All bays are rectangular. 

 All divisible bays are considered as two single bays. 

 The only bays that are considered are the bays physically located in the warehouse facility, 

i.e. Magasin 1, 2, 3 or 4. 

 The height of the ceiling is the same for the whole warehouse facility and is limited to 672 

cm. 

4.4.2.8. Data requirements 

The data needed for the development of the computer model are presented below: 

 Number of customer orders and the number of reels on each order. 

 Reel width (height) for each customer order. 

 Average reel weight for each customer order. 

 Reel diameter for each customer order. 

 Production date and time for each customer order. 

 Customer order number. 

 Information about which customer orders and the number of reels included on a transport 

order. 

 Loading date and time for each transport order. 

 Allocation constraints and rules. 

 Type and dimensions (depth and width) of each bay. 

 Necessary handling space in the width and depth of the bays.  
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4.4.2.9. Visual view of the conceptual model  

Figure 7 presents a visualization of the conceptual model. 

The first step, Production of reels was simplified to one common process that represents the paper 

machines called PM52 and PM53. The next step, Allocation to bays, included packaging, assigning to 

bays, and transport to the warehouse. After the allocation process, the reels are transported to one 

of the four warehouse buildings Magasin 1, Magasin 2, Magasin 3 or Magasin 4, where the reels are 

stored until transportation. This process is represented by the block called Storage in Figure 7. The 

last block in the conceptual model, Picking and transport, consist of the picking of reels from the 

bays and represent the end of the studied process.  

4.5. Data collection 

One of the most important aspects to consider when using simulation is the quality of the input data 

used (Robinson, 2004). Inaccurate input data will result in a model that does not reflect the system 

and consequently the result from the study will be inaccurate. The following parts of this section will 

be based on Robinson (2004), who presents several steps and aspects that are important to consider 

when collecting data. The first step is to identify the data requirements. There are two types of data; 

quantitative, which is numerical data and the data most commonly addressed when taking about 

data, and qualitative, which often consists of pictures, drawings or written information about the 

studied process. When creating a simulation model, the numerical data is often the most important 

part and requires the most work effort to collect. The data requirements for the simulation model in 

this project are found in Chapter 4.4.2.8. The data used in the project was both quantitative and 

ケualitati┗e. The ケuaﾐtitati┗e data ┘as ヴetヴie┗ed fヴoﾏ Bヴa┗ikeﾐ’s pヴoduItioﾐ s┞steﾏ Baヴケ, as 
described later in this section. The qualitative data was retrieved from conducted interviews, both 

structured and semi-structured, as described later in this section. 

One aspect that reoccurs during the data collection process is the level of detail of the collected 

data. Is it enough with data on a lower level of detail, for example mean values, instead of the 

underlying raw data? More general data, combined with contextual data, is often enough for the 

understanding of the system that is needed to develop a conceptual model. However, when 

developing the simulation model, there is a need for more detailed data such as arrival patterns, 

processing rules, scheduling and different types of customers. The detailed data needed to 

implement the model is one of the outputs from the conceptual model. There is also a need of data 

for the validation of the model. In this project, there was need for different level of details, 

depending on how the data was to be used in the model. By following the steps under Chapter 4.4.2, 

the level of detail for the included components can be found. 

The actual data collection could result in three different cases: the data is available and collected, 

the data is possible to collect but not yet collected or the data is not available and not possible to 

collect. The data from the production system Barq is an example of the first case, where the data 

was both available and already collected. If the data is available and collected, the accuracy needs to 

Figure 7: Visualization of the conceptual model 
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be investigated to conclude if there are errors due to the nature of collection. In this process one can 

question who has collected the data? For what purpose? Is it any outliers in the data? The Barq 

system collects the data automatically when reels are packed and loaded. The main reason for the 

data collection in Barq is to improve the warehouse management and enable statistical analyses. 

Some outliers and erroneous values were found in the data, and was processed as described in 

chapter 4.6.1. 

The information retrieved from interviews and the measuring of the warehouse are both examples 

of the second case. If the data is possible to collect but not yet collected, the modeler needs to 

decide who should collect it and how. Both the interview data and the warehouse measurements 

were collected by the project team. If the data accuracy is critical for the model’s performance, two 

sets of observations could be used to validate the data sets. The accuracy of the data from Barq 

could not be affected by the project team, but was considered accurate as the quantity unit is 

expressed in reels and the time units in seconds. The warehouse measurements, however, were 

collected during the project, hence, the accuracy could be affected. With a laser measurement 

device, a Leica Disto X310, all positions and sizes of bays and obstacles were measured and 

documented. The specified accuracy of the device was ±1 mm for measurements within 80 m. 

However, as the measurements were done without a static tripod and against an uneven concrete 

wall, the specified accuracy is not valid in this case. The actual accuracy of the measurements could 

probably be estimated to approximately ±2 cm within 80 m, or even more. But, as the 

measurements were the same for both layouts, the deviation had no or limited effects on the 

results. In the data collection process of the project, there was no case where the data was 

unavailable and impossible to collect. 

The input data was divided in two different datasets, one for the customer orders, and one for the 

transport orders. The reason is that they were used in different parts of the model; the customer 

orders to put paper reels into the model and the transport orders to take paper reels out of the 

model. Both datasets were exported to one Excel sheet each, to simplify the input data analysis. The 

time period of the data is from 2015-01-01 to 2016-12-30.  

The interviews were conducted to collect data regarding the warehouse process and the work 

methods at Braviken. To conduct a good interview and retrieve the desired information, there are 

several aspects that need to be considered. Both Lantz (2013) and Jacobsen (1993) believe one of 

the more important parts of the interview is the preparations. From the information of Lantz (2013) 

and Jacobsen (1993), an interview plan template was created, where the following aspects are 

considered: 

 Information about the interviewer 

 Information about the respondent 

 The relation between the interviewer and the respondent 

 The place of the interview 

 The date and time of the interview 

 The purpose of the interview 

 The subject(s)/theme(s) of the interview 

 The questions for each subject/theme 

 The available facts of the subject(s)/theme(s) 
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 Information about the documentation of the interview 

 Information about anonymity 

 Information about the usage of the interview results 

 Information about the feedback to the respondent 

The interview plan can be found in Appendix B. For every interview conducted during the project, 

except the semi-structured, an interview form was created based on the interview plan. The 

interview forms included the respondent, the date and the time, and the questions to be asked. The 

interviews conducted were of the type directed open interview (Lantz 2013), which means that both 

parts, interviewer and respondent, have the general knowledge of the topic, which justifies more 

directed questions. The order of the questions was deliberate, where the first questions were more 

open for the respondent to feel comfortable. This was followed by more directed and specific 

questions about the subject and possibly some supplementary questions. The last questions in each 

interview were also more open to get the respondents view of the topic and tips of possible 

solutions for problems. The persons interviewed in the project are presented in Table 6. 

Table 6: Conducted interviews. 

Name Work position 

Experience 

(Braviken/

Warehouse) 

Date of 

interview 

Structure of 

interview 

Thomas Hjortmark Production planner Unknown 2017-02-08 Semi-

structured/Briefing  

Johan Paar System developer Unknown 2017-02-08 Semi-

structured/Briefing 

Mikael Lindman Logistics generalist Unknown 2017-02-08 Semi-

structured/Briefing 

Jimmy Carlsson Reel truck driver 17 years/ 

3 years 

2017-04-03 According to 

interview plan 

Anna-Karin 

Forneman 

Reel truck driver 20 years/ 

20 years 

2017-04-03 According to 

interview plan 

Björn Mattsson Reel truck driver 8 years/ 

6 years 

2017-04-03 According to 

interview plan 

Andreas Hjelm Reel truck driver 21 years/ 

21 years 

2017-04-05 According to 

interview plan 

Magnus Hederberg Warehouse 

supervisor 

17 years/ 

17 years 

2017-04-05 According to 

interview plan 

 

The results of the interviews are presented in Chapter 5.1-5.3, where the first three research 

questions are analyzed. The interview forms used are presented in Appendix C. 

4.6. Input data analysis  

According to Robinson (2004a) there are three possible ways to represent variability in a model; 

trace, empirical distributions and statistical distributions. The trace method consists of recreation of 

historical data, which means that the model retrieves historical data from a data file. The use of 
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empirical distributions is also based on historical data but the used data values are randomly 

retrieved from a list of historical data without considering any order. The values could also be 

generated based on the frequency of occurrences within a specific interval in the historical data. The 

use of a statistical distribution is the most comprehensive method, where historical data is used to 

find statistical distributions to represent the events in the simulation model. 

