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I. Abstract 

This Master Thesis described the development of an inventory and warehouse simulation model of 

the Central Distribution Center at Office Depot. This simulation model is used to optimize the 

relevant costs when shifting from a monthly to a weekly inventory review. The relevant costs consist 

of the fixed rates at the central warehouse and the required cost of capital invested in inventory. 

The cost is optimized by the introduction of a new decision variable; the Minimum Pallet Utilization. 

This variable is introduced to increase the average pallet utilization in the warehouse which 

decreases the warehouse operating expenses, but increases the average inventory. This trade-off is 

the central issue in this cost optimization study. This simulation study shows that significant cost 

savings can be achieved and shows the product characteristics for which a MPU optimization 

procedure is preferable or even required.  
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III. Management Summary 

Introduction 
This Master Thesis is the result of a six-month study at Office Depot. This study is the final step in 

completing my master Operations Management and Logistics at the Eindhoven University of 

Technology. Office Depot is one of the largest suppliers of office supplies around the world. The 

company was founded in 1986 in North America and expanded rapidly to the rest of the world. This 

study involves a cost optimizing and flexibility increasing research at the Central Distribution Center 

(CDC) at Office Depot, managed by the Supply Chain Europe department. The CDC delivers products 

to all local distribution centers across Europe. The CDC is fully dedicated to Private Brand products, 

of which a large fraction is manufactured in the Far East with long lead times.  

The CDC activities are outsourced to a third party who uses fixed rates per warehouse activity. These 

fixed rates are based on pallet handling instead of box handling, which implies that e.g. the inbound 

rate is charged per pallet not depending on the amount of boxes on the pallet. The same applies to 

the storage and outbound rates which suggests that increasing the pallet utilization could lead to a 

decrease in CDC operating expenses. However by increasing the average pallet utilization, the 

average inventory level will also increase which results in additional costs in the form of cost of 

capital invested in inventory. The CDC operating expenses versus the cost of capital invested in 

inventory is the central trade-off of this study. 

At the moment the inventory at the CDC is reviewed each month, where the Supply Chain Europe is 

department is interested in the profitability and feasibility of shifting to a weekly review. This desi re 

is based on the fact that with a shorter review period the safety stock requirements are lower and 

the flexibility is increased due to an increase in demand responsiveness. A clear problem definition 

resulted in a number of research questions. The main research question is: 

Under what conditions do CDC cost decreases occur when shifting from a monthly  

to a weekly review period? 

Next to the research questions a research objective is defined. The main research objective is:  

Develop a decision support tool to optimize the CDC costs when reviewing  

the inventory on a weekly basis  

As mentioned before, the average pallet utilization should be increased to optimize the CDC 

operating expenses taking into account the increase in cost of capital invested. To increase the 

average pallet utilization a new decision variable is introduced: Minimum Pallet Utilization (MPU). 

The MPU is defined as the minimum pallet utilization of all incoming pallets at the CDC taking into 

account that at the inbound handling a full  pallet is built before the workers start building a new 

pallet (standard policy at the third party). Thus when e.g. a pallet can store 50 boxes and the 

proposed order quantity is 60 boxes with a MPU of 0.50, the order quantity will be corrected to 75 

boxes (full pallet plus 0.50 times a full pallet). 
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Methodology and Research Design 
The book “Simulation Modelling and Analysis” written by Law (2007) provides the framework for this 

research project. Based on the characteristics of the system and the available data he proposes a 

number of ways to study a system. A thorough analysis of the system under consideration (the CDC) 

and its environment concluded in the decision to study the system using a simulation study. When 

choosing for a simulation approach, Law (2007) provides three dimensions to decide on the type of 

simulation model is most suitable for modelling the given system. This analysis resulted in the choice 

to model the Office Depot CDC as a discrete-event simulation model (Law, 2007). 

A conceptual model is developed and formed the basis for the simulation model. The simulation 

model consists of two standalone simulation models which are linked to each other and run 

synchronically. The first simulation model is an inventory control simulation model, which controls 

all the mutations to the physical inventory as well as the inventory position on a daily basis. The 

movements of the physical inventory are transferred to a second simulation model; the warehouse 

handling simulation model. Additionally a number of performance outputs are generated when 

running the simulation models which are in the end converted into the relevant costs. The 

simulation model is built in Microsoft Excel 2007. 

To answer the main research question and a number of additional research questions a base case 

scenario is designed. Later on the base case study is extended into a tri-dimensional study including 

three of the most important decision variables. The variables are demand magnitude, demand 

variation and pallet value. Pallet value is defined as the amount of units on a full pallet times the 

transfer price of a unit and is used to calculate the cost of capital invested in inventory. This tri-

dimensional study provides us with a decision support tool to decide on whether or not to review 

the CDC inventory on a weekly basis. Additionally two sensitivity analyses are conducted on the lead 

time variability and demand frequency in terms of demand occurrences per week. These result 

together with the tri-dimensional study form the basis for the developed decision support tool to 

decide the optimal MPU for a given set of product characteristics (main research objective). 

Results and Conclusions 
First the simulation outcomes showed a traceable behaviour of the average inventory which is 

converted into a mathematical model. This mathematical model consists of two formulas given in 

section 6.3.4 which provide the average inventory behaviour due to an increase in MPU. This 

mathematical model is tested on all the simulation results and performed very well and thus these 

formulas are concluded to reflect the average inventory behaviour. 

Next the main research question is answered to provide insight in the conditions under which a 

weekly review is profitable. The answer to the main research question is provided in the form of a 

decision support tool in which a scenario is linked to each combination of the three dimensions. Five 

different scenarios are defined as follows: 

Scenario 1: Weekly review will lead to additional costs 

Scenario 2: MPU optimization required to get a comparable result 

Scenario 3: MPU optimization required to get from extra costs to significant cost savings 
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Scenario 4: MPU optimization required for optimizing the cost savings 

Scenario 5: MPU optimization does not result in significant cost savings 

Here, scenario 1 and 2 represent all cases in which a weekly review is not recommended. Scenario 3, 

4 and 5 represent all cases in which a weekly review is preferred and thus profitable, where at 

scenario 3 a MPU optimization is an absolute requirement. The decision support tool is provided in 

four scenario graphs, which can be found in figures 34-37 in section 6.5. 

From the presented scenario graphs a number of interesting conclusions can easily be drawn. Some 

of these interesting conclusions are: 

- When shifting from a monthly to a weekly review on the extremely slow-moving products 

the CDC operating expenses increase heavily. The newly introduced MPU perfectly helps to 

get the costs to an optimal level which is less or equal than the relevant costs when 

reviewing each month in most cases. 

- The CDC operating expenses are always optimal if the MPU is set to 1, however the average 

inventory level will increase with half a full pallet which increases the cost of capital invested 

heavily, especially for low demand magnitudes. 

- Logically, with very low pallet values the optimal MPU is in most cases equal to 1. On the 

other hand, with very high pallet values a MPU optimization will not be required to get 

optimal costs for medium or high demand magnitudes (more than half a pallet per week). 

- A combination of low demand magnitude and high pallet value (less than 25% of a pallet 

demand per week with a pallet value of around € 4000)  will always result in additional costs 

when reviewed weekly instead of monthly. 

Next, the sensitivity analysis on the lead time resulted in an accurate mathematical approximation of 

the CDC storage expenses, where the inbound and outbound expenses remained the same as in the 

tri-dimensional results. The sensitivity analysis on the demand frequency resulted in an accurate 

mathematical approximation of the CDC outbound expenses, where the inbound and storage 

expenses are assumed to be the same.  

The resulting mathematical approximations in combination with the results of the tri-dimensional 

study are combined in a MPU optimization tool. This tool provides the total relevant costs behaviour 

over the MPU scale for a given set of input parameters. This tool is developed to meet the main 

research objective. 

In the end, the findings are applied to the Office Depot range of SKU’s. The potential cost savings for 

the SKU’s that are suitable for a weekly review policy is € 217.342,-, however only 55% of the SKU’s 

are suitable for a weekly review. Therefore, at the moment the aggregate volume is probably not 

large enough to guarantee full container shipments when reviewing these particular SKU’s on a 

weekly basis. This results in a number of recommendations to Office Depot presented in sections 8.2 

and 8.3. 
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1. Introduction 

Business nowadays is all about flexibility and service. Due to this trend efficient and effective supply 

chain management is getting very important in order to minimize the operating costs of a business. 

This study is about the operating expenses of a central warehouse at Office Depot which is mainly 

used for distributing private brand office supplies to the different European regions. A large fraction 

of these goods is manufactured offshore and thus supply chain management plays an important role 

in providing a good service to the end customer. 

1.1 Report Structure 
This report is the result of a six month graduation study at Office Depot. This first chapter is an 

introduction to the company, the supply chain under investigation and the cost structure of the 

supply chain. Chapter two provides a clear problem definition, including the research objectives and 

questions and a general approach to reach the objectives.  The third chapter is about the 

Methodology in which the choice for a simulation study is verified and further steps are summarized. 

The fourth chapter provides the completion of the conceptual model by providing the assumptions 

of the simulation model. Chapter five clarifies how the simulation model is built and describes the 

input and output parameters. Chapter six summarizes the results of the simulations performed by 

the simulation model where chapter seven applies the results to the case of Office Depot. Finally, 

chapter eight gives the conclusions of this study followed by the references, abbreviations list and 

appendices. 

1.2 Office Depot 
Office Depot is a worldwide supplier of a very wide and 

complete range of office supplies. The company was founded in 

1986 and expanded rapidly to become one of the world leaders 

in the branch nowadays. The Head Office is located in Boca 

Raton, Florida, United States of America. Office Depot is divided 

into three segments; North American Retail Division, North 

American Business Solutions Division and the International 

Division. The North American Retail Division includes all retail 

office supply stores in the U.S. and Canada. The North American 

Business Solutions Division sells office supply products and 

services directly to businesses (B2B) through catalogs, e-

commerce and a dedicated sales force. The International Division is responsible for customers and 

B2B sales through catalogs, e-commerce, dedicated sales forces and retail locations outside the U.S. 

and Canada. Office Depot Europe is responsible for the majority of the turnover of Office Depot 

International, however Office Depot International is also operating in China, India, Thailand 

(franchise), Australia (alliance), Middle East (franchise), Mexico (franchise), Argentina (alliance) and 

some other smaller countries outside Europe (L&D Introduction Training Report, 2010). 

Total Office Depot Turnover was $ 11.6 billion for the year 2010, which is a 4% decrease compared 

to the year 2009. The comprehensive loss attributable to Office Depot was $ 59 million over the year 

2010 (Annual Report, 2010). The North American Retail Division had almost $ 5.0 billion sales over 
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the year 2010, with an operating profit of $ 127.5 million (2.6%). The North American Business 

Solutions Division had $ 3.3 billion sales, with an operating profit of $ 96.5 million (2.9%). The 

International Division had close to $ 3.4 billion sales, with an operating profit of $ 110.8 million (3.3%) 

(Annual Report, 2010). 

E-business creates almost 40% of the total turnover, which makes Office Depot one of the world’s 

largest internet suppliers. Office Depot is active in over 50 countries and supplies through multiple 

channels, consisting of office supply stores, contract sales, telephone account management sales, e-

sales and catalogs (L&D Introduction Training Report, 2009). Office Depot's common stock is listed 

on the New York Stock Exchange under the symbol ODP and is included in the S&P 500 Index . Office 

Depot was also named the number 1 ‘Green Retailer’ of the Fortune 500 last year 

(www.officedepot.com). 