4.6.1. The input data analysis of the project 

To develop the new set of bays, historical order data was used as input. Statistical values were 

calculated from the historical data to find patterns, create graphical representations and to 

determine the new warehouse layout. The statistics calculated were mean values, maximum and 

minimum values, and proportions. Some graphics and statistics were also used to investigate the 

relation between the customer orders, bays and transport orders. 

The input data for the simulation model is based originates from the data collected from Holmen’s 
internal databases, which means that the trace method is the most suitable. The following cleaning 

and manipulation steps are done to get the data suitable for the simulation model. The total number 

of collected rows during the period January 2015 to December 2016 were 20 469, of which 211 posts 

had no production, hence, removed from the data. To find and remove customer orders not 

included in any transport order, the set of customer orders was cross-referenced with the set of 

transport orders. This process resulted in 3 996 rows being removed from the data set. One of the 

reasons for the high number of removed rows was the production before the studied period, the 

transports after it, and multiple occurrences of the same order number. Another reason was that 

extra paper reels are produced without a corresponding customer order, so called さtrim wasteざ. The 

smallest quantity of paper that can be produced is one tambour. Thus, if only a part of the tambour 

is connected to a customer order, the rest is considered as trim waste. The total number of 

customer orders included in the input data file for the simulation was 16 262. 

The raw data for the transport orders was collected during the period January 2015 to December 

2016 and consisted of 62 775 rows, where 17 760 were rows with no reels picked, hence, removed 

from the data set. The remaining 45 015 rows were then cross referenced with the customer orders, 

and 2015 rows were removed during this process. The total number of transport orders included in 

the input data for the simulation was 43 000. 

4.7. Validation and verification 

To establish confidence in the simulation model, the validation and verification was conducted as an 

iterative process during the whole simulation study, as suggested by Balci (1998). The definitions of 

verification and validation that are used in this project are presented in the list below and originate 

from Balci (1998). 

 Verification: Build the model right 

 Validation: Build the right model  

The verification aspect is mostly related to the development of the computer model and is used to 

ensure that the implemented computer model corresponds to the conceptual model. The validation 

aspect is related to all phases in the project, and is used to eﾐsuヴe that the ﾏodel’s ヴesults 
represents the real system and fulfill the required accuracy within the chosen domain. As 

mentioned, the validation is performed to establish confidence in the simulation model. A model is 
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never 100 % valid over the intended domain where it will be used as it is too costly. Tests and 

evaluations of the model is performed until the modelers and users obtain enough confidence of the 

model. Even though enough confidence is obtained, more test and evaluation of the model will most 

likely make the model more useful for the user and increase their confidence in it. To conclude, 

there is a trade-off between the increased confidence and the increased costs and time used for the 

validation and verification process (Sargent, 2007).   

The methods used for validation during this project corresponds to a mix between to methods 

presented by Sargent (2007). One of the methods is to let the modelers validate the model. When 

this approach is used, the users of the model is often heavily involved in the process, which also 

iﾐIヴeases the ﾏodel’s credibility. The second method is to involve a third part that performs the 

validation, during the development process or when the model is finished. The validation of the 

model in this project was performed by the project team, but with opinions from system experts not 

involved in the model development. Sargent (2007) presents two other methods not used in this 

project. The first is to let a third part evaluate the validation and verification performed by the 

modelers. The second method is to evaluate and assign scores to different parts of the model, which 

in the end forms the overall validation score for the model. However, there is an impending risk that 

the model passes the validation with this method, even though it should not.  

Each of the approaches presented above could include several validation techniques. Sargent (2007) 

present a list of useful validation techniques, some of them is presented and explained in the list 

below.  

 Animation: The simulation model includes graphics that makes it easier to understand how 

the model works and to see if the model corresponds to the modelled system. 

 Comparison to other models: The model is compared to similar models that already have 

been validated.  

 Degenerate tests: For example, the average time in a process for an entity is investigated as 

the number of the entities exceeds the capacity. Does the average time increase? 

 Event validity: Do events occur with the same frequency in the model and the real system? 

 Extreme condition tests: Does the model react as it should with extreme conditions. For 

example, is the output zero if the input is zero? 

 Face validity: Do s┞steﾏ e┝peヴts Ioﾐsideヴ the ﾏodel’s ヴeaItioﾐs aﾐd outputs to He 
reasonable? 

 Historical data validation: Use one part of a large data set to develop the model, and one 

part to evaluate the model against. 

 Internal validity: Do several replications result in reasonable results or is it too much 

randomness in the model? 

 Operational graphics: Like animation, but operational graphics are values such as the 

number in queue in a process, the average time in the system, the total number in the 

system.  

 Parameter variability: When changing values of parameters in the model and the real 

system, does the model react as the real system? 

 Predictive validation: This technique is used to make a forecast with the model and then test 

the same condition in the real system to check if the prediction were good enough. 
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 Traces: Often used to test the logic in a model. One or several entities is followed through 

the model to see if the logic works as intended. 

 Turning test: System experts are asked if they could tell the difference between the model 

and system output. 

More information about what to consider when validating different steps in the simulation study 

and information about more techniques are referenced to Sargent (2007) and Balci (1998). In this 

project, the following verification and validation activities were performed: 

 The iﾐput data ┘as ┗eヴified H┞ HaIktヴaIkiﾐg ヴaﾐdoﾏ oヴdeヴs iﾐ Bヴa┗ikeﾐ’s pヴoduItioﾐ s┞steﾏ. 
 The model was verified by developing graphics in the computer model, which enables the 

developers to see what happens in the simulated process. 

 The model was also verified by using an event log that records each event in the simulation, 

and was documented as output from the computer model. The log could then be used to 

backtrack problems during the development process. 

 Another type of verification was the divided responsibility between the project members. 

One person was responsible for the development of the computer model, while the other 

developed the new set of bays and the warehouse layout. In this way, the members could 

Ioﾐtiﾐuousl┞ ┗eヴif┞ eaIh otheヴ’s ┘oヴk. 
 The new set of bays was validated by developing a warehouse layout, which verified that the 

set was valid in the existing warehouse facility. 

 The model was also validated through workshops and briefings with system experts at 

Braviken Papermill. 

 Another used method for validation and verification is the structure of the development 

process, divided into three parts; system description, conceptual modeling and 

implementation of the computer model. 

As the conceptual model was developed in close communication with process experts of the studied 

system, the verification was considered as sufficient. As several validation techniques and activities 

were performed, as described above, the validation was considered as sufficient. 

4.8. Output analysis 

The information below regarding confidence intervals, hypothesis testing and significance tests are 

based on Blom et al. (2005), except for the description about the methods used in the project. 

To compare the current and alternative layout and their respective output from the simulation 

study, different statistical analyses was made. The base for one of the analyses, hypothesis testing, 

was the confidence intervals over the utilization rates for each set of bays. 

A confidence interval is an estimation of the value interval for a specific parameter. The 

prerequisites for a confidence interval is a randomly collected dataset x from a distribution 

dependent on the unknown parameter θ. These prerequisites lead to the definition that an interval 

Iθ, with the likelihood 1-α to Io┗eヴ θ, is Ialled a IoﾐfideﾐIe iﾐteヴ┗al foヴ θ ┘ith IoﾐfideﾐIe le┗el ヱ-α. 
The confidence boundaries, or the end points of the confidence interval, are denoted a1(x) and a2(x). 

They are functions of the values in the random dataset, and by that, observations of the random 

dataset variables a1(X) and a1(X). The above mentioned forms the formula in (1). 
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�[欠怠岫�岻 < � < 欠態岫�岻] = な − � (1) 

The main problem is to choose the functions, a1(X) and a1(X), in a proper way. For the confidence 

interval to have any practical value, the likelihood 1-α should be large. Common values are 0.95, 

0.99 or 0.999, depending on the preferred level of accuracy. For example, if the likelihood 0.95 is 

selected and it is argued that the confidence interval is Iθ, there is a risk of 0.05 that it is wrong. If the 

┗alue of α is suffiIieﾐtl┞ lo┘, the ヴisk of Heiﾐg ┘ヴoﾐg Iould alﾏost He ﾐeglected. In this case, 

sufficiently low depends on the situation and what the consequence of a wrong statement will be. 

A hypothesis test can be done on one dataset or between several datasets. A hypothesis test 

between several datasets often means that the datasets are compared according to a specific 

parameter. For all hypothesis tests, a null hypothesis H0 is stated, which could argue that the mean 

of one dataset is larger than the mean of another dataset.  

To test H0, a significance test can be used. This is done by finding a suitable test variable t(x), which is 

an observation of the random dataset variable t(X). Also, a critical area C is decided, which is a part 

of the area that t varies over. From this, the rules in (2) and (3) are applied: 建��� 樺 � → �待 潔欠券 決結 堅結倹結潔建結穴 (2) 建��� 鞄 � → �待 潔欠券券剣建 決結 堅結倹結潔建結穴 (3)  

The likelihood of t(X) being found in C is called the significance level and is denoted with α. Common 

significance levels are 0.05, 0.01 and 0.001, which means that there is a 5 %, 1 % or 0.1 % risk that H0 

is erroneously rejected.  