1.2.1 History of Office Depot 

Office Depot is a relatively young multinational; it was founded in 1986 by Pat Sher, Jack Kopkin  and 

Stephen Dougherty. They started out with a single retail store in Fort Lauderdale , Florida, and 

expanded quickly. Two years later Office Depot enters the NASDAQ stock exchange and in the 

meantime they grew to an impressive amount of 25 retail stores in seven different states. In 1994 

Office Depot starts exploring the international market with the opening of the first retail stores in 

Israel and Colombia. The year 1998 was a very important year for the company; the fusion with 

Viking Office Products took place. With the addition of one of the largest suppliers of office supplies 

in Europe and Australia, the International Division reached a turnover of more than $1 billion.  

In the 21st century Office Depot kept on expanding its territory, especially in Europe. They took over 

the leading European contract business company Guilbert S.A. in 2003 and from then on the 

European Business Services Division also starts growing very fast. A number of other takeovers in 

Europe in the recent years made Office Depot one of the largest suppliers in office supplies in 

Europe and nowadays they keep on growing with an increased focus on corporate citizenship and 

good care for our environment (L&D Introduction Training Report, 2009).  

1.2.2 Office Depot Private Brand 

A relatively new product range within Office Depot is Private Brand (hereafter referred to as PB). 

Implementation started 3 years ago by sourcing the manufacturing of own branded products to 

manufacturers in China and other Far East locations. PB sales in the United States of America, where 

this assortment is implemented 3 years earlier, suggests the growth potential of this market is very 

high. However, this development requires a different approach to supply chain management in 

contrast to the regular business of Office Depot. The regular business until then consisted of local 

procurement where vendors must deliver with high service degrees and short lead times. The PB 

supply chain includes the cooperation with manufacturers of the goods and shipping these goods to 

the regions with long lead times, where inventory control has a large influence on the service degree 

towards the end-customers. 
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With the introduction of PB a new 

Central Distribution Center (hereafter 

referred to as CDC) was opened in 

Belgium to support the PB supply chain 

operations in Europe. The CDC is fully 

dedicated to the PB range and acts as a 

safety stock buffer for the European 

Local Distribution Centers (hereafter 

referred to as LDC). With the 

introduction of the CDC an additional 

shipment method became available in 

addition to directly shipping the 

products to the LDC’s. The benefit of 

having a CDC in place is the ability for 

the LDC’s to place orders at the CDC 

with a short lead time instead of the 

long lead times they would experience 

when ordering at the Far East. The 

effect is a strongly increased flexibility 

and lower safety stock requirements for 

the LDC’s. Figure 1 shows the six 

different regions of Europe, including the locations of the CDC and LDC’s. Three LDC’s are classified 

as Regional Distribution Center (hereafter referred to as RDC) which will be discussed later on. The 

regions are DACHBNL, UK & Ireland, Eastern Europe, Southern Europe, France and Sweden. 

This study focuses on the PB range of products and therefore a short introduction on the PB supply 

chain will be presented. 

1.3 PB Supply Chain at Office Depot 
PB product shipments arriving in Europe can go through three different channels to reach a LDC; the 

final location before delivery to the customer in most cases, except for countries with retail locations. 

These three channels are referred to as ‘Direct Shipping’, ‘Direct Shipping with RDC Construction’ 

and ‘Indirect Shipping’. The ‘Direct Shipping’ methods are introduced for certain product ranges 

which are voluminous and/or fast movers to eliminate the additional costs of Indirect shipping. The 

logistic channel through which a product reaches the LDC i s fixed per product per LDC. Next the 

three different channels will be discussed in more detail.  

1.3.1 Direct Shipping to the LDC’s/RDC’s 

Direct shipments are distributed 

directly to the LDC’s. This option is 

feasible when a region demands a 

number of full container loads from a 

certain port in the Far East and thus no 

intermediate stop is required. This 

flow type is available for all LDC’s, if they are able to demand the aggregate quantities required for 

Direct shipping. In figure 2 the Direct shipping flow type is graphically shown. 

Figure 1. Region overview Office Depot Europe 

Figure 2. Direct shipping 
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The regions order with a review period of 4 weeks based on demand forecasts. Safety stock is held 

at each LDC to make sure the required service measure is obtained. Demand is directly delivered 

from the inventory at the LDC within 24 hours after the order is placed (except for furniture 

installation, which may take 5 days). However, lead times (time from ordering until delivery) for 

Direct shipments are very long (on average a month production lead time and a month shipment 

lead time). At the moment this shipping method is used for shipping chairs to all the regions and for 

some shipments to the U.K., France and Germany. 

In addition to the Direct shipment the “Direct Shipping with RDC Construction” is available in three 

regions; U.K. & Ireland, France and the DACHBNL. The RDC construction is only applicable in case of 

goods being consolidated for one region (buyer consolidation). For shipments via the CDC and for 

Full Container Loads directly from one vendor, these don't go via a RDC construction, but are 

delivered per LDC.   

Consolidated goods arrive at the RDC, 

where they are also stocked. The RDC in 

this construction holds the safety stock 

for the region and orders with a review 

period of four weeks. The safety stock 

in the RDC must cover for the long lead 

time of arriving goods from the Far East. 

The LDC’s are replenished on a daily 

basis and deliver to the customers. The 

RDC also has its customer base which 

must be served. In the DACHBNL region the RDC construction is only available for the two German 

DC’s, because of the difficulty in cross-border shipments from Germany to the other countries in 

that region. Figure 3 shows an example of the RDC Shipment method, where the situation in France 

is visualized. 

In case of a RDC shipment, Supply Chain Europe is only responsible for the Direct shipment to the 

regional RDC, thus orders are actually processed the same as a Direct shipment. The distribution of 

the products from the RDC to the LDC’s is a local responsibility.  The Direct Shipping method with 

RDC construction is introduced in 2010 and is up and running now in the U.K. and Germany. The 

implementation of this shipping method for France is in progress at the moment ( August, 2011). 

1.3.2 Direct Shipping Frequencies 2010 

To get some insight in the quantities shipped directly and indirectly the shipped containers over 

2010 are summarized in table 1 for the Direct shipments. In case of Direct shipping the destination 

port is located close to the destination LDC. LCL refers to Less than a Container Load, where 20GE, 

40GE and 40HC are container sizes from low to high capacity. The port of Southampton is only used 

in case of LCL’s, because a Container Freight Station is available there. The distinction Zeebrugge and 

Antwerp is present, because Antwerp cannot handle all ship si zes, where Zeebrugge can.  

 

 

Figure 3. Direct shipping with RDC construction (France) 
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Table 1. Direct shipping frequencies 2010 

 Shipping Frequency 2010 

LDC Destination 
Port 

LCL 20GE 40GE 40HC Total 
per port 

Madrid       

Ashton       

      
Lanken       

Grossostheim       
      

Hostivice       
Leicester       

 CONFIDENTIAL!  
Meung-sur-Loire       

Puurs       

      
St-Martin du Crau       

      
      

Siziano       
Zwolle       

      

Total per container type 

1.3.3 Indirect Flow Type Distribution 

In figure 4 the Indirect flow type is 

graphically shown. In case a LDC 

cannot be supplied from a RDC and 

they do not demand sufficient volume 

to apply for Direct Shipments, they 

are replenishment by the Indirect 

Flow Type Distribution model. These 

so-called ‘Indirect’ shipments pass 

through the CDC, located in xxxxxxxx, 

xxxxxxxx. The CDC operation is fully 

outsourced to xxxxxxxx. For the products that are shipped indirectly, safety stock is held at the CDC 

to guarantee a service level of 98% to the LDC’s. LDC’s are replenished on a weekly basis, while the 

inventory at the CDC is reviewed every 4 weeks. The CDC is able to supply all European LDC’s directly. 

For comparability of the shipment methods table 2 shows the shipping frequencies for the container 

going via the Indirect flow of goods over 2010. 

Table 2. Indirect shipping frequencies 

 Shipping Frequency 2010 

CDC Destination Port LCL 20GE 40GE 40HC Total per port 
Turnhout Antwerp      

Zeebrugge  CONFIDENTIAL!  
Rotterdam      

Total per container type      

Figure 4. Indirect shipment method 
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1.4 Cost Structure at Supply Chain Europe 
Figure 5 provides a cost pie of 

the Supply Chain Europe 

department (pie on top of the 

figure). The department is a 

cost center with a budget which 

is determined on a yearly basis. 

The budget for 2010 was 

xxxxxxxx and the costs were 

divided as can be seen in the 

pie chart. This pie chart gives a 

good indication of the relevancy 

of this study; CDC operating 

expenses were xx% over 2010 

for the Supply Chain Europe 

department. Looking more 

closely at the cost pie shows a 

much higher significance of the 

CDC expenses since the last 

four expenses also apply to the 

Direct and RDC shipments. It is 

assumed that these costs can 

be assigned to the Indirect 

shipments on the basis of the 

container ratio (table 1 and 2). 

The lower pie chart of figure 5 shows that xx% (x% + xx% + xx%) of the expenses assigned to Indirect 

shipping are CDC operating expenses. These CDC expenses are all-in, thus they also include rental of 

the building and all staff expenses at the CDC itself (except for the expenses of the staff of the Supply 

Chain Europe department).  

Exact details of the different expenses will be presented on the basis of the supply chain from down- 

to upstream. However, the last three expenses are caused over the whole supply chain. First, loss on 

exchange occurs due to the currency differences between the Chinese (Yuan), European (Euro) and 

the U.S. Dollar (used for worldwide business). The second expense is the intercompany interest. A 

fixed interest percentage (xxx% for 2010) should be paid over requested investment from the 

Finance Department for e.g. the required inventory in the CDC. Finally the miscellaneous expenses 

consist of all overhead expenses and personnel costs of the Supply Chain Europe department. 

Next the remaining expenses will be discussed in more detail by selecting each part of the complete 

supply chain of the Indirect shipping method. The silhouette in figure 6 on the next page gives an 

impression of the supply chain from manufacturer until the delivery at the end customer. This 

silhouette is broken down in pieces, where each piece represents a component of the total expenses 

of the supply chain. 

  

Figure 5. Cost pie SC Europe 2010 
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1.4.1 Purchasing price 

The purchasing price agreed with 

the supplier is based on FOB terms. 

FOB stands for ‘Free On Board’ and 

includes that the supplier is 

responsible for delivering the 

goods to the origin port. In case no 

consolidation is required, xxx 

delivers containers to a supplier 

who builds the container and thus ready-to-ship containers are delivered to the port. In figure 9 the 

boundaries of the purchasing price are graphically shown. The purchasing price is of course not a 

cost factor generated by Office Depot and therefore not shown in the pie chart of figure 7. However 

it does form the basis on which the transfer price to the regions is calculated. 

1.4.2 Sea Freight Charges (xx% of Supply Chain Europe Expenses) 

The sea freight costs are fixed all-in rates which depend on the container size (20GE, 40GE, 40HC), 

the origin port and the destination port. The boundaries of the sea freight costs are graphically 

shown in figure 8. 

The fixed sea freight rates include a large number of charges; Terminal handling charges, Terminal 

security fee, Carrier security fee, Destination terminal fee, on carriage fee, provision fee, bunker 

charge (fuel), currency charge, Suez canal charge, Gulf of Aden charge, Peak season surcharge and 

Overweight surcharge. After arrival at the destination port the containers are unloaded and the 

demurrage time starts counting. Each port has a number of free days for demurrage but after those 

days a rate per day is charged, which is substantially higher than the average storage costs. Thus the 

LDC’s must make sure they plan to unload each container within the free demurrage time. 

Next to the sea freight, the port-to-door transport is also included in the xxx invoices of the sea 

freight transport. These rates are fixed for each route per container type (on some routes container 

type has no influence), thus also for the Direct shipping method to all the LDC’s. In some cases CFS 

handling (Container Freight Station) is required at the originating port to guarantee cost efficient 

transport (consolidation to full containers). The CFS Loading Fee depends on the volume that needs 

to be consolidated. The fee is also dependent on the port where the goods are consolidated. 

Figure 6. Supply chain silhouette 

Figure 7. Purchasing price boundaries 

Figure 8. Sea freight charge boundaries 
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Additionally to the sea freight charge some additional fees need to be paid. First, customs 

documentation is charged per container. Second, an administration fee is charged for each invoice. 

Third, ENS Filing is charged per container, which stands for European Newimportcontrol System. 

Finally the Partner Allowance for Office Depot China and freight insurance must be paid, which 

consist of xxx% and xxx% of the FOB price respectively. 

1.4.3 CDC Warehousing Costs (xx% of Supply Chain Europe Expenses) 

Warehousing at the CDC in 

xxxxxxxx consists of a number of 

handlings required to perform 

the inbound, storage and 

outbound logistics. The 

boundaries of the CDC 

warehousing operation are from 

the point of container arrival until the moment the outbound truck is loaded (see figure 9). 

Containers arrive loosely loaded (master cartons) and need to be unloaded in three hours, else 

additional waiting hour rates are accounted to the Sea Freight invoice.  

In the CDC three standard occupancy measures are used; T1, T2 and T3. T1 is the standard Euro-

pallet size, which is 120cm*800cm*150cm (Length*Width*Height). For the T2 measure the width is 

between 80cm and 160cm. For the T3 measure the width is between 160cm and 240cm. 

Inbound operations (x% of Supply Chain Europe Expenses) 

As mentioned, goods arrive in loosely loaded containers. On arrival the container is unloaded and 

the goods are palletized, where per pallet only one SKU is placed. The cost driver for this activity is 

inbound carton, where the rate depends on the number of cartons per pallet. Once palletizing is 

finished some wrapping material is wrapped around it and an identification label is applied to the 

pallet, containing the PO, SKU, quantity and some other information. Once labeled and scanned the 

pallet is ready for storage. The inbound process is charged per inbound pallet. Inbound activities, 

cost drivers and rates are summarized in table 3. 

Table 3. Inbound handling rates 

Activity Cost driver Rate (€ per cost 
driver unit) 

Restriction 

Palletize inbound 
goods 

Carton 
inbound 

  

Palletize inbound 
goods 

Carton 
inbound 

  

Palletize inbound 
goods 

Carton 
inbound 

  

Palletize inbound 
goods 

Carton 
inbound 

CONFIDENTIAL! 

Palletize inbound 
goods T2 

Carton 
inbound 

  

Pallet inbound T1 Pallet inbound   
Pallet inbound T2 Pallet inbound   

Pallet inbound T3 Pallet inbound   

Figure 9. Warehousing costs boundaries 
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In some special cases goods do not fit on a standard sized Euro-pallet (T1) and need special attention. 

If the length of a carton falls within the T2 range or the weight of one carton is larger than 25 kgs the 

goods are handled as T2 goods. The inbound of T3 goods is not palletized, because these are 

exceptional goods which arrive palletized and packed already, thus only the Pallet inbound charge is 

applicable here. 

Storage (xx% of Supply Chain Europe Expenses) 

Palletized goods from inbound are directly put into storage, thus no additional pallet rebuilding is 

done. Pallets are stored per SKU per PO, which implies that it is possible to have for example three 

non-full pallets in storage of the same SKU. The costs charged for storage depends on the pallet type 

and invoicing is done per month, based on an average of daily inventory screenshots. The rates are 

presented in table 4. 

Table 4. Storage rates 

Pallet type Cost driver Storage rate (€ per calenderday) 
T1 Pallet in storage  

CONFIDENTIAL! T2 Pallet in storage 
T3 Pallet in storage 

Outbound operations (xx% of Supply Chain Europe Expenses) 

The outbound operations start on the arrival of a SO from a LDC. To streamline the operations each 

LDC has a weekly deadline for placing a PO, so that operations at the LDC do not delay due to a lack 

of capacity. A SO consists of order lines, where the system decides for each order line whether it is a 

full pallet pick or carton picking. It is for example possible that a non-full pallet is available in storage 

which satisfies the needs on a certain order line, which results in a full pallet pick for that order line. 

For efficiency gain, full pallet picks which are actually not full pallets can be put together to form a 

mixed pallet. In case carton picking is required a mixed pallet is built, where the rates are charged 

per picking location in the warehouse (thus per SKU). 

Each picked pallet is packed and labeled before it is ready for shipment. For each outbound pallet, 

packaging material is charged. The packing of full pallets is not charged because this is included in 

the charging of the packaging materials. If for a certain order a pallet with less than one layer is 

present, the cartons are charged as parcels. Parcel charges are charged per carton, where each 

carton is handled separately. For packing a parcel a parcel packing rate is applied, which includes 

wrapping foil and shipping label. 

Finally the pallets are loaded on a truck, where an outbound loading rate is charged per parcel/pallet. 

In table 5 (next page) all the outbound operations rates are presented, including their cost drivers. 

As can be seen, for outbound it is also possible to pick T2 cartons and loading. T3 picking is not 

possible, because these are always on full pallets. 
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Figure 11. Rate per pallet place for different truck utilizations 

Table 5. Outbound handling rates 

Activity Cost driver Rate (€ per cost driver unit) 

Picking carton Picking  location (SKU)  
Picking carton T2 Unit picked  

Picking full pallet T1 Pallet outbound  

Picking full pallet T2 Pallet outbound  
Picking full pallet T3 Pallet outbound  

Packing parcel Parcel outbound CONFIDENTIAL! 
Packing picked pallet Pallet outbound  

Parcel outbound loading Parcel outbound  
Pallet outbound loading T1 Pallet outbound  

Pallet outbound loading T2 Pallet outbound  

Pallet outbound loading T3 Pallet outbound  
Packaging material (foil, label) Pallet outbound  

1.4.4 Distribution Expenses CDC to LDC’s (xx% of Supply Chain Europe Expenses) 

The costs of transporting the goods 

from the CDC to the LDC’s are also 

based on fixed all-in rates. The rate 

depends on the destination LDC and 

the number of pallets transported. 

The boundaries of the trucking 

activities start at the moment the 

truck is loaded at the CDC and end at the moment the truck is unloaded at the LDC (figure 10). 

The rate per pallet, of 

course, has a decreasing 

trend when increasing the 

total number of pallets per 

truck load. This decreasing 

trend is shown in figure 11; 

this graph shows the rate 

per pallet for each 

destination LDC on the 

basis of the truck load. The 

number of pallets in the 

truck can differ from the pallet outbound loading at the CDC, because in a lot of cases it is possible 

to stack pallets on each other to decrease the space utilized in a truck. A remarkable observation is 

the presence of sudden spikes in the decreasing trend, however these are caused by the swift to 

another truck type. Additional expenses to the fixed route charges are pallet return costs, custom 

charges for Switzerland shipments, extended loading time charges and, if necessary, additional 

charges for shipping on the weekend or holidays. 

 

 

  

Figure 10. Distribution expenses boundaries 
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1.4.5 LDC Local Costs 

At the moment the truck arrives at the LDC, 

local costs start to occur. Local costs include 

the LDC warehousing operations (inbound, 

storage and outbound logistics) and the 

delivery of orders to the end customers. For 

Direct delivery the palletizing of goods also 

is part of the local costs. Finally, the duties 

are also part of the local accounts, this is 

the case because goods stored in the CDC are not officially arrived in Europe; the duty is booked at 

the moment the goods arrive at the LDC. The local costs are not part of the budget of the Supply 

Chain Europe department and are therefore not shown in the pie chart of figure 5. 

  

Figure 12. Local cost boundaries 
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2. Research Project 

This research project will focus on the CDC operations from a cost perspective. In the end, cost 

reductions are the final objective, where the service towards the CDC customers (the LDC’s) should 

not decrease. First the problem is defined, next the research objective is discussed in combination 

with the research questions and finally the project approach is presented.  

2.1 Problem Definition 
At the moment Office Depot is experiencing relatively high stock levels and low demand 

responsiveness for the products sourced in the Far East. The main cause for these undesirable 

performance indicators is the length of the replenishment lead time and the monthly review period. 

Replenishment lead time can be defined as the time it takes from the moment of placing an order 

until it is physically ready for satisfying customer demand (Silver, Pyke & Peterson; 1998). The main 

contributors to the long replenishment lead time are the production lead time at the vendor and the 

shipping time, which is approximately one month for Far East shipments. Appendix A provides an 

overview of the replenishment lead times per vendor and the amount of SKU’s stored in the CDC for 

each of the vendors.  

In order to decrease the stock levels and increase the demand responsiveness two major options are 

available; reduce the review period and/or reduce/eliminate the vendor production lead time. 

However, when reducing the review period a negative side effect might occur; disappointing 

decreases or maybe even increases in CDC operation costs. This expected effect is caused by the 

storage method utilized at the CDC, where cartons are stored on pallets per arriving container and 

costs are charged per pallet in storage. This storage method in combination with smaller purchase 

order quantities due to the shorter review period might have a negative effect on inbound operating 

costs, storage costs and also outbound operating costs.  

This study will focus on analysing the magnitude of these expected negative effects when reviewing 

the stock at the CDC more frequently. In an effort to suppress the negative side effects, a Minimum 

Pallet Utilization (hereafter referred to as MPU) will be introduced to increase the cost efficiency of 

reviewing the inventory on a weekly basis. This introduction will lead to higher physical inventories, 

however might be more cost efficient. The Cost trade-off here is the operating and inventory costs 

at the CDC against the internal interest rate on the goods in inventory.  

Next to the review period the replenishment lead time should also be reduced to positively influence 

the performance. However, a reduction in shipping time is hard to realize due to the dependence on 

long haul shipping developments. Therefore, Office Depot should focus on reducing or even 

eliminating the production lead time in cooperation with their vendors. Getting the vendor to shift 

from a make-to-order to a make-to-stock policy could be a solution here. Another solution is the 

introduction of an additional stock point in the Far East.  

Additionally a lot of products have Minimum Order Quantities (hereafter referred to as MOQ) set by 

the vendor. For a majority of the vendors these MOQ’s are explicit per SKU.  Office Depot is 

interested in the additional costs they have by having to work with these MOQs. The reason vendors 

(have to) use MOQs often lay in cost efficiency at their production runs due to setup time and costs. 
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With the introduction of make-to-stock at the vendors or an additional inventory point at the origin 

ports a MOQ is no longer required, since in that case make-to-stock is applicable instead of make-to-

order where a MOQ does play a role. 

2.2 Research Objective and Questions 
The objective of this research project is to get more insight in the cost behavior of the CDC 

operations. Especially when shifting to a shorter review period, the costs may behave in the opposite 

direction of what was intended to. Therefore the first research question is: 

Under what conditions do CDC cost decreases occur when shifting from a monthly  

to a weekly review period? 