In this project, the hypothesis testing was used to compare the current and the new set of bays. 

First, the confidence interval for the utilization rate was determined for both sets. The utilization 

rates were calculated and documented after each storage event in the model. Second, the 

confidence intervals were compared in a significance test with the null hypothesis that there is no 

significant difference between them. As the consequences of a wrong statement about the 

significance are not critical, the confidence level 0.95 was selected for the test. The details and 

results of the hypothesis test is presented in Chapter 5.4.3. Another variable used to compare the 

sets was the number of unoccupied bays, which were sampled after each event in the simulation. 

Reliability and objectivity are issues that could be connected to the results or output of a simulation 

or experiment. According to Ejvegård (2009) reliability means the trustworthiness and usability of a 

measurement or a measurement tool, and a result is preferably reliable. Regarding the reliability of 

this project, it is high for some parts and low for others. The utilization rates for both the current and 

alternative layout are not considered reliable, as the model for both scenarios are simplified and 

limited. However, the relative utilization rates between the models are considered reliable, as the 

same input data and allocation rules are used for both scenarios. The reliability of the results was 

increased by using historical data instead of statistical distributions and estimations. It was also 

increased as the new set of bays was partly based on interviews with co-workers at Braviken 

Papermill. Ejvegård (2009) defines objectivity as the rendition of viewpoints from all parts in an area 

with separate opinions. For example, if a political subject is questioned or investigated, it is 

important to give both conservative and socialistic views in order to be objective. As the new layout 

and the model are based on different viewpoints, in terms of scientific literature, statistics of the 
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input data, interviews and briefings, they are considered as objective. As the new layout and the 

model are considered objective, the same can be done for the results of the simulation study.  
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5. Analysis and results 

This chapter consist of the analyses and results of the research questions of the project. The chapter 

is divided into five parts, where the first part covers the first research question, the second part the 

second question and the third part the third question. The fourth part consists of the analyses and 

results regarding the performance comparison between the current the new set of bays. Finally, 

some of the findings from the chapter is summarized in the fifth section. 

As mentioned in Chapter 3.2.2., Rouwenhorst et al. (2000) present some areas of concern regarding 

decisions at the tactical level. The warehouse layout is one of the areas, which means that the issues 

studied and discussed in this project can be identified as a tactical decision. Gu et al. (2010) present 

three main issues regarding the warehouse layout. One of the issues is the storage department 

layout, which could be related to the issue addressed in this project. The definition of a block 

stacking warehouse by Marsh (1979) and Matson & White (1984), clearly puts the studied system in 

the category of block stacking warehouses. 

5.1. How many bay types should the new set consist of and what dimensions should 

the new types have? 

To determine the number of bay types to be used and their dimensions, statistics from the input 

data were calculated. The statistics were complemented with information from the conducted 

interviews and the list of basic aspect to consider presented by Marsh (1979), see chapter 3.3., 

before the final dimensions were determined. A summary of the input data statistics is presented in 

Table 7.  

Table 7: Statistics of the order data. 

Stack 

capacity for 

possible bay 

types 

Order 

quantity 

in stacks 

Accumulated 

number of 

orders 

Percentage of 

orders 

Accumulated 

percent of 

orders 

Accumulated 

percent of 

stacks 

2 1-2 5999 29.6 % 29.6 % 4.2 % 

4 3-4 9643 18.0 % 47.6 % 10.4 % 

6 5-6 12 158 12.4 % 60.0 % 17.1 % 

8 7-8 13 776 8.0 % 68.0 % 23.1 % 

10 9-10 14 964 5.9 % 73.9 % 28.6 % 

12 11-12 15 865 4.4 % 78.3 % 33.6 % 

14 13-14 16 641 3.8 % 82.1 % 38.7 % 

16 15-16 17 214 2.9 % 85.0 % 43.1 % 

32 17-32 18 980 8.7 % 93.7 % 62.7 % 

 

As can be seen in Table 7, all statistics corresponds to an even order quantity in stacks. This, because 

the reel trucks are constructed to handle two stacks abreast. Thus, the lowest possible multiple and 

bay capacity are two stacks. As can be seen, 29.6 % of the orders consist of two stacks or less, which 

advocates a need for a bay type of corresponding size. Hence, the first bay type can handle two 

stacks. 
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To make the development of the warehouse layout easier, the bay types should preferably be 

multiples of each other. This enables the combination of different bay types in the same row of bays, 

without wasting any storage area. The next multiple of the first bay type should be dimensioned for 

four stacks. As 18 % of the orders contain three or four stacks, the second bay type can handle four 

stacks. The accumulated percentage of the second bay type is 47.6 %. As shallower bays will lead to 

more effective use of the storage space, it could be argued that only these two bay types should be 

used. However, shallower bays need more space for aisles, which will decrease the effective storage 

area in the warehouse. Thus, there is a need for deeper bay types to use the warehouse space 

efficiently. The next multiple to the second bay type is a bay type dimensioned for eight stacks. As 

20.4 % of the orders contain between five and eight stacks, the third bay type chosen should have a 

capacity of eight stacks. As the orders that fit within the third bay type only represents 23.1 % of the 

total number of stacks in the period 2015-2016, there was a need of an even larger bay type. The 

next multiple of the third bay type is a bay with a capacity of 16 stacks. As such a bay type would be 

able to handle the stack volume of 20 % of the orders, it was chosen as the fourth bay type. A bay 

with the capacity of 16 stacks will be 2 stacks wide, hence, 8 stacks deep. As mentioned by Berry 

(1968), there is a tradeoff between the effective storage area and the effective utilization of the 

storage area in a block stacking warehouse. Deeper bays lead to an increased effective storage area, 

while the effective utilization of the area decreases. As the impact on the effective storage area 

descends with the increase of bay depth, it was not motivated to include a bay type deeper than 

eight stacks. Hence, it was no need to include a bay with a capacity of 32 stacks, as it corresponds to 

two bays with the capacity of 16 stacks. 

The analysis and decisions above is supported by the conducted interviews. A lack of smaller bays 

was raised, which currently leads to storage of several orders in one bay. This creates problems 

when reels are retrieved, as reels connected to another transport order block the wanted ones and 

need to be removed before retrieval. These issues advocate more bay types with different capacities 

and more bays in general. Another important factor concerning the dimension of the bays is the 

needed handling space to enable both the storing and retrieval of reels. According to the interviews, 

the current handling space is enough, but should not be decreased. The current handling space in 

the bays measures 10-15 cm on both sides of a 2-stack unit, which means an effective handling 

space of 20-30 cm per bay. Thus, the handlings space in the new layout should be at least 30 cm. As 

the stacks are not always placed entirely together, there is a need for a depth-wise margin. To 

summarize, four bay types with different capacities will be used in the study; 2-stack, 4-stack, 8-stack 

and 16-stack.  

The dimensions of the bay types are based on the most common reel diameter, 125 cm. All bays 

have a handling space width-wise of 30 cm, hence, an effective width of 280 cm. The 2-stack bays 

have a depth margin of 10 cm, hence, an effective depth of 135 cm. With 135 cm as a base, the 

depth margin of the other bay types is increased 7 % in relation to the margin of the previous bay 

type. The dimensions of the different bay types are presented in Table 8. 
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Table 8: The dimensions of the different bay types. 

Bay type Capacity (Ø = 125 cm) Width Depth 

1 2 stacks 280 cm 135 cm 

2 4 stacks 280 cm 289 cm 

3 8 stacks 280 cm 578 cm 

4 16 stacks 280 cm 1156 cm 

 

The stack capacity is mutable and depends on the diameter of the stacks, which means that a 

smaller diameter can lead to a higher stack capacity. There is one case where the stack capacity is 

decreased in the bays, when reels with the diameter 150 cm are stored. However, as this type of 

reels represent about 1 % of the orders, it would be a waste of storage space to consider them in the 

determination of bay dimensions. 

5.2. How many bays of each type are suggested? 

To determine the number of bays of each type, statistics of the order data were the primary source 

for decision. The interviews had some influence, as most of them raised the need of more bays with 

medium and small capacity in relation to the current bays, with an average capacity 14 stacks. The 

statistics calculated and used can be summarized as the requested bay type or combination of bay 

types for each order in the studied period. The main results of the statistics are presented in Table 9. 

Table 9: Calculation of requested number of bay types and combinations over the studied period. Each of the 15 

IoﾏHiﾐatioﾐs is iﾐdiIated ┘ith the Hay types that is iﾐIluded iﾐ the IoﾏHiﾐatioﾐ, e.g. the IoﾏHiﾐatioﾐ さヲ+ヴざ means that it is 

represented by a bay with capacity of two stacks and a bay with the capacity of four stacks. The Ioluﾏﾐ さNuﾏHer of ordersざ 
means all orders that fit in the stack interval between the current and previous combination, e.g. there are 2515 orders 

containing > 4 and ≤ 6 stacks. 

Bay 

type/combination 

Stack 

capacity 

Number of 

orders 

Requested number of each bay type 

2 4 8 16 

2 2 5 999 5 999 0 0 0 

4 4 3 644 0 3 644 0 0 

2+4 6 2 515 2 515 2 515 0 0 

8 8 1 618 0 0 1 618 0 

4+8 12 2 089 0 2 089 2 089 0 

16 16 1 349 0 0 0 1 349 

4+16 20 716 0 716 0 716 

8+16 24 453 0 0 453 453 

4+8+16 28 338 0 338 338 338 

2*16 32 259 0 0 0 518 

8+2*16 40 345 0 0 345 690 

3*16 48 259 0 0 0 777 

8+3*16 56 159 0 0 159 477 

4*16 64 61 0 0 0 244 

6*16 96 454 0 0 0 2 724 

  Total (Bays) 8 514 9 302 5 002 8 286 

  Total (%) 27.4 29.9 16.1 26.6 
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As can be seen in Table 9, there are some combinations excluded from the analysis. Also, the 

difference in stack capacity between two consecutive combinations are larger for higher stack 

capacities. One reason is that it is reasonable that the allowance of empty stack slots is larger for 

larger orders. Another reason is that all orders are produced with a buffer increasing with the order 

quantity. The consideration of these factors led to the combinations in Table 9. The values in the 

column Number of orders represent the number of orders that will fit in the corresponding 

combination. These values, together with the combination gives the number of bays of each type 

requested in the studied period. The requested number of bays for all combinations are then added 

together for each bay type and results in the total number of requested bays of each type. The main 

result from Table 9 is the percentage presented in the bottom of the table, which represent the 

proportion of times each bay type was requested. The proportions were used as input to calculate 

the number of bays needed to maintain the current stack capacity. 

The current total stack capacity, 8 550 stacks, was calculated by enumerating the stack capacities of 

all bays, based on a stack diameter of 125 cm and the margins presented in Chapter 5.1. To enable 

the calculation of the total number of bays needed, the stack capacity of 100 new bays were 

calculated according to the proportions in Table 9. The results from the calculation is presented in 

Table 10. 

Table 10: Stack capacity for 100 bays of the new types according to the proportions of orders.  

Bay type Proportion of orders 

(%) 

Number of bays (out 

of 100) 

Stack capacity with 

100 bays 

2-stack 27.4 27 54 

4-stack 29.9 30 120 

8-stack 16.1 16 128 

16-stack 26.6 27 432 

 Total stack capacity 734 

 

The result from Table 10, a total stack capacity of 734 stacks with 100 bays, gives a stack capacity per 

bay of 7.34 stacks. The division with the current stack capacity, 8550, over the average capacity per 

bay, 7.34, gives the needed number of new bays, 1 165. The total number of needed bays was then 

distributed over the new types according to the proportions in Table 10. The required number of 

each bay type is presented in Table 11. 

Table 11: Required number of bays to maintain stack capacity. 

Bay type Proportion of orders (%) Required number of bays 

2-stack 27.4 319 

4-stack 29.9 348 

8-stack 16.1 188 

16-stack 26.6 310 

Total 100 1 165 

  

The result in Table 11, answers research question 2, and works as a basis for research question 3. 
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5.3. How should the new set of bays be placed to fit in the existing warehouse 

facility? 

With the results from the two former questions as input together with constraints raised in the 

interviews, the new warehouse layout was formed. The goal was to be as close as possible to the 

proportions and number of bays in Table 11, with the dimensions in Table 8.  

The following constraints and guidelines were raised at the interviews: 

 The aisles in the warehouse should be as straight as possible, and need to be at least as wide 

as in the current layout. 

 There is no need for two trucks to be able to meet and pass each other in an aisle. 

 The size of the loading areas in the current layout need to be maintained. 

 To make the retrieval of reels effective, the bays should be easy to find in the warehouse. 

In addition to the points above, there are physical constraints to consider in the existing warehouse 

facility; ports, loading bays, rails, reel ramps, staff rooms and parking lots for reel trucks. Hence, the 

first step was to measure and map the solid constraints in an empty layout of the warehouse facility 

as the basis. The bays were placed according to a number of established rules. According to 

Goetschalckx and Ratliff (1991), straight aisles with the same bay depth on each side, give a better 

flow and more effective material handling. This was also raised at the conducted interviews and led 

to the first rule: 

 Rule 1: In an aisle between an intersection and another intersection, a wall or a blocked 

space, all bays on each side should have the same depth. 

Due to limitations of the conveyor system in the warehouse, it currently happens that reels to be 

stored in for example Magasin 1, arrives on the ramp in Magasin 3. To handle such a situation, the 

second rule was established:  

 Rule 2: There should be at least one aisle straight through Magasin 1, Magasin 2 and 

Magasin 3. 

According to Thornton (1961) and Moder & Thornton (1965), all bays should be perpendicular to the 

aisles, to minimize the waste of storage area. Straight angles enable retrieval from the bays 

regardless of which way the reel truck arrives from. Based on this, the third rule was established: 

 Rule 3: All bays should be perpendicular to the aisles. 

In the current warehouse layout, there are two parallel aisles in each part of the warehouse. 

According to Hemmi (1963), a block stacking warehouse should preferably include multiple parallel 

aisles as it is effective regarding both the storage space and the material handling. This led to the 

fourth rule: 

 Rule 4: All parts of the warehouse, i.e. all four facilities, should have multiple parallel aisles. 

As the alternative layout needs to be developed according to the already existing warehouse facility, 

no gateways can be moved or removed. Hence, the fifth rule was established: 

 Rule 5: All gateways available in the current layout, need to be available in the alternative 

layout. 
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All parts of the layout follow the established rules, with one exception. In the layout for Magasin 1, 

one of the aisles do not follow Rule 1. This, because the layout was adapted to the fixed obstacles in 

the existing facility. However, as this is the case also in the current warehouse layout, it was 

accepted. 

A sketch of the layout was formed by drawing the bays onto a paper map of the warehouse facility. 

Based on the drawings and the measurements of the warehouse, coordinates for all bays were 

documented. The coordinates were used to create a digital graphic of the layout in Java. The layouts 

for each part of the warehouse, Magasin 1, 2, 3 and 4 are presented in Appendix A. The layout 

alternative for the second warehouse facility, Magasin 2, is presented in Figure 8. The areas filled 

with a dark grey color indicates a fully blocked space, which means a fixed obstacle, such as a reel 

ramp or a conveyor. The beige areas indicate a space in front of a port, either out of the warehouse 

or a passage to another part of the warehouse. 

In Figure 8, all bay types are present, indicated with a black frame and a unique number. The bay 

numbers follow a system, where the first digit indicates in which part of the warehouse the specific 

Ha┞ is pヴeseﾐt, i.e. さヱざ foヴ Magasiﾐ ヱ, さヲざ foヴ Magasiﾐ ヲ aﾐd so foヴth. The seIoﾐd digit iﾐdiIates the 
number of the aisle where the bay can be found. An even number corresponds to an aisle with a 

north/south direction (right/left in Figure 8), with the highest number closest to the harbor (down in 

the Figure 8). An odd number corresponds to an aisle with an east/west direction (down/up in Figure 

8), with the highest number farthest to the north (right in Figure 8). The last two digits indicate the 

location of a bay in an aisle. An odd number indicates that the bay is on the left side, i.e. to the west 

in an even aisle and to the north in an odd aisle. Accordingly, an even bay number indicates that the 

bay is located on the right side, to the east in an even aisle and to the south in an odd aisle. Finally, 

the bays are numbered in ascending order in accordance with their position to the north for even 

aisles and to the east for odd aisles. Hence, a Ha┞ ┘ith ﾐuﾏHeヴ さヱヱヰヱざ is the fiヴst Ha┞ oﾐ the left-

hand side in aisle 1 in Magasin 1. A logical numbering will make it easier to find a specific bay in the 

warehouse, especially for new employees. In Figure 8, aisle 0 and 4 goes through Magasin 1, 2, 3, 

hence, forming passages between the different parts of the warehouse.  

A final point regarding the construction of the alternative layout is that there are several other 

possible ways to place the bays. The reason for the construction of the alternative layout in this 

project, was to verify that the new set of bays fits in the warehouse.  