In this context ‘CDC costs’ also apply to the cost of capital invested in inventory. The behaviour is 

expected to be dependent on a number of factors; demand magnitude, demand variation, lead time, 

demand frequency and value density of the products. Three of these characteristics will be analysed 

thoroughly where the other two will be included in a sensitivity analysis presented further on. Thus 

three additional research questions are: 

What is the effect of the following characteristics on the CDC operating expenses when shifting from 

a monthly to a weekly review period?: 

Demand magnitude - Demand variation - Value density 

In an effort to optimize the cost savings when shifting from a monthly to a weekly review period a 

fourth decision variable is introduced: the 

‘Minimum Pallet Utilization’. This MPU should 

result in a higher average pallet utilization 

which may result in less CDC operation costs. 

The proposed MPU can be defined as the 

minimum amount of units which should be on 

each inbound pallet at the CDC, taking into 

account that a pallet should be full first in 

order to start building the next pallet at the 

inbound process. Table 6 illustrates the effect 

of a MPU on the proposed purchase order quantities.  

The two remaining demand characteristics will be analysed in a sensitivity analysis taking into 

account the MPU optimization. This results in two additional research questions: 

What is the effect of the lead time variation on the optimization of the CDC operating  

expenses with a weekly review period? 

What is the effect of the demand frequency on the optimization of the CDC operating  

expenses with a weekly review period? 

The presented research questions and analysis results in the main research objective of this study: 

Develop a decision support tool to optimize the CDC costs when reviewing  

the inventory on a weekly basis  

Pallet Capacity = 600; MPU = 450 
Proposed 
order quantity 

Corrected 
order quantity 

Pallet quantities 

25 450 450 
500 500 500 

780 1050 600 + 450 

1090 1090 600 + 490 
1250 1650 600 + 600 + 450 

1760 1760 600 + 600 + 560 

Table 6. MPU examples 
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Additionally Office Depot is also interested in the extra costs they have when a vendor has set a 

MOQ. A high MOQ results in less frequent order moment and higher order quantities. As a result the 

average physical stock will increase and thus also the money tied up in inventory. The MOQ could be 

eliminated by the introduction of a make-to-stock policy at the vendor or an additional stock point in 

the Far East. Another effect of this introduction is the elimination of the production lead time, which 

will also have a positive effect on the average physical inventory at the CDC due to the lower safety 

stock requirements. However, an additional stock point in the Far East or at the vendor does not 

only have a positive effect overall; it does result in inventory management challenges in the Far East. 

The effect under investigation here is the lead time sensitivity. The MOQ issue results in the 

following additional research questions: 

What is the effect of a vendor-set Minimum Order Quantities on the CDC operation costs? 

2.3 Project Approach 
The scope of the study can be summarized in a single sentence; the CDC operating expenses and 

cost of capital for PB products shipped 

indirectly to the LDC’s originating from 

offshore vendors. The system under 

investigation is the CDC of Office Depot, 

where a system can be defined as a 

facility or process of interest. In order to 

study a system scientifically one often 

has to make assumptions about its 

behavior, which results in a 

representation of reality; a model (Law, 

2007). This is actually the first step in 

deciding how to study a system assuming 

experimenting with the actual system is 

costly. Law (2007) presented figure 13 as 

the different ways to study a system. 

The next question to be answered is whether to model the system physically or mathematically. 

Physical models are mainly efficient for studying certain handling operations or physical effects, such 

as a wind tunnel, material handling efficiency, flight simulator, etc. This system consists of different 

variables (demand, inventory, cost rates, etc.) linked to each other by logical relationships, 

implicating a mathematical model is the right choice. 

The final choice is that between an analytical solution or a simulation study. An analytical solution is 

found by the use of mathematical methods to obtain exact information on the research questions. 

However most real-world systems are too complex to allow realistic models to be evaluated 

analytically and therefore these models must be studied by means of simulation (Law, 2007). The 

first step of this study is therefore to find out if the research questions can be solved analytically and 

if that is not possible a simulation study should be designed. This first step will be conducted in the 

next chapter, methodology, in which also the further approach of the study is presented depending 

on the results of the ability to solve the problems analytically.  

Figure 13. Different ways to study a system (Law, 2007) 
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3. Methodology 

The main question in deciding whether the problem should be solved analytically or by simulation is 

whether the problem is not to complex to be solved analytically. The preference for an analytical 

solution is due to the fact that an analytical approach is often less time- and cost-intensive and gives 

an exact solution (Law, 2007). First, the relevant cost factors should be identified, because adding all 

CDC charges to the model makes the model more complex than is required to solve the problem. 

With the identified relevant cost factors the mathematical complexity is analyzed and the decision 

whether the problem will be solved analytically or by simulation can be answered. Finally, the 

further approach for the study will be given. 

3.1 Relevant Cost Factors 
The relevant cost factors which should be included in the mathematical model are those costs that 

may change when adopting the review period and thus the arriving goods flow at the CDC. Also 

included in the mathematical model is the insertion of a MOQ and the elimination of the production 

lead time in case of VMI. In general, these changes have an impact on the incoming goods flow in 

terms of quantities per shipment and shipment arriving frequencies.  

For the inbound process the relevant cost factors are the “Pallet Inbound” rates, because the pallet 

utilization is affected by the order frequency due to the probable smaller amount per incoming 

shipment in case of more frequent ordering. The “Palletize Inbound” rates are irrelevant for the 

simulation, since they are charged per carton and the overall amount of incoming cartons should 

remain the same on the long term (equal to the outgoing flow).  

Logically, the storage costs are relevant, because in the end the objective is to reduce the total costs 

and a majority of these savings will come from a decrease in pallet places occupied in the CDC. 

Another important aspect concerning the storage rates is that they apply to occupied pallet places, 

no matter if the pallet is fully utilized or not. 

The outflow of goods remains the same, since it is fully dependent on the ordering process of the 

LDC’s. The proposed changes might only have an effect on the picking process, in particular, the 

number of required picking locations (cost driver of picking process). All other outbound activities 

remain unchanged and are thus considered irrelevant for this simulation study. 

On top of the processes at the CDC another important cost factor must be taken into account; the 

cost of capital invested at Office Depot. An internal interest rate is charged on all invested capital in 

the inventory at the CDC. Table 7 provides an overview of the relevant CDC rates, including the cost 

drivers and rate per cost driver. 

 

 

 

 



The Introduction of a Minimum Pallet Utilization to Optimize the CDC Operating Expenses when Shifting to a Weekly Review Peri od 

- 16 - 
 

Table 7. Relevant cost factors 

Process Activity Cost driver Rate 

Inbound Pallet inbound handling T1 Pallet inbound  
Pallet inbound handling T2 Pallet inbound  

Pallet inbound handling T3 Pallet inbound  

Storage T1 Storage Pallet in storage  
T2 Storage Pallet in storage  

T3 Storage Pallet in storage CONFIDENTIAL! 
Outbound Picking carton Picking  location (SKU)  

Picking carton T2 Unit picked  
Picking full pallet T1 Pallet outbound  

Picking full pallet T2 Pallet outbound  

Picking full pallet T3 Pallet outbound  
Internal 
Finance 

Internal interest rate at 
Office Depot 

€ invested in inventory  

3.2 Mathematical Complexity 
Figure 14 shows a graphical representation of the relevant processes and costs for providing an 

answer to the research questions. One can observe that incoming goods are stored per purchase 

order (PO) and thus it is possible to have two pallets in storage which would be a full pallet if stacked 

together. Incoming orders first go through the full pallet pick check, which attempt to fulfil as much 

of the order quantity as possible with pallets available in storage. This check starts at the pallet 

which was put in storage first and follows the FIFO principle to check all available pallets. The 

remaining quantity is picked from the ground location. In case the ground location becomes empty 

the first available pallet according to FIFO is picked and put on the ground locat ion. Finally, the 

inventory holding costs are charged per month on the basis of a daily pallet occupation average over 

the whole CDC. 

Figure 14. Order picking process 
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Figure 15. Demand shifting example 

Incoming orders arrive on a daily basis according to a fixed schedule to smoothen the workload at 

the CDC. This demand pattern brings in some complexity because of two reasons; first the incoming 

orders are of very different magnitudes due to the market shares in the different countries. This 

brings in complexity because the 

costs should be investigated on an 

order-basis and not on average 

order sizes due to the picking 

process. The second reason is that a 

lot of the PB products are slow 

movers and locally categorized in 

order to only order these products 

e.g. once per month or 2 months. 

However, to come up with a 

generalization of the effects of the 

material handling method at the CDC 

the demand size will be assumed to 

follow a certain probability distribution. The consequence of this decision could be that the Office 

Depot SKU’s will have a higher variability than is really the case. This is caused by the demand size 

actually being the combination of multiple order size distributions due to the different LDC’s 

ordering the same SKU’s. In the end a complete sensitivity analysis is done on the demand variability 

which will give a complete understanding of the influence of this characteristic on the expenses.  

Assuming the demand follows a certain distribution some other mathematical complexities occur. 

An important issue are the pallet quantities in storage, which are relevant to calculate the inventory 

holding costs and especially the outbound picking costs. If, for example, the demand is normally 

distributed and the inventory is reviewed weekly, the order size distribution is not easily calculated. 

This is graphically shown in figure 15, where the normal demand curve is presented with vertical 

lines representing full pallet values and full pallet plus MPU values. In the figure all demand 

probabilities occurring in the green areas will result in an increased order size (shifted to the nearest 

red line to the right). Additionally, every time an order size is increased due to the MPU, the required 

order size for the next period will decrease because one is offering above required. 

The inventory holding costs can be calculated by dividing the average inventory by the average pallet 

quantity, which is quite simple. However, the picking costs are a lot more complex due to the picking 

method. First the full pallet picks occur if possible, thus to calculate it mathematically one needs the 

probabilities of picking one, two or more pallets from storage including the picked amounts. This 

must be done by combining the demand probabilities and the pallet quantity distribution, w hich is 

mathematically complex. Additionally the probability of picking the last carton from a ground 

location is needed to calculate the switching costs. 

Due to the above described mathematical complexity a simulation model is required for the study. 
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3.3 Three Dimensions of Simulation Models 
To determine the required tools for the simulation model it is useful to classify simulation models 

along three different dimensions. The first dimension is static versus dynamic simulation models 

(Law, 2007). A static model is a representation of a system at a particular point in time; a snapshot. 

On the other hand, a dynamic model evolves over time. Since in the analysis of an inventory system 

time plays an important role, a dynamic model suits best. 

The second dimension is deterministic versus stochastic simulation models (Law, 2007). A 

deterministic model is a model which has zero probabilistic elements and thus always gives an exact 

solution. However, in analysing an inventory system demand plays an important role and demand is 

often stochastic. Therefore a stochastic model fits this situation best, because if the results do not 

include random inputs, the output is hardly comparable to what would happen in the actual 

environment. 

The last dimension is continuous versus discrete simulations models (Law, 2007). Continuous 

simulation requires state variables to change continuously over time. These models typically involve 

differential equations that represent relationships for the rates of change of the state variables over 

time. However in an inventory system the key performance indicators and cost factors can be 

summarized on a daily basis and thus a discrete simulation model is sufficient.  

The three choices among the dimensions given by Law (2007) result in a discrete-event simulation 

model. Time is represented with the use of a fixed-increment time advance of one day. Each day 

should be checked if inventory needs a review as well as the inventory level, amount of picking 

locations, amount of inbound pallets, amount of pallet places occupied and some variables to 

determine the key performance indicators (service measures in this case).  

3.4 Advantages and Disadvantages of Simulation 
Finding solution to problems by using simulation models has of course advantages and 

disadvantages. The main advantages of simulation according to Law (2007) are summarized next. 

First, most complex, real-world systems with stochastic elements cannot be accurately described by 

analytical relationships and therefore simulation is often the only possibility to get to a solution. 

Second, simulation can also give insight in how an existing system would perform under particular 

operating conditions, as also different system designs could be compared using simulation results. 

Third, in a simulation the experimental conditions could be controlled much better than with 

experimenting with the actual system itself. Finally, simulation is very useful to analyze a system 

over a long time horizon, since the time needed for the simulation is often negligible in comparison 

to the time horizon over which the simulated system is analyzed. 

Of course there are also downsides to the use of simulation as a problem-solving tool. The main 

disadvantages of simulation according to Law (2007) are summarized next. First, simulation of a 

stochastic system gives only estimates of the system’s true characteristics for a particular set of 

input parameters. Several independent runs are often required with a sufficient amount of time 

covered by the simulation to give reliable results. Second, simulation models are often expensive 

and time-consuming to develop. Finally, the large volume of numbers produced by a simulation 

study or the persuasive impact of a realistic animation often creates a tendency to place greater 

confidence in a study’s results than is justified. 
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3.5 Steps in a Simulation Study 
When performing a study it is important to work in a structured way. For simulation studies in 

particular Law (2007) proposes a number of steps to perform a simulation study whi ch will form the 

basis for this study. The steps are shown in figure 16 and will be 

shortly described next. 

1. Formulate problem and plan the study 

The problem of interest is often stated by a 

manager and in several meetings with 

stakeholders the overall objective of the study 

should be discussed. Also the research questions, 

performance measures, scope of the model, 

system configurations and time frame should be 

discussed. Finally the software should be selected, 

which is Microsoft Office Excel 2007 in this study. 

This step is described in chapter 1 and 2. 

2. Collect data and define a model 

Information and data should be collected on the 

system structure and operating procedures. The 

assumptions should also be written down and 

verified. This step is mainly described in chapter 1, 

3 and 4. 

3. Conceptual model valid? 

A structured walk-through of the assumptions 

with managers, analysts, etc. helps to validate 

the assumptions. This step is described in chapter 

4. 

4. Construct a computer program and verify 

The model should be programmed in simulation 

software (Microsoft Excel 2007). This step is 

described in chapter 5. 

5. Make pilot runs 

Test runs should be made for validation purposes. 

6. Programmed model valid? 

The validation process is described in chapter 5.5. 

7. Design experiments 

8. Make production runs 

9. Analyze output data 

Steps 7,8 and 9 are summarized in chapter 6. This 

chapter is all about the design of the experiments, 

the output retrieved and the conclusions drawn 

from these results. 

10. Document, present and use results 

Figure 16. Steps in a simulation study 
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4. Conceptual Model 

The documentation of all model concepts, assumptions, algorithms and data summaries can help to 

prevent miscommunications from affecting the credibility of the simulation model (Law, 2007). Most 

of the model concepts and warehouse algorithms have already been discussed in earlier chapters, 

except for the assumptions of the simulation model. These assumptions will be discussed in this 

chapter. Next to the assumptions the inventory reviewing process will be discussed and finally a 

hypothesis will be given about what is expected to be the outcome of this simulation study.  

4.1 Assumptions  
The assumptions for the to-be-designed simulation model are thoroughly discussed with the CDC 

warehouse operator, inventory planner at Office Depot and the department manager at Office 

Depot. 

- Lead times are assumed to be constant and given. In reality however, this is not always the 

case since the total lead time consists of production lead time, truck delivery to the origin 

port, customs and handling time, shipment lead time, again customs and handling time and 

finally truck delivery to the CDC. This assumption can be eliminated by replacing the fixed 

integer with a stochastic distribution.  

- Replenishment occurs at the beginning of the day (due date) and is immediately available  for 

picking upon arrival at the CDC. 

- All orders which cannot be delivered directly from the inventory will be backordered. This 

100% backordering rule is also applied in reality at the CDC. Partial delivery of orders is 

allowed. 

- Once replenishment has occurred, backorders will always be delivered first. 

- Demand occurs on predefined days, thus there is no stochastic process to decide on the 

arrival time of orders. This is currently also the case at the CDC, where all LDC’s order 

according to a ordering schedule, which gives them a specific day of the week with a 

deadline before which the order should be sent. 

- Goods do not decrease in quality if they are in inventory (there is no expiry date applicable). 

In general this is true for general office supplies, however some product groups might 

experience minor quality issues when left in inventory too long. Imagine a highlight marker, 

which starts to dry out after a certain period. 

- Obsolescence is not taken into account. This means that there are no cases where a product 

is no longer demanded but is still present in the inventory at the CDC. The obsolescence risk 

in reality still needs to be evaluated but is expected to be small due to the low complexity of 

the product range. The effect of obsolescence could be that it is not favourable to order a 

larger amount than required when a product is at the end of its life cycle.  

- The rates of all activities at the CDC are assumed to be constant. The rates are revised every 

year and are based on time analyses on the activities to be performed.  

4.2 Ordering Method at CDC 
Currently the ordering procedure at Office Depot is based on the P1 service measure formula, which 

measures the chance of being out of stock just before replenishment (Handout stock control, de 
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Kok). It takes the past demand and decides on the basis of a required P1 measure for how many days 

stock has to be ordered. This amount of days is then converted in an order quantity by applying the 

days to the aggregate forecasts.  

The first issue arising from the current ordering procedure is the assumption that demand is 

normally distributed. However a normal distribution is not always appropriate when analysing 

demand. Burgin (1975) justified in his research that the Gamma distribution is best applicable for 

demand quantities. The main reason for this justification is the non-negativity characteristic of the 

Gamma distribution which is in line with the non-negativity characteristic of the demand. Other 

arguments which favour Gamma over the Normal distribution are that the Gamma distribution is 

generally mathematically tractable and it can be fitted more easily to demand data (Burgin, 1975).  

The next point of discussion is the appropriateness of the P1 measure in this study. Since comparing 

the weekly to a monthly review period is a central issue in this study, the P1 measure might not be 

an appropriate measure to decide on the order-up-to level. The P1 measure only measures at a 

replenishment moment, where with a weekly review the amount of replenishment moment will be 

larger than with a monthly period. For the same reason the P1 for a monthly review can be lower 

than the P1 for a weekly review to guarantee the same fraction of demand directly delivered from 

stock on hand. Therefore the ordering procedure that will be used for this simulation study is the P2 

measure, which measures the fraction of demand delivered from stock (Handout stock control, de 

Kok). This measure is kept constant to ensure a valid comparison between the costs of a weekly 

versus a monthly review period. The implementation of this procedure will be discussed in chapter 5. 

4.3 Expectations 
When inventory is reviewed weekly the required safety stock decreases substantially as also the 

cycle stock. Figure 17 shows an ideal situation from which becomes obvious that the average 

inventory level is a lot lower due to the weekly review instead of a monthly review. In reality 

however, a lot of other factors play a role in the reduction on average inventory level, such as the 

forecast accuracy, demand variability, demand frequency, etc. 

On average, when reviewing weekly, the order size is equal to the weekly demand. One could 

imagine that if the weekly demand is only 5% of a full pallet, the average inventory would decrease, 

but the warehouse operating costs would increase due to the very low pallet utilization at the CDC. 

On the other hand, for high pallet values it could be more profitable to have a lower pallet utilization 

Figure 17. Weekly versus monthly review in an ideal environment 
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due to the internal interest rate which has to be paid over the value invested in inventory. Especially 

with slow moving, valuable items this could be the case. This trade-off is the central issue of this 

study. 

The expectation is that for fast-movers a significant cost reduction occurs when reviewing the stock 

on a weekly basis and these savings can possibly be increased by setting a MPU. However, the 

average stock might increase due to this introduction. Thus in the end the cost will decrease while 

the average inventory will increase up to a certain point, which is mainly influenced by the weekly 

demand and the full pallet value. For items which move very fast (over one pallet a week) the 

expectation is that ordering full pallets only will be a cost optimal solution, because the only 

consequence of this ordering rule is that in some cases one orders an additional quantity whi ch 

would else be ordered the week after, which has a limited impact on the average inventory position. 

This effect however needs to be analysed later. 

For slow movers the situation is different. Here the decrease in average inventory will be less 

significant in comparison to fast-movers due to the increase in CDC operating expenses. With small 

quantities demanded each week, also small quantities will be ordered with a weekly review which 

results in a lower pallet utilization and an increase in operating costs. This increase is expected to be 

very substantial when products have a low demand in terms of pallets per week.  The introduction of 

an MPU here is expected to generate cost savings or at least costs equal to a monthly review 

procedure. Thus the results are expected to have a less relevant impact on slow movers, but not a 

negative effect. 

For medium movers the proposed MPU is also expected to have a positive effect on the cost savings. 

The costs are expected to be lower than with a monthly review, however a MPU is required to get to 

the optimal costs. 

Next to the demand magnitude, the order frequency is also a relevant factor. A high order frequency 

results in a larger fraction of order picking costs of the total operating costs. The demand variability 

is expected to have a large influence on the amount of safety stock required and thus also on the 

costs related to this higher average inventory level. The shape of the MPU curve against the costs is 

expected to behave almost equal with different variability’s of demand.  
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5. Simulation Model 

With the conceptual model being validated by the stakeholders of the system, the actual building of 

the simulation model can start. The simulation model is divided into two parts which operate 

synchronized; this is done to increase the visibility of the simulation and for validation purposes. 

First a detailed model description will be presented to give an insight in how the simulation model is 

designed. Next the limitations and the performance measures of the simulation model will be 

described. Finally the simulation model’s validity is discussed.  

5.1 Model Description  
The first part of the simulation model is the simulation of the inventory control system.  Law (2007) 

proposes three basic events which should be modeled and integrated into one simulation model. 

These events are the order-arrival event, the demand event and the inventory evaluation event.  

The first event, the order-arrival event, simulates the replenishment of the 

inventory system. Figure 18 shows the flowchart of this event (Law, 2007). An 

order-arrival event is triggered by a certain due-date of delivery, where at the 

moment of delivery the inventory level should be incremented by the 

previously ordered amount. To close the order-arrival event, the arrived order 

should be eliminated from the list of outstanding orders. 

The second event is the demand event, which is 

responsible for generating the outflow of goods from the 

inventory system. Figure 19 shows the flowchart of this 

event (Law, 2007). For each demand occurrence, the size 

of the demand should be generated either from real data 

or from a predefined stochastic distribution. As discussed 

in chapter 4.2 the demand for this simulation study is 

generated from a Gamma distribution. Once the demand 

size is generated, the inventory level should be 

decremented by this amount. If there is insufficient 

inventory available, the remaining amount is backordered 

and waiting for the next order-arrival event to occur. 

Demand occurrences are predefined. Thus when analyzing a demand occurrence 

of two per week, the model is set to have two gamma distributed demand 

events per week and 5 days with zero demand. 

The third event is the inventory evaluation event, which is based on the applied 

review period and order-up-to level ordering procedure. Figure 20 shows a 

flowchart of this event (Law, 2007). After each predefined time interval the 

inventory position, physical inventory plus outstanding orders, should be 

reviewed and a required order amount will be the output of this process. In the 

flowchart the first step is the comparison of the inventory position (I(t)) with a 

capital S, which is the order-up-to level. The required order amount is the 

difference between S and the inventory position.  After incurring the ordering 

Figure 18. Order-
arrival event 

Figure 19. Demand 

event 
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cost and gathering the statistics, if applicable, the order-

arrival event should be scheduled and the event is 

closed by scheduling the next inventory evaluation 

event. 