45 

 

 

 

 

 

  

Figure 8: The layout of Magasin 2. The dark grey area represents blocked space in the warehouse, which means that no 

bays can be placed in that area. However, all blocked space that are transparent in the figure, represents areas in which 

trucks can travel. The beige areas represent either gateways to other parts of the warehouse or out of it. The black dots 

indicate roof pillars. 
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The distribution of bays to each part of the warehouse are presented in Table 12. 

Table 12: The number of bays in the alternative warehouse layout. 

Part of 

warehouse 

Number of bays per bay type 

 

2-stack 4-stack 8-stack 16-stack Surplus bays 

Magasin 1 97 76 33 75 2 

Magasin 2 17 101 86 61 0 

Magasin 3 94 54 17 94 2 

Magasin 4 58 72 27 27 2 

Total 266 303 163 257 6 

Proportions 

(%) 

26.7 30.5 16.4 25.8 0.6 

 

The current and the new set of bays were compared in terms of the number of bays and stack 

capacity. The results of the comparison are presented in Table 13.  

Table 13: Comparison between the current and the new set of bays. 

Layout Number of bays 

including surplus bays 

Stack 

capacity 

Effective storage area 

Current 606 8 550 17 963 m2 

New 995 7 152 14 888 m2 

Deviation +64.0 % -16.4 % -17.1 % 

 

As can be seen in Table 13, the number of bays in the new set increases with 64 % compared to the 

current one. However, due to the generally lower capacity in the bays of the new set, the stack 

capacity decreases with 16.4 %. This decrease was expected as smaller bays require more space for 

aisles, which leads to lower total stack capacity. However, it is how the capacity is used that is 

interesting to investigate and not the actual capacity. As smaller bays require more space for aisles, 

the effective storage area decreases 17.1 % with the new set of bays. 

5.4. How does the utilization of warehouse space change with the new set of bays 

compared to the current set? 

To be able to answer the fourth research question, a simulation model was developed in Java, 

according to the conceptual model presented in chapter 4.4.2,. The source code of the model can be 

retrieved from https://gitlab.itn.liu.se/sebgu254/Warehouse_layout/. There are two main reasons 

why Java was used; the possibility to customize the model exactly for the process to be simulated 

and that the model could be used by the client without the need of buying a specific simulation 

software. The utilization of warehouse space means in this case the stack capacity utilization (see 

Table 2) for all storage events in the bays. 
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5.4.1. Computer model 

The Java model is built up by objects that correspond to the components in the conceptual model. 

Table 14 presents the classes of the model and their respective purpose. 

Table 14: Description of the purpose with the Java-objects included in the simulation model. 

Java module Purpose 

Bay Store reels and got properties of a specific bay 

Blocked space Used for the visualization 

Customer order Used to store information about one production of a customer order 

Door Used for the visualization 

Event Used to collect statistics of the events that occurs during the simulation 

Magasin Used for the visualization 

Map Used for the visualization 

Pillar Used for the visualization 

Storage 
Used to store all objects except from the User interfaces (described in 
warehouse layout) 

Transport order Used to store information about one delivery of an order 

User interface Used for the visualization 

Warehouse layout The main file, consists of model logic. 

 

All objects in Table 14 are described in the following sections. The oHjeIts ﾏaヴked さUsed foヴ 
visualizationざ aヴe used foヴ the gヴaphiIal ┗isualizatioﾐ aﾐd aヴe e┝plaiﾐed iﾐ Chapter 5.4.1.6. All objects 

have a common variable, row number, used to keep track of the origin of the information.   

5.4.1.1. Bay 

The purpose with a bay is to store reels that are generated by a customer order pending on 

transportation from the warehouse. The bay-objects have both constant properties to decide where 

to store an order, and variables calculated with the order properties. Examples of constant bay 

properties are  

 Width 

 Depth 

 Coordinates 

 Warehouse facility 

 Bay number  

 Bay type 

Examples of variables in a bay object are 

 Capacity in stacks 

 The current number of stored stacks 

 The current number of stored reels for each order stored in the bay. 

 The reel height of each stored order. 

 The time of the last storage event for each order in the bay. 

 The utilization rate. 
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The capacity in stacks is calculated in two different ways. If the bay is empty, the calculation is based 

on the diameter of the reels to be stored. Otherwise, the calculation is based on the diameter of 

already stored reels. The total number of stacks stored in a bay is used to calculate the fill rate of the 

bay. The height of the reels is used convert reels to stacks. The time of the last storage of each order 

is used when moving stacks to a surplus bay. The procedure and conditions for moving stacks to a 

surplus bay are described in Chapter 5.4.1.7.  

5.4.1.2. Customer order 

The customer order objects are used to store information about a production order. It only contains 

data values and parameters retrieved from the input data file. Examples of these constants are the 

order number, diameter of the reels, width(height) of a reel, production time and number of reels.  

5.4.1.3. Transport order 

The transport order objects are used to store information about a transport order. It only contains 

constant values set in the beginning of the simulation process. Examples of information stored in a 

transport order object are time for delivery, transport mode, order number and number of reels to 

be picked. To simulate the warehouse with initial reels in storage, the transport orders of the first 10 

days were shifted in time according to the following equation: など + � ∗ 穴欠�券憲兼決結堅. This means 

that the transport orders from the 1st day was shifted and added to the 11th day and the 10th day was 

shifted 20 days and added to the 30th day. The equation was chosen to smoothen the effect on the 

number of transports during the startup period.  

5.4.1.4. Warehouse layout  

The logic of the simulation process is implemented in the object warehouse layout according to a 

discrete event simulation approach. It starts by reading the data files, sorted by time, and compare 

the time of the next production with the time of the next transportation. If the time of production is 

lower than or equal to the time of transport a production event is performed. The production 

procedure starts by investigating if the specific order is already stored in the warehouse. If that is the 

case and there is capacity left in any found bay, they are filled up with the produced reels. 

Otherwise, a process is started to find the best suitable bay in terms of stack utilization rate. During 

this process, the goal is to store the reels in as few bays as possible, while keeping the fill rate as high 

as possible. A brief pseudo code for the procedure of storing produced reels is presented below. 
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Procedure StoreReels(ordernum : int; numReels : int; reelHeight : int; reelDiameter : int; prodTime : 

double) 

variables b : Bays; 

begin 

for all b є B do begin 

  if (b.storedOrdernum = ordernum) 

   if capacityleft >= numReels 

    storeReels(numReels, prodTime) 

    numReels = 0 break; 

   else 

    storeReels(capacityleft, prodTime); 

    numReels = numReels – capacityleft; 

   end 

  end 

 end 

 while numReels > 0 do begin 

  suitableBay = findSuitableBay(numReels, reelDiameter, reelHeight); 

  if suitableBay.capacityleft >= numReels 

   storeReels(ordernum, numReels, reelHeight, reelDiameter, prodTime); 

  else  

   storeReels(ordernum, capacityleft, reelHeight, reelDiameter, 

prodTime); 

   numReels = numReels – capacityleft; 

  end 

 end 

end 

 

If the time for transportation is lower than the time for production, a picking event is started. The 

picking procedure starts searching for the bays where the order to be picked is stored. When the 

bays are found, the picking starts from the bay with the lowest number of stored reels and continues 

until the requested amount is picked. A brief pseudo code for the picking procedure is presented 

below.  

Procedure PickReels(ordernum : int; pickAmount : int; transTime : double) 

variables b : Bays; 

begin 

while pickAmount > 0 do begin 

bayforPick = findBayminReels(ordernum); 

if (bayforPick.storedamount >= pickAmount) 

bayforPick.pickReels(pickAmount); 

pickAmount = 0; 

else 

bayforPick.pickReels(bayforPick.storedamount); 

pickAmount = pickAmount - bayforPick.storedamount; 

end 

end 

end 
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Several simplifications were done in this procedure, presented in Chapter 5.4.1.7. The production 

and picking process are complemented with a さIleaﾐiﾐgざ function that moves reels to surplus bays. 

The function is activated if the stack quantity of a stored order has decreased below a predefined 

proportion of the Ha┞’s staIk IapaIit┞ during a predefined time period. This function is used to 

simulate the warehouse cleaning and moving process conducted in the reality. Finally, all events are 

logged into an output data file.  

5.4.1.5. Event 

The event objects are used to track all events during the simulation. There are six different events, 

presented in Table 15.  