Additional to the standard inventory evaluation event 

the required order amount should be corrected if 

necessary. The order amount should meet both the 

MPU and the MOQ requirements. This additional 

correction is not shown in the flowchart of Law (2007). 

The inventory control system is build using Microsoft 

Office Excel 2007 and the exact formulas, descriptions of 

variables and a screenshot are presented in Appendix B. 

Synchronic to the inventory control systems operates 

the warehouse handling processes. This simulation is 

very important to retrieve the cost outputs, since all 

rates are applied to a certain handling, which thus 

should be modeled. A detailed description of the 

warehouse handling activities is given in chapter 3.1 and 

figure 14. 

A complete description of all formulas, processes and a 

screenshot of the constructed simulation model are 

shown in Appendix C. This constructed model uses 

inputs linked to the inventory control simulation model; 

mainly the replenishment and demand quantities. Some other variables of the inventory control 

system are also used for validation and performance purposes. 

5.2 Limitations 
Next to the assumptions, all simulation models have their limitations. The limitations of the 

constructed simulation are: 

- The simulation model requires a decent amount of computational power. Especially the 

warehouse handling simulation consists of many excel lines (over 32.000 lines and 18 

columns for 5 years of simulation). The inventory control system consists of one line per day 

of operation and 19 columns, which results in over 2400 lines for 5 years of simulation 

including the warm-up period and performance measurements. 

- The current simulation model is able to handle 1 outgoing order per day plus the delivery of 

a backordered amount. This is sufficient for developing the theoretical model, however for 

applying the data to the data available at Office Depot this might give some difficulties. It is 

not very hard to increase the capacity of the simulation model, however it will result in a 

large increase of required excel lines. 

- The capacity of the warehouse handling simulation is limited to 14 pallet places. This should 

be sufficient to simulate the area of interest, since it is expected that for products with a 

very high demand in terms of pallets per week, the MPU will be a full pallet.  

Figure 20. Inventory evaluation event 
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- The current simulation model is built to simulate the operations of products stored on T1 

type pallets. T2 and T3 pallets are excluded, because this is not often used (only one vendor) 

and Office Depot is striving to store everything on T1 type of pallets on the short term. 

Reconstruction of the simulation model to be able to handle T2 or T3 type of pallets is not 

very difficult; only the performance and cost outcome parameters should be edited.  

5.3 Simulation Model Parameters 
A number of initial parameter settings are required to start using the simulation model and try to 

answer the research questions. The first parameter is the order-up-to level at the inventory control 

simulation. As discussed in the conceptual model, the order-up-to level is based on the P2 measure 

given by de Kok (Handout stock control). The exact calculations and resulting order-up-to levels are 

presented in Appendix D. The required P2 service measure is set to 98% which is in line with the 

required “Line Item Performance” of 98% of the CDC at Office Depot. 

The second required parameter is the lead time. From Appendix A can be concluded that the lead 

time varies a lot, but for Far East vendors it is usually over two months. For this simulation a lead 

time of 70 days will be used, which represents a large part of the product range. A shorter or longer 

average lead time or a stochastic lead time will only affect the required order-up-to level and not 

directly the performance measures under investigation, therefore it is fixed and all results will be 

based on this predefined lead time. 

The third issue arising is the required warm-up period. A warm-up period is required for a simulation 

model to reach a steady state where the initial conditions do not have an effect on the outcome 

anymore (Law, 2007). In this particular situation a primary and secondary warm-up period are 

required, since first the inventory control simulation has to reach a steady-state before the 

warehouse handling simulation can start running. If they start at the same time the warehouse 

handling simulation might experience errors due to large numbers. Additionally it is completely 

useless to already simulate the warehouse handling when the inventory control is not in a steady-

state. 

The time required for the inventory control system to reach a steady state is dependent on the 

review period and the lead time. The initial inventory position is equal to zero and after the first 

review moment the inventory position will be equal to the order-up-to level. Consequently after the 

lead time passed the physical inventory will reach its steady state,  because from then on normal 

replenishment takes place. The first replenishment is the result of the very large first order and will 

fulfill a large amount of backorders due to the zero beginning inventory. The maximum review 

period plus the lead time is 101 days, thus this is the minimum required primary warm-up period. 

For the simulation the primary warm-up period is set to 4 months. 

After the primary warm-up period the starting inventory is put into the warehouse handling 

simulation and the second warm-up period starts. This warm-up period is required because at the 

start of the warehouse handling simulation the starting inventory is put in on full pallet amounts, 

where with the input parameters it may be possible that pallets are never fully occupied. The 

secondary warm-up period should finish when the initial inventory has left the warehouse, because 

after that steady state replenishments takes place.  
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To decide on the time it takes for the initial inventory to leave the warehouse the Gamma function 

needs to be analyzed in combination with the lead time and order-up-to levels. A short introduction 

on the Gamma distribution is presented in Appendix E. The Gamma demand distribution can be used 

to calculate the confidence interval of the demand during a certain period. In the worst case 

scenario the initial inventory of warehouse simulation is equal to: 

 ( )                   

 In words, the initial inventory is equal to the order-up-to level minus one (highest possible inventory 

position when an order is placed) plus a full pallet amount (in case the MPU is set to a full pallet) 

minus the demand during the lead time. Given a lead time of 70 days and two demand occurrences 

per week, 20 demand occurrences take place during the lead time.  When analyzing the sum of a 

number of independent Gamma distributed occurrences with the same scale parameter then 

(Lukacs, 1955): 

∑          (∑   
     ) 

     , where Xi is a Gamma distributed stochast 

Using the S-values from Appendix D and the cumulative Gamma distribution of the demand during 

the lead time, the worst case scenario initial inventory for the warehouse simulation can be 

calculated for a specified confidence interval. This value divided by the average weekly demand gives 

a value which is taken as the minimum required secondary warm-up period. Appendix F shows the 

outcomes of this calculation for the predefined input variables with a confidence interval of 99% left 

sided. The highest value is almost 30 weeks thus with some additional buffer to cover for parameter 

variations in the sensitivity analysis, the secondary warm-up period is set to 10 months (over 43 

weeks).  

In combination with the primary warm-up period, the total warm-up period of the simulation model 

is set to 14 months of operation. The run length of the simulation should be substantially larger than 

the warm-up period (Law, 2007) and is chosen to be 60 months of operation, also due to the 

calculation capacity. 

Finally the number of required replications needs to be chosen to guarantee a steady-state result. To 

find the required number of replications the P2 measure is registered for a large number of 

replications. The results are shown in figure G1 in Appendix G, where the line represents the average 

after a certain number of runs, where the horizontal axis represents the number of runs. From this 

graph can be concluded that 60 replications should give a steady-state result, since the average P2 

has reached an adequate state from there on. 

5.4 Performance Measures 
The developed and integrated simulation models generate a number of performance measures 

which are relevant for solving the research questions. The output performance measures of the 

simulation are: 

- Total Inbound Handling Costs (over 5 years) 

- Total Storage Costs (over 5 years) 

- Total Picking Costs (over 5 years) 

- The Average Physical Inventory 
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- P1 Service Measure (chance of out-of-stock before replenishment) 

- P2 Service Measure (fraction of demand delivered from stock on hand)  

These performance measures will form the basics of the results analysis that will follow in chapter 6.  

5.5 Validation of the Simulation Model 
When designing a simulation model, validity is a very important aspect to increase the credibility. A 

simulation model and its results are credible of the manager and other key stakeholders accept 

them as being correct (Law, 2007). In an effort to reach credibility for a simulation model one must 

validate the model. Validation is the process of determining whether a simulation model is an 

accurate representation of the actual system and has also sufficient detail for the particular 

objectives of the study (Law, 2007). 

First it is important to validate the calculation and implementation of the order-up-to level. This is 

important because the results of a monthly and weekly review period are to be compared and the 

system must perform equal in both situations to have a valid comparison. The performance measure 

here is the earlier discussed P2 measure, which represents the fraction of demand delivered directly 

from stock on hand. In Appendix D a short summary on the order-up-to level validation is presented. 

The results show that the order-up-to level calculation and implementation is valid and this also 

strokes with the validity of the inventory control simulation, since the mathematical calculation is 

similar to the simulation outcome. 

Next the validation of the integrated simulation is questioned. Usually existing output data of the 

system is used to validate the modeled system, however in this case this data is not available. 

Therefore some other validity tests are performed on both the models and their integration. First, 

the inventory control system has a performance which is in accordance with the mathematical 

performance, which contributes to its validity. Some other validity tests were performed including 

extreme inputs and the expected outputs: 

- Zero demand results in 100% performance on the P1 and no measurements on the P2 

measure since the denominator of the P2 formula cannot be zero. This is in line with the 

expected behavior. 

- Very low demand and an extremely high order-up-to level result in 100% performance on 

both the P1 and P2 measure, which is in line with the expectations. 

- With no physical inventory at the start of the primary warm-up period, backorders start 

counting immediately and 70 days after the first review the first replenishment takes place 

and replenishes all these backorders first. This is also in line with the expected behavior. 

- The average input (sales orders) should be equal to the average output (picked units) . 

It is now concluded that the inventory simulation model is valid, based on the validity tests above. 

The next issue is the validity of the warehouse handling simulation, which should operate synchronic 

with the inventory control simulation. To test the validity, first 10 random days were selected in a 

simulation run and the ending stocks of both simulations were compared and were found to be the 

same. Another contribution to the validity of the warehouse simulation is the cumulative amount of 

backorders, which are calculated separately for both the simulation and should also be the exact 

same amount. This was the case for 10 independent simulation runs. Next, the demand was set to 

zero and the cost outputs were analyzed with different starting inventories and order-up-to levels. 
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With no starting inventory and zero order-up-to level the costs were zero. With the starting 

inventory equal to the order-up-to level only storage costs occurred. With the starting inventory 

smaller than the order-up-to level one occurrence of pallet inbound costs occurred and also storage 

costs. All results were as expected and therefore it is concluded the warehouse handling simulation 

and the integration with the inventory control system are both valid.  
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6. Results 

In an effort to answer the research questions the developed simulation model is used with different 

input values. The two main influencing factors in this study are demand and pallet value. The 

demand generates the outflow of goods, which is the main factor influencing the picking process and 

thus also partially the amount of pallet places occupied. Demand has three relevant aspects; the 

demand magnitude, the demand frequency and the demand variation. The demand magnitude in 

terms of demand per week is expected to be the most influential factor and forms the basis of the 

base case analysis. The pallet value is the main factor influencing the cost of invested capital in 

inventory, where also the lead time and service requirements have an impact on the average 

inventory levels.  

The results analysis is built upon a base case analysis in which the input parameters will be set on an 

average level. The base case in this study is multidimensional, which means that two or more 

variable parameters exist. In this case the demand magnitude and pallet value will be variable, 

where the demand variation and demand frequency will remain constant. As discussed before, the 

lead time (70 days) and required P2 measure (98 %) will also remain constant. First the value of the 

parameters which remain constant must be determined and also the ranges of the variable 

dimensions. After that the base case results will be analysed thoroughly and the research questions 

can be answered. Some additional research questions require a sensitivity analysis to give an 

appropriate answer, which will also be presented in this chapter.  

For this study the product in consideration is assumed to have a pallet capacity of 600 sell units and 

the MPU is analysed at 10 different levels (steps of 60 sell units). This choice has no influence on the 

conclusions of this study, since the MPU is a relative value instead of an absolute value. This means 

the results will be generalizable to other pallet capacities. For example, if a pallet can store 100 sell 

units and the optimal MPU is 0.60, then the optimal MPU in sell units is 60 sell units. The pal let 

values are also taken relative to pallets, thus the MPU is in fraction of a pallet and the pallet value is 

the value for a full pallet. 