Table 15: Description of the different event types that could appear during the simulation 

Event type Used for Appears 

Decreased amount to pick Changing picking order In the picking process 

Last order changed Changing picking order In the picking process 

Move to surplus Avoid full warehouse Every x-day 

Not stored yet Avoid picking of orders that not are 

produced yet 

In the picking process 

Picking Tracking warehouse development In the picking process 

Production Tracking warehouse development In the storage process 

 

Decreased amount to pick is used to track when the number of reels to pick is changed because the 

number to pick is larger than the stored amount. An event of the type Last order changed is created 

the last time an order is picked from the warehouse, if the amount to pick differs from the amount 

stored. In that situation, the number to pick is changed to the amount stored. This process is 

conducted to avoid surplus reels to occupy bay space in the model. The third event type, Move to 

surplus, is generated when an order occupies less than the predefined proportion of the Ha┞’s total 
stack capacity. Not stored yet is used to record when an order should be picked from the warehouse 

but the order is out of stock. This event mostly appears in the beginning of the simulation, due to 

orders produced before the simulated period. Picking is created when reels are picked from a bay. 

This means that one picking order could result in several picking events if the amount to pick is 

larger than the amount stored in a bay. The last type of event objects, Production, is created each 

time an order is allocated to a bay. This means that one customer order could result in several 

production events if the amount to be stored is larger than a Ha┞’s IapaIit┞.  

5.4.1.6. Graphics 

The remaining classes, Blocked spaces, Doors, Magasin, Map, Pillar and UI contains information such 

as coordinates and classification. The information is used to set the color of objects in the graphics of 

the warehouse, presented in Figure 9. The user interface consists of four different overviews, one for 

each of the warehouse building. Each overview presents the momentary utilization rate of the bays 

during the simulation.   
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Figure 9: Overview of the user interface for Magasin 1. Some of the bays in the figure are partly filled with orange, which 

corresponds to the momentary degree of utilization of the specific bay. A description of the fixed obstacles presented in the 

figure can be found in Chapter 5.3. 

5.4.1.7. Limitations & Simplifications 

The limitations and simplifications made during the development of the simulation model are 

presented below: 

 An order that should be picked according to a transport order, but is out of stock, is just 

recorded as a not stored yet event. 

 If the stored number of reels of a specific order is less than the requested amount, the 

requested amount is changed to the amount stored in the warehouse. 

 In a situation where the amount to pick on the last pick of an order differs from the amount 

stored, the number to pick is changed to the amount stored. 

 The cleaning function moves reels from the bays to surplus bays if an order occupies less 

than a predefined share of the bays total stack capacity, if they have been stored in the bay 

longer than a predefined time period. 

 All reels in the model can be stored in all bays, if there is capacity left and if the diameter 

allows storage of the reels. In the reality, reels with a width that exceeds 310 cm can only be 

stored in Magasin 4. 

5.4.2. Simulation experiments on the current and new set of bays 

The experiments have been conducted with the following differences. The current set consists of 

three bay types; single, where one order could be stored, small, where two orders could be stored 

and Surplus, where an unlimited number of orders could be stored. The new set, on the other hand, 

consists of only single and surplus bays with the same properties as in the current set. To evaluate 

the two sets of bays, several experiments were performed, presented in Table 16. Each experiment 

includes a simulation with either the current or the new set of bays. The frequency of the cleaning 

function is based on an estimation about the frequency of movements to surplus bays in the real 

system. The cleaning limits are based on estimations of the limits used in the real system, but with 

modifications to avoid interruptions during the simulation. This means that the cleaning limit is 

generally higher in the model compared to the real system. An interruption in the simulation 

experiments means that the warehouse in the model gets full because all bays are occupied. The 17 

experiments used the same input files, i.e. the production and transport orders appear at the same 

time, with the same attributes. 
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Table 16: The table presents the properties used in the experiments. The second column indicates which set of bays that 

was tested in the experiment. The third and fourth column indicates the cleaning frequency respectively cleaning limit used 

in the experiment.  

Experiment 

number 

Set of bays Days between orders are 

moved to surplus bays 

Cleaning limit  

1 Current 10 10 % 

2 New 10 10 % 

3 Current 10 15 % 

4 New 10 15 % 

5 Current 10 20 % 

6 New 10 20 % 

7 Current 10 25 % 

8 New 10 25 % 

9 Current 10 30 % 

10 New 10 30 % 

11 Current 5 10 % 

12 New 5 10 % 

13 Current 5 15 % 

14 Current 5 20 % 

15 Current 5 25 % 

16 Current 5 30 % 

17 New 0 0 % 

 

5.4.3. Results and analysis of the simulation 

To be able to analyze the result in detail there was a need for information about the number of 

stacks that are stored and picked from the warehouse. This information is presented in Figure 10 as 

the accumulating number of stacks in storage per day. 

 

Figure 10: The development of stored stacks during the simulated period for the current set of bays. The y-axis present the 

number of stored stacks for each day of the simulated period. As can be seen, the y-axis starts at 2000, which is the level 

reached after the warm up period. 
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Figure 10 presents the number of stacks stored in the warehouse during the simulated period with 

the current set of bays. However, as the current and new set of bays were tested with the same 

input data, the graph is identical for the new set. The 17 experiments were analyzed to investigate if 

the performance of the new set of bays is better than the current set. The number of customer 

orders that the simulation model could handle before interruption in each experiment is presented 

in Figure 11.  

 

Figure 11: The bar chart shows the number of handled customer orders in each simulation experiment before the simulation 

was interrupted, either because all historic data was handled or because all bays in the set were occupied. 

The total number of orders in the input data file was 16 262, which indicates that experiment 2, 4, 6, 

8, 9, 10, 12, 15 and 16 in Figure 11 was successful since they handled all customer orders. As can be 

seen, the alternative layout always performed better than the current layout with the same 

experiment settings, Table 16. When the simulations are interrupted without all customer orders 

being handled, it occurs somewhere between customer orders 12 650 and 12 871, which represent 

the period 2016-07-25 to 2016-08-01. The reason for this, as indicated in Figure 10, is a high increase 

in the accumulated number of stacks, which means that more stacks are produced than transported. 

Based on the results presented in Figure 11, experiment 12 and 15 were chosen for further analyses. 

They were chosen they have the same cleaning frequency, 5 days, and handle all production orders. 

The difference between the experiments is their respective cleaning limit; 10 % for experiment 12, 

and 25 % for experiment 15. The reason for the difference is that simulations of the current set 

needed a higher cleaning limit to handle all customer orders. The different cleaning limits is also an 

indication that the new set of bays is more robust. From now on, experiment 12 will be referred to 

as the new set of bays and experiment 15 as the current set of bays. A warm up period of two month 

and the end month are removed from the results as it does not correspond to the behavior of the 
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warehouse. The first evaluation of the two sets was to investigate the number of free bays during 

the studied period, presented in Figure 12. 

 

Figure 12: Number of free bays for each day and set during the studied period. The simulated date is presented on the x-axis 

and the number of free bays on the y-axis. A warm up period of 2 months and the end month are removed from the result 

as it does not correspond to the behavior of the warehouse. 

A bay is defined as free if no reels are stored in the bay. The results in Figure 12 clearly shows that 

the new set of bays has a higher number of free bays during the simulation. One reason for the 

result is the fact that the new set contains more bays the current set. Another possible reason that 

the bays are used more effectively with the new set. To further analyze the results in Figure 12, the 

number of free stacks in both simulations are presented in Figure 13.  

 

Figure 13: Number of stacks that could be used for storage, i.e. the stack capacity of all bays currently free. The dates are 

presented on the x-axis and the number of free bays on the y-axis.  

Free stacks are defined as the total stack capacity for all bays currently free in the simulation. As can 

be seen in Figure 13, the current set of bays has a higher number of free stacks for almost all days in 
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should be further analyzed by splitting the number of free stacks over the number of free bays. The 

result of the analysis is presented in Figure 14. 

 

 

Figure 14: The graph shows the average number of free stacks per free bay over the simulation period. The dates are 

presented on the x-axis and the number of stacks per bay on the y-axis. 

Figure 14 shows that the current set of bays has, for the whole simulation period, a higher number 

of free stacks per free bay than the new set. One could argue that this advocates the use of the 

current set of bays. However, the interpretation of the result in Figure 14 should be that the stack 

capacity is spread over more bays in the new set. This means that the average number of free stacks 

that gets occupied when selecting a bay is significantly higher for the current set. Hence, each 

allocation with the current set, will decrease the capacity more than with the new set. This result 

can be connected to the historical order data in Table 7, which shows that 68 % of the orders 

contains up to eight stacks. From Figure 14, this means that the new set of bays fits the order data 

better compared to the current set. 

To evaluate how the different sets of bays fit the orders stored, the average fill rate for all storage 

events during each day were calculated. The result is presented in Figure 15. 
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Figure 15: The average fill rates for the storage events during each day of the studied period, for both sets of bays. The y-

axis present the average fill rate for all storage events on each day as a value between 0 and 1, where 1 corresponds to a 

stack fill rate of 100%. 