6.1 Demand Input 

 

Figure 21 shows a frequency graph of the demand over all SKU’s going through the CDC in 2010. In 

total xxxx SKU’s were analysed. The data used are the purchase order lines of all LDC’s during 2010, 

CONFIDENTIAL! 

Figure 21. Frequency graph of demand in pallets per month 
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excluding large orders which were filtered out and handled separately.  The horizontal axis shows the 

demand boundaries in pallets per month. Do keep in mind that the ranges are not of the same 

length, else the amount of classes would be too high or the level of detail in the lower demand 

ranges would be insufficient. The vertical axis shows the number of SKU’s which were demanded for 

each specific demand range. 

The demand frequency was also analysed for products which 

had demand in at least 15 weeks out of the 52 weeks 

analysed. Thus extremely slow movers, late product 

introduction and early phase outs were left out of this 

analysis. The demand frequencies in occurrences per 

week are summarized in table 8. For the base case 

analysis demand is assumed to occur twice a week, 

further on in the study a sensitivity analysis on this input value will be done.  

From figure 23 and a demand occurrence 

of twice a week a set of demand 

magnitudes is chosen to be the input of 

the base case analysis. These demand 

magnitudes are translated into the 

demand per occurrence. The demand per 

week is the amount of pallets demanded 

per month divided by four. The demand 

per occurrence is half the weekly demand 

times the 600 sell units per full pallet. The 

resulting input values are presented in 

table 9.  

The final demand characteristic which must be 

determined to start with the base case analysis is the 

demand variation per demand occurrence, thus the 

variation on the order size not taking into account the 

inter-arrival time between the orders. The demand 

variation per occurrence is measured in the coefficient 

of variance, which is the standard deviation divided by 

the average demand. Table 10 shows five ranges for the 

coefficient of variance per demand occurrence. Per range the corresponding amount of SKU’s is 

given in the right column. This data is gathered using the demand data over 2010 for all SKU’s with 

15 demand occurrences over the year or more. The coefficient of variance for the base case analysis 

is determined to be 0.6, where the inter-arrival times between orders is kept constant. Further on in 

this study a sensitivity analysis on the coefficient of variation will be performed.  

 

 

Table 8. Demand occurrence 

frequencies  
Demand frequency # SKU’s 

1 to 2 

CONFIDENTIAL! 
2 to 3 

3 to 4 

4 or more 

plt /mnt dem/occ plt /mnt dem/occ 

0.2 15 1.8 135 

0.4 30 2 150 

0.6 45 2.5 187.5 

0.8 60 3 225 

1 75 3.5 262.5 

1.2 90 4 300 

1.4 105 6 450 

1.6 120 8 600 

Table 9. Demand input values 

Table 10. Demand variation frequencies 

Coefficient of 
Variance range 

Number of SKU’s 
within C.o.V. range 

<0.3  
 

CONFIDENTIAL! 
0.3 - 0.5 

0.5 - 0.7 

0.7 – 0.9 

0.9> 
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6.2 Pallet Value Input 
Next to the demand characteristics the money invested in inventory is also an important factor in 

this study. With the introduction of a MPU the average inventory is expected to increase and thus 

the required investment also increases. In the base case analysis the pallet value is a variable 

dimension and thus the range to be investigated should be decided on. 

Figure 24 shows a frequency graph of the pallet values over all SKU’s going through the CDC in 2010. 

Pallet value is defined as the amount of sell units which can be stored on a pallet times the transfer 

price per sell unit. Since the Office Depot CDC is a cost-centre and a large fraction of the costs have 

already occurred at the moment the products are in the warehouse, the transfer price is used 

instead of the purchase price. The horizontal axis shows the pallet value boundari es in euros, where 

the ranges do vary in length. The vertical axis shows the number of SKU’s which fall in the specific 

value range. 

 
Figure 22. Frequency graph of full pallet values 

The designed simulation study gives the average physical inventory as an output variable. This 

output variable will give insight in the fluctuations in cost of capital over the money invested in 

inventory. From figure 22 is chosen that the pallet values which will be analysed are 0, 500, 1000, 

2000 and 4000 euro’s. A pallet value of zero is included to compare the CDC operating expenses, 

thus excluding the money invested in inventory. These values will be used as input for the base case 

analysis. The Weighted Average Cost of Capital is assumed to be 10%, which is in line with the 

internal required rate of return at Office Depot. 

6.3 Base Case Analysis 
The base case analysis focuses on explaining the different cost fluctuations when changing the input 

variables over the two dimensions (demand magnitude and pallet value). All four cost factors 

(inbound, storage, outbound and cost of capital) will be analysed separately. In the end the results 

will be combined in the base case conclusions. The base case simulation re sults can be found in 

Appendix H.  

CONFIDENTIAL! 
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6.3.4 Capital Investment Cost 

When analysing the average inventory outcomes of the simulation study a certain pattern was 

discovered, this could indicate that the average inventory level can be approximated by the use of 

mathematics. A close investigation on the demand pattern and the simulation outcome resulted in 

an accurate approximation of the average inventory, which will be described next.  

The starting point is the average 

inventory with no MPU. On the 

long run this is dependent on 

demand occurrence moments, 

expected demand per occurrence 

(E[D]) and order-up-to level (S). 

One can imagine if demand occurs 

just after replenishment, the 

average inventory will be lower 

than the case where demand 

occurs just before replenishment. 

This effect is visualized in figure 23, 

where at time 1 and 8 replenishment takes place. It is obvious that in case of demand pattern 1 the 

average inventory will be higher than with demand pattern 2. As one can conclude from figure 23 

the average inventory on the long run for a weekly replenishment system can be calculated by the 

following formula: 

 I0 = SS + ((tf-1)*2*E[D] + (ts-tf)*E[D] )/7 

  Where replenishment takes place on the beginning of t=1 

 I0 Average Inventory with MPU is set to zero 

 SS Safety Stock ( = S – DL+R = S – 11 weeks of demand) 

 tf  Day at which the first customer order arrives 

 ts Day at which the second customer order arrives 

This is the starting point for calculating the average inventory with an increasing MPU. When the 

MPU is increasing the order quantities on the inbound side of the CDC will increase, where the 

inbound order arrival frequency will eventually decrease due to the larger size of the orders. First 

the situation is analysed in which the MPU is set to a full pallet, where thus only full pallet amounts 

can be ordered. In comparison to the zero MPU case, this MPU change shifts the physical inventory 

level graph half a pallet capacity up on average. Thus in the case of 600 sell units per pallets, the 

average inventory will increase with 300 sell units when the MPU is set to 600 instead of zero.  

This increase however is not linear in relation to the MPU increase. It is fully dependent on the 

demand distribution of the demand, which is in this study assumed to follow a Gamma distribution. 

From the simulation results can be seen that the slope of the average inventory function is larger 

when the MPU is a bit larger than the average demand per week and the demand variation is low 

Figure 23. Difference in average inventory 
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(see Appendix H). This observation perfectly illustrates how a function can be found to approach the 

average inventory line, which is discussed next. 

For a certain MPU the increase in average inventory is equal to the cumulative fraction of demand 

occurring in that specific step range times the maximum increase of half a MPU quantity. Thus for 

example, if the MPU is set to 180 units (assuming 600 units per pallet), the increase in average 

inventory is 90 times the cumulative probability of experiencing a demand of 180 units or less. 

However, additionally the cumulative demand distribution between 1 full pallet and 1 full pallet + 

MPU should be added to the fractional increase of the average inventory, because between this 

range the MPU also influences the order quantity (in the numerical example the cumulative demand 

probability of experiencing a demand between 600 and 780 units). When analysing very high 

demand or demand variation also i+MPU Range should be included for any relevant value of i. In 

formula form this relation can be described as: 

 (   )           ∑  (                  ) 
   ,  where 

  I(MPU)   Average inventory as a function of the MPU 

  I0  Average inventory with MPU set to zero 

  P  Pallet capacity in units 

  occ  Demand occurrences per week 

  k  Alpha parameter of Gamma  

  θ  Beta parameter of Gamma  

  F(x; k; θ) Cumulative Gamma distribution  

This approach was implemented in a tool and tested on the base case results. The test results 

(Appendix I) show that the approximation performs very well. In total the average absolute deviation 

from the simulation results is 0.841% with a standard deviation of 0.665%. Since this approach 

performs so well it is assumed that the inventory follows this behaviour in reality and therefore this 

formula is used for calculating the capital investment costs. 

6.3.2 Inbound Costs  

The relevant inbound costs are fully dependent on the number of pallets arriving at the CDC, taking 

into account that each purchase order is stored separately. Figure 24 (next page) shows the inbound 

cost *€+ for a number of demand magnitudes in euros. A full pallet quantity is still assumed to be 600 

units. 

With relatively low demand (15, 45, 90, 120) the inbound costs with zero MPU are the same. This 

can be explained by the negligible probability of experiencing more than a pallet demand and thus 

one inbound pallet per week maximum. With demand above this point, experiencing more than a 

pallet demand has an increasing probability. This results in having two or more inbound pallets in 

some cases. 
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Figure 24. Inbound costs simulation results 

With an increasing MPU the amount of order moments decreases and thus also the amount of 

inbound pallets. This decrease is more radical with very small demand quantities. Imagine demand is 

30 units per week on average and the MPU is set to 60, then the amount of order moments is cut in 

half. For higher demand quantities this process is more smoothened.  

6.3.3 Storage Costs 

The storage costs follow a more complex trend. Figure 25 shows the storage cost *€+ for a number of 

demand magnitudes. After each day the amount of pallet places that is occupied is counted. A pallet 

place is occupied at the moment it passes through the inbound process and a place becomes 

available when the last unit is picked from it. 

 
Figure 25. Storage costs simulation results 

The effects that can be observed from figure 25 are caused by three phenomena. The first one is the 

average inventory fluctuations, the second one is the inbound process and the third one is the 

outbound process. An increase in MPU will in most cases lead to an increase in inventory which will 

be positively correlated to the pallet places occupied. An increase in MPU will also lead to fewer 

inbound pallets, which has a decreasing effect on the pallet places occupied. The same accounts for 

the outbound costs, however these are dependent on the inbound pallet quantities thus related to 

the inbound costs. 
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The result is a returning pattern which first experiences an increase in storage costs before starting 

to decline. For small demand quantities this ‘bump’ occurs for relatively smaller MPU values. 

Another observation is that the potential storage cost decrease with MPU optimization is smaller for 

increasing demand quantities. 

6.3.4 Outbound Costs 

The outbound costs are dependent on the amount of picking locations required for the incoming 

orders. Figure 26 shows an overview of the cost trends for some demand magnitudes. The amount 

of picking locations required is of course dependent on the demand sizes, but also on the average 

inbound quantities. That is why the lines in the graph show a somewhat similar trend.  

 
Figure 26. Outbound costs simulation results 

Another effect which should be taken into account with the relatively high demand quantities is the 

full pallet picks. If for example one and a quarter pallets are received at the inbound process the 

quarter pallet will be picked immediately when a demand of a quarter or more pallet occurs.  

6.3.4 Base Case Conclusions 

In order to come to the base case conclusions a comparison must be made to the costs of a monthly 

review without MPU optimization. These were generated using the developed simulation model and 

the results are found in Appendix J. Analysis of these results in combination with the base case 

outcomes results in a number of possible scenarios. Linking these scenarios to the investigated 

ranges results in an answer to the main research question: 

Under what conditions do CDC cost decreases occur when shifting from a monthly to a weekly review 

period? 