Figure 15 is an indication that the new set of bays increases the utilization rate in the warehouse 

compared to the current set. This is a consequence of spreading the capacity over more bays. The 

figure shows that the new set of bays, in general, gives a higher utilization and less variance as the 

bays fits the order sizes better. To further investigate the difference in utilization rate between the 

sets, the intervals of the respective curves in Figure 15 are presented in Figure 16.  

 

Figure 16: The average fill rate for the current and the new set of bays for each production day. The line below the boxes 

represent 25 % of the values with the lowest utilization rate, the next 50 % of the values are visualized by the box, with the 

average value marked with a cross and the median represented by the horizontal line through the box. The remaining 25 % 

of the values are represented by the lines above the boxes and the dots in the graph represent outliers in the data. The 

outliers are values in the data that are ± 1.5 times the range of the corresponding interquartile. 
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The box plot in Figure 16 shows that the average utilization rate is higher and the variance is lower 

for the new set. However, the box plot does not show if there is a significant difference between the 

means of the utilization rate, hence, a paired t-test was done. The result of the t-test is presented in 

Table 17. 

Table 17: The table shows the result of a two-sided paired t-test of the utilization rates between the two sets, with assumed 

unequal variance. The assumption is based on the visual analysis of the graph in Figure 15. 

 Current utilization rate New utilization rate 

Mean value 0.615 0.775 

Variance 0.017 0.003 

Hypothesized mean difference 0 

Level of significance 0.05 

P-value, two-sided 1.7*10-118 

 

The null hypothesis of the t-test was that there is no difference between the mean values of the 

utilization rates. This means that if the p-value is less than the level of significance, the hypothesis 

about equal mean values can be rejected, i.e. there is a significant difference. As can be seen in 

Table 17, the p-value is 1.7*10-118, which is lower than the level of significance at 0.05, hence, the 

mean utilization rate is significantly higher for the new set of bays. Additionally, the variance of the 

utilization rate is more than five times smaller for the new set. 

During the simulation, the events was recorded and stored in the output file. The result presented 

above are based on the Picking and Production events found in the data set. The total number of 

each event during the whole simulated period (January 2015 – December 2016) is presented in Table 

18. 

Table 18: Number of occurrences of each event type during the simulated period. The events are described in Chapter 

5.4.1.5. 

Event type Current New 

Decreased amount to pick 921 921 

Last order changed  1 928 1 928 

Moved to surplus 4 445 1 133 

Not stored yet 308 308 

Picking 46 467 50 160 

Production 19 841 23 983 

 

All events with the exact same number of occurrence, regardless of which set, indicate that the 

model handles the different sets in the same way. This increases the credibility of the model. The 

number of stacks to surplus bays is higher for the current set compared to the new one. The main 

reason for this is that the current set of bays are simulated with a cleaning limit of 25 % compared to 

the new set of bays, that uses 10 %. Another reason is that the function moves more stacks from 

larger bays compared with smaller, as the cleaning limit is based on the bay capacity. The higher 

ﾐuﾏHeヴ of PiIkiﾐg aﾐd PヴoduItioﾐ e┗eﾐts ┘ith the ﾐe┘ set of Ha┞s is a IoﾐseケueﾐIe of the set’s 
generally smaller bays, which lead to more orders being stored in several bays. 
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5.5. Summary of the results 

In Table 19, some key indicators of the analyses and experiments are presented. 

Table 19: Summarized results from the analysis and experiments. 

 Current New 

Total number of bays in each set, including surplus bays 606 995 

Capacity to store stacks with diameter 125 cm 8 550 7 152 

Decreased stack capacity in relation to the current capacity 0 % 16.4 % 

Total effective storage area, i.e. the sum of all bay areas 17 963 m2 14 888 m2 

Decrease in effective storage area in relation to the current area 0 % 17.1 % 

Average utilization rate for all storage events 61.5 % 77.5 % 

Average utilization rate for all storage events, considering 

capacity decrease 

61.5 % 64.8 % 

 

The average utilization rate considering capacity decrease is based on the same data as the average 

fill rate for all storage events, but includes the decrease in capacity, 16.4 %, for the new set. As an 

easy way to increase the utilization rate is to decrease the capacity and the effective storage area, 

there was a need for a relative value to show the performance and potential of the new set of bays. 

Thus, the utilization rate for the new set was weighed with its proportion of the current stack 

capacity (0.775 * 0.836 = 0.648).  

In Table 20, the distribution of bays over the different parts of the warehouse is presented. The table 

is an exact copy of Table 12.  

Table 20: The distribution of bays in the new layout. 

Part of warehouse Number of bays per bay type 

2-stack 4-stack 8-stack 16-stack Surplus 

Magasin 1 97 76 33 75 2 

Magasin 2 17 101 86 61 0 

Magasin 3 94 54 17 94 2 

Magasin 4 58 72 27 27 2 

Total 266 303 163 257 6 

Proportions (%) 26.7 30.5 16.4 25.8 0.6 

 

The suggested layout with the distribution presented in Table 20 can be found in Appendix A. 
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6. Discussion 

This chapter contains a discussion regarding the implications and limitations of the result. 

6.1. Implications of the results 

As can be seen in Table 8, four different bay types were chosen and used in the new set of bays. The 

selection of bay types is a result of the historical order data, which includes a high variation of order 

quantities. The bay types are multiples of each other, which means that they can be easily 

combined, merged and divided to cope with future changes in the market. The chosen bay types also 

make it easy to change the layout in the warehouse, as elements of bays can be moved and replaced 

with other elements without affecting the stack capacity. However, if the market changes drastically, 

and the variance of the order sizes decreases, it could be more suitable to use a set of bays with less 

bay types. 

The set of bays presented in Table 11, is the required set to maintain the current stack capacity in 

the warehouse, according to the calculated proportions presented in Table 9. However, as the new 

bay types are generally smaller, hence, need more aisle space, the capacity could not be maintained. 

This also meant that the set, presented in Table 11, did not fit in the warehouse facility, and instead, 

the set presented in Table 12 was used as the new set in the experiments. 

The proportions for the different bay types in the set, presented in Table 9, is a result of an analysis 

of historical order data, where different combinations of bay types were matched with the order 

data. As can be seen in the table, some combinations are missing and the difference in capacity 

between adjacent combinations becomes larger with the capacity. There are two reasons for this; 

firstly, because it is reasonable to tolerate more unused capacity for larger order quantities, and 

secondly, because the internal production buffer increases with the order quantities.  

Figure 14 shows that the use of the current set of bays will lead to a higher amount of unused but 

occupied space in the bays, in comparison with the new set. The reason for this is that the new set is 

more suitable for the current order quantities, where about 68 % of the orders include up to eight 

stacks. The implication of this result is that as long as the market stays the same as the studied time 

period, the new set of bays is more suitable and preferred. 

The comparison between the sets also shows that the utilization rates in terms of stack capacity 

utilization is significantly higher for the new set. Also, Figure 16 and Table 17 show that the variance 

with the new set is less than for the current set, which implies that the new set is more suitable for 

the current market situation. The result also implies a lower need for manual operations in the 

warehouse allocation system, which in turn will lead to decreased costs for Braviken Papermill. 

6.2. Limitations of the results 

An issue with the simulation is that it is based on historical data, and no forecasts over future 

demand are considered. This means that the determined distribution of the bays might not 

represent the actual bay demand of future orders. However, as the bay types are multiples of each 

other, it enables adaption to future changes in demand due to the possibility to change number and 

capacity of the bays. The data used in the project consist of statistics from the packaging process 

that takes place directly after production. This means that any movements of reels between orders, 

disposals of damage reels or any other events after the packaging process are not considered in the 
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data. This could be one of the reasons why the demanded reels in the transport orders differs from 

the produced amount, as indicated in Table 18. To cope with these situations, a function was 

implemented that manipulates the demand so it corresponds to the produced number of reels. The 

implemented manipulation of the order data did not affect the result in any considerable way, as it 

was the same for all experiments. However, the difference between the model results and the real 

system could be increased with the manipulation of the data. But, as the purpose of the model was 

to find the difference in utilization rates between the two sets, and not the actual rates, the 

conclusions will become the same. 

The free stack capacity in the warehouse means the total stack capacity of all bays that are 

unoccupied. As soon as one or more reels were stored in a bay, the bay was considered occupied, 

aﾐd the Ha┞’s staIk IapaIit┞ was deducted from the free stack capacity. This was the case for all 

Ha┞s, iﾐIludiﾐg the さsﾏallざ in the current set, even if up to two orders can be stored in them 

simultaneously. This simplification affected the statistics about the number of free bays and the free 

stack capacity, which in turn affects the results for the current set. However, as the small bays only 

represent a small part of the total number of bays and as the functionality of the bays was not 

affected, it had only a limited effect on the result. 

Another issue in the model was that the rules and boundaries are relatively strict compared to the 

real system. The real system is more flexible as changes can be done manually by a human resource 

whenever it is considered necessary. One example is the stacking height, which was strictly set to 

672 cm in the model, but can be increased in the real system if necessary. Another difference in 

fle┝iHilit┞ is that oヴdeヴs ┘ith diffeヴeﾐt ヴeel diaﾏeteヴs Iaﾐ He stoヴed iﾐ the saﾏe さsﾏallざ Ha┞ iﾐ the 
real system, which was not the case in the ﾏodel. Iﾐ the ﾏodel, t┘o oヴdeヴs iﾐ the saﾏe さsﾏallざ Ha┞ 
had to be of the same diameter. As mentioned before, the purpose of the model was not to find an 

accurate measure of the utilization rate, but the difference between the two sets. This means that it 

did not affect the results in any substantial way, as the two sets used the same rules and boundaries. 

In the model, several activities are discrete while continuous in the real system. An example of this is 

the input of reels, where all reels of a production order enter the warehouse at the same time in the 

model. However, in the real system, reels from a production order enter the system in a continuous 

flow. This difference has impact on the result as a bay gets unoccupied faster in the real system than 

in the model. For example, if a boat is loaded with orders in the real system, the bays where these 

orders are stored will be available as soon as they are emptied. However, in the model, all these 

bays will be unavailable until all reels from all orders are picked.  The reason for this simplification is 

that the only available time data was the end time for a transport order, and not each specific 

customer order.  

The fill rates presented in the report were calculated as an average per day over all storage events 

during the day. This way of calculating the fill rate was chosen to be able to compare the current and 

new set of bays and at the same time get an indicator of how well the selected bays fitted the 

orders. A problem with the utilization rates used is that they are mean values over all storage events 

during a day. This means that the variation during a specific day were not considered, which affected 

the result. Also, the utilization rates were ﾐot ┘eighed depeﾐdiﾐg oﾐ the Ha┞’s IapaIit┞, which 

means that a utilization rate of 0.5 was equally valued for a 2-stack bay and a 16-stack bay. This 

affected the result, as it is reasonable to consider the actual storage space that is lost in the bays.  
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There are several rules, methods and boundaries in the real system that were simplified or excluded 

in the model. The different transport modes have impact on the allocation of bays in the real system, 

but were excluded in the model. The reason was that the constraints in the real allocation system 

are too loose to have any considerably impact on the allocation, which made the transport modes 

unnecessary to include in the model. When an order is produced, there is always a production 

buffer, which means that the order quantity can differ. Thus, the system reserves more storage 

space than the specified order quantity, which can affect the fill rate of the selected bays. However, 

in the model, the allocation was based on the exact number of produced reels, which gives a better 

fill rate in general. 

A final point regards the analysis of the experiments. The main part of the analysis was only based 

on two experiments, experiment 12 and 15. To make even more reliable conclusions, the analysis 

could include more of the experiments. However, to fairly evaluate and compare the two sets of 

bays, it was important that the prerequisites of the experiments were as similar as possible, and that 

both experiments handled all customer orders from the input data. 

One of the simplifications in the simulation model was to exclude the constraint that reels produced 

on PM53, with a width larger than 310 cm, only can be stored in Magasin 4. In the real system, this 

constraint substantially narrows the possible bays to use for other orders, as some bays in Magasin 4 

need to be reserved for wider reels. However, as elements of bays can be easily moved and 

combined in the new layout, there is a possibility to change the new set so it fits the constraints in a 

better way. 
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7. Conclusions 

In this project, a new set of bays was determined for the finished goods warehouse at Braviken 

Papermill. The set consists of four different types of bays together with a few special surplus bays. 

The capacities of the bay types are 2, 4, 8 and 16 stacks respectively, and each bay stores two lanes 

of stacks abreast, see Table 8. The required number of bays to maintain the current stack capacity 

was 1165, however, as smaller bays requires more space for aisles, the conclusive number was 995 

including surplus bays. The distribution of bays in the new layout can be found in Table 12, and the 

suggested layout can be found in Appendix A. The effective storage area was decreased with 17.1 %, 

and the stack capacity with 16.4 % in the new layout. It was found that the average utilization rate 

for the storage events with the new set of bays was significantly higher compared to the current set. 

A conclusion can be drawn that a decrease in effective storage space can be compensated by an 

increased utilization rate of the storage space. This means that it could be worth to decrease the 

storage space if it is certain that it will be used in a more effective way. Another conclusion is that it 

is beneficial with more and smaller bays in a market situation like the one of Holmen paper, with a 

large amount of small orders.    

The recommendation for Braviken Papermill to improve the warehouse process, is to implement a 

new warehouse layout, as the one suggested, as it decreases the need of manual material handling 

and allocation, increases the utilization of storage space and leads to lower costs. 

7.1. Suggestions for further research 

During the project, the project members have recognized the lack of research around block stacking 

warehouses in general, and especially within the paper industry. Hence, there is a need of further 

research, both in the direct scope of this project, but also in a broader sense. 

One suggestion for further research is to investigate and develop an allocation algorithm that is 

adapted for the market and warehouse situation in the paper industry. Such an investigation could 

be using the results in this project as a foundation, and develop an algorithm that is adapted for the 

developed layout.  

Another suggestion is to use the model developed during this project, and test it with forecasts of 

future demand. This will give answers whether the new set of bays determined is adapted for future 

market situations in the paper industry. The model could also be tested with data from other paper 

companies, to investigate whether it could be adapted on a general level in the industry, not just for 

a single papermill.  

The priorities used when allocating orders should be analyzed to get a robust allocations system with 

few exceptions. This will include priorities regarding which part of the warehouse to choose, the 

transport mode, the delivery date, order quantity etc., and which of the parameters that should be 

premiered or not. 
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Appendix A – Warehouse layouts 

This appendix presents the suggested new layout of the warehouse, divided into the different parts 

Magasin 1, 2, 3 and 4. The dark grey areas represent blocked space in the warehouse, which means 

that no bays can be placed in that area. However, all blocked space that are transparent in the 

figure, represents areas in which trucks can travel. The light grey areas represent areas where it is 

possible to place bays, but it is unappreciated. The beige areas represent either gateways to other 

parts of the warehouse or out of it. The black dots indicate roof pillars. 

Magasin 1 

 



 

 

Magasin 2 

 

 



 

 

Magasin 3 

 

  



 

 

Magasin 4 

 

 



 

 

Appendix B – Interview plan 

Interview Plan Master thesis Holmen Paper 

Interviewer:  Name of the interviewer(s) 

Respondent: Name, employment, contact information 

Relation: E.g. co-worker, manager, supervisor of the interviewer(s) 

Place of the interview: E.g. office incl. furniture 

Date: YY-MM-DD  

Time: HH:MM  

Purpose: The purpose of the interview 

Question area 1:  

 Questions: 

Question area 2: 

 Questions: 

Question area 3:  

 Questions: 

Background information: Important information about the topic of the interview 

Documentation: E.g. Word-document, documenting by hand 

Anonymity: Is it possible for the respondent to be anonymous? Does he/she want to be 

anonymous? 

Conclusion: How should the interview results be used? 

Feedback: The availability of the results to the respondent 

 

  



 

 

Appendix C – Interview form 

Interview form Master thesis Holmen Paper 

Respondent:    Date and time: 

Question 1: For how long have you worked at Braviken Papermill respectively in the finished goods 

warehouse? 

Question 2: What do you think about the current structure in the warehouse?  

Question 3: How wide should a warehouse aisle be according to you? Should to reel trucks have the 

possibility to meet? What do you think about the current aisle width?  

Question 4: How big should the area around loading bays for trucks be? What do you think about 

the current size?  

Question 5: How big should the loading square for boats be? What do you think about the current 

size?  

Question 6: What do you think about the current sizes of storage bays? Are they too narrow or too 

deep? How can de sizes of the bays be improved?  

Question 7: What do you think about the current set of bays, i.e. smaller vs. Larger bays? Should it 

be more or less of some bay type(s)? DO you feel that it is currently a lack of some bay types 

considering the size? 

Question 8: What do you think about the current disposition of the bays considering the size and the 

transport modes?  

Question 9: Do you feel that the distances of any picking orders are unreasonably long? For example 

retrieval in another part of the warehouse etc.?  

Question 10: Do you have any suggestions to improve the utilization rate in the bays and the 

warehouse?  

Question 11: How much extra space is needed for material handling of reels in the bays? Is the 

current extra margin sufficient or should it be changed?  