Additionally the base case scenario is a two-dimensional study which answers two of the additional 

research questions: 

What is the effect of the demand magnitude on the CDC operations costs? 

What is the effect of the value density of a product on the CDC operation costs? 

The scenarios will first be described shortly with an example to visualize the effect. After the 

scenario descriptions a final conclusion will be drawn from the complete set of results of the base 

case analysis. 
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Scenario 1: Weekly review will lead to additional costs 

In some cases a weekly review will lead to additional costs, especially with a combination of high 

pallet value and a low demand. The cause is that with low demand and no MPU the CDC operating 

costs increase heavily, which should be decreased by MPU optimization. MPU optimization does in 

these cases lead to significant cost decreases; however the additional effect of an increasing average 

inventory increases the cost of capital so severe that it will always lead to additional costs. An 

example is shown in figure 27, where the demand is 45 units per demand occurrence and a full pallet 

has a value of € 4000. In this example the optimal MPU is 0.6,  however the optimal costs are still 

higher than those with a monthly review. 

 
Figure 27. Scenario 1 

Scenario 2: MPU optimization required to get a comparable result 

The second scenario is comparable to the first scenario in a way. The difference is that MPU 

optimization for the weekly review results in comparable costs. Comparable costs are defined as the 

same costs with a buffer of 2%. Thus MPU optimization results in total relevant costs in the range of 

0.98 and 1.02 times the monthly review costs. An example of this scenario is shown in figure 28, 

where demand is 75 units per occurrence, a full pallet has a value of € 2000 and the optimal MPU is 

a full pallet. This scenario lies on the line between a weekly review with MPU optimization being 

profitable or not. 
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Figure 28. Scenario 2 

Scenario 3: MPU optimization required to get from extra costs to significant cost savings 

In contrast to the previous scenarios this is the first scenario in which a weekly review can result in 

significant cost savings. However, a requirement in this scenario is MPU optimization. Significant 

cost savings are again defined with a 2% buffer, thus cost savings are significant if the optimal costs 

are below 98% of the monthly costs. Figure 29 shows an example of this scenario, where demand is 

120 units per occurrence and a full pallet has a value of € 500. From the example can easily be seen 

that a weekly review would result in extra costs, however when optimizing the MPU a signifi cant 

cost saving occurs. 

 
Figure 29. Scenario 3 
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The fourth scenario include product characteristics which experience significant cost savings (again 

2% buffer) when shifting to a weekly review period. However, if effort is put into optimizing the MPU 
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requirement but it does contribute to a better performance. Figure 30 shows an example where this 

scenario occurs. In the example demand is on average 225 units per occurrence and a full pallet has 

a value of € 1000. The optimal MPU here is a full pallet. 

 
Figure 30. Scenario 4 

Scenario 5: MPU optimization does not result in significant cost savings 

In the end a scenario could occur in which shifting to a weekly review results in significant cost 

savings and a MPU optimization will not contribute to an even better performance. This is the case 

with high demand magnitudes, since the average pallet utilization is already at a decent level 

without MPU optimization. The example in figure 31 shows that for a demand of 600 units per 

occurrence and a pallet value of € 2000 no further cost savings occur when optimizing the MPU. This 

is caused by the fact that on average two pallets demand occur per week and thus also two pallets 

are ordered on average. Taking the demand deviation into account it will always result into at least 

an order of one full pallet and a second pallet which may be half full. However this does result in 

decent average pallet utilizations. 

 
Figure 31. Scenario 5 
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Figure 33. Total CDC expenses for low demanded products 

Base case conclusion 

Appendix K shows a summary of the base case simulation results. Per pallet value and per demand 

magnitude value the optimal MPU, relative savings on relevant cost factors and the resulting 

scenario is given. Figure 32 presents a scenario graph in which each coloured line represents the 

shift between the introduced scenarios for each of the pallet values. This graph is very helpful to 

draw conclusions and it provides an overview of the conditions under which a weekly review is 

profitable and thus answers the main research question. 

 
Figure 32. Scenario graph base case 

The scenario graph shows that for low demand magnitudes in combination with high pallet values a 

weekly review is not preferable, where scenario 1 and 2 are classified as not preferable. From 

scenario 3 and higher a weekly review is preferable, however for scenario 3 a MPU optimization is an 

absolute requirement and for scenario 4 it is preferred. Low valued products reach scenario 3 earlier 

than highly valued products, which can be explained by the fact that for low valued products the 

cost of capital is a lot lower relatively to the CDC operating expenses and thus a MPU optimization 

will lead to cost savings with lower demand magnitudes. 

From the results can be concluded that the savings when shifting to a weekly review will be 

disappointing for certain product characteristics. As expected, especially for low demanded items a 

weekly review will have a negative effect due to the cost structure at the CDC. This negative effect is 

the strongest for highly valued products due to the increase in average inventory with a required 

MPU optimization. From the scenario graph can easily be seen for which ranges of demand 

magnitudes a MPU optimization process is relevant. 
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visualised in figure 33, where the total CDC expenses are shown for the four lowest demand 

magnitudes. Here one can see that the slope of the cost decrease is decreasing with an increasing 

demand. Additionally the CDC expenses in the monthly review case for the three smallest demand 

magnitudes are comparable (Appendix J), which can be explained by the fact that the CDC expenses 

are based on pallet locations rather than number of units handled. Thus a smaller MPU is required 

for the very small demand magnitudes to get to the optimal CDC expenses, taking into account the 

behaviour of the average inventory due to a MPU increase (Chapter 6.3.4). This explains the 

remarkable start of the scenario graph. 

6.5 Demand Variation Sensitivity Analysis 
From the base case results and some pilot simulations follows that the demand variation probably is 

an important factor when deciding on whether or not to review the stock weekly as also the optimal 

MPU. This sensitivity analysis will also answer the third additional research question: 

What is the effect of the demand variation on the CDC operation costs? 

For this purpose a multidimensional sensitivity analysis is performed using the developed simulation 

models. The setup of this sensitivity analysis is actually three replications of the base case study with 

a varying coefficient of variance of the demand quantities. In the end, this will result in a profitability 

overview of the three important variables; demand magnitude, pallet value and demand variation.  

From table 10 and a short analysis on the capacity of the simulation model the input parameters are 

determined. The sensitivity analysis is done for a coefficient of variation of 0.2, 0.4 and 0.8.  First of 

all the inventory approximation formula is tested again and it gave good results, which can be found 

in Appendix I. The absolute deviation is 1.20%, 1.04% and 0.75% for respectively a coefficient of 

variation of 0.2, 0.4 and 0.8. The standard deviation of the absolute deviation from the simulated 

results is the highest for a coefficient of variance of 0.2 (1.74%), however this does not make the 

approximation insufficient, since in only 10 out of 176 measurement points the absolute deviation is 

just over 5% and in none of the points the deviation is above 7%.   

Appendix L presents the simulation results summaries and the corresponding scenario graphs for the 

demand variation sensitivity analysis. Together with the base case results the scenario graphs in the 

figures 34, 35, 36 and 37 are constructed which form the decision support tool. This support tool is 

in fact a tri-dimensional model for deciding whether or not a weekly review is preferable.  

 
Figure 34. Scenario graph for a pallet value of 500 € 
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Figure 35. Scenario graph for a pallet value of 1000 € 

 
Figure 36. Scenario graph for a pallet value of 2000 € 

 
Figure 37. Scenario graph for a pallet value of 4000 € 

With a small pallet value, it is in almost all cases preferable to review the inventory every week, 

which is caused by the relatively small impact of the inventory increase due to an increase in MPU, 

which in turn leads to a decrease in CDC expenses. With an increase in pallet value it is less 

preferable for low demanded items to be reviewed on a weekly basis. Also the range in which a MPU 

optimization is required to get an optimal result becomes smaller with an increasing pallet value. 

This is caused by the increase in relevancy of the cost of invested capital in inventory.  

The effect of an increase in demand variance can also be seen from the concluding scenario graphs. 

The effect can be divided in two parts; the left and right half of the scenario graphs. At the left half a 

smaller demand variance will lead to an earlier introduction of the negative scenarios (scenario 1 

and 2), however a smaller demand variance will also result in an earlier introduction of the more 
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positive scenarios. This effect is caused by the fact that with a small demand variance the slope of 

the CDC expenses graph is larger than the slope of the inventory increase. The right half of the 

scenario graphs shows a somewhat similar behaviour; a small demand variance will  sooner lead to 

higher scenarios than product with a high demand variance. This is also caused by the steepness of 

the cost graphs and average inventory behaviour with a small variance. With a small variance and a 

relatively high demand magnitude the slope of the inventory increase in very high at the point the 

CDC expenses start decreasing, which will eventually lead quicker to a large increase in required 

investments in inventory and thus scenario 5 (cost savings do occur due to decrease in required 

safety stock, however a MPU optimization will lead to a to large increase in required investment). 

6.5 Lead Time Sensitivity Analysis 
Another important factor mainly influencing the average inventory is the lead time, which is defined 

as the time it takes from the moment of placing an order until it is physically ready for satisfying 

customer demand (Silver, Pyke & Peterson; 1998). The research question answered in this chapter is: 

What is the effect of the lead time variation on the CDC operation costs? 

To answer this question a sensitivity analysis is performed on the assumed lead ti me of 70 days. By 

investigating the lead times in Appendix A and keeping in mind that Office Depot is cooperating with 

its suppliers to reduce production lead time it is decided that the lead time for this analysis will be 50, 

60, 80 or 90 days. A randomly selected number of cases (in total 48 cases) will be investigated 

involving demand magnitude variation and different demand variations. The exact simulation 

settings are presented in table M1 of Appendix M. 

First the inventory approximation accuracy is measured to decide on the appropriateness of the 

developed method for varying lead times. The results are presented in table M2 from which can be 

concluded that the inventory approximation proposed in chapter 6.3.4 also accounts for different 

lead times. The average absolute deviation is below 1% for the four lead time settings and none of 

the measuring points result in a deviation above 5%. Thus the inventory approximation can be used 

to determine the average inventory and thus the required capital investments. 

Next the three CDC costs were analysed and compared to the base case results. Analysis showed 

that the inbound and outbound costs are the same, which is in line with the fact that the inbound 

and outbound operations remain the same with a different lead time. The coefficient of variance 

(standard deviation divided by the average) was measured per five values which are assumed to be 

the same. These 5 values are the costs for a specific MPU value, demand magnitude and coefficient 

of variance per demand occurrence. The average of these calculated coefficients is 0.0033 for the 

outbound expenses and 0.0024 for the inbound expenses, which is very low and thus the inbound 

and outbound expenses can be assumed to be the same.  

The analysis of the storage expenses is a more complicated issue. A different lead time results in 

different order-up-to levels and thus in different average inventories. Thorough analysis of the 

results showed that the storage costs are related to the increase in inventory and resulted in an 

appropriate approximation of the storage costs for different lead times than the base case (70 days). 

The increase/decrease in storage costs can be approximated by 0.8 times the fractional difference in 

inventory in comparison to the base case settings.  
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In formula format (MPU, demand variation and demand magnitude are the same for both Lead 

times and Base Cases): 

                     (      .
  

   
  /)  

  Where    StorCostL are the storage costs for lead time L 

     StorCostBC are the storage costs for the base case 

     IL is the average inventory for lead time L 

     IBC is the average inventory for the base case 

Next the accuracy of this approximation is measured. The results are presented in table M3 for the 

different lead time settings over all the cases that are presented in table M1. The results are very 

good with an average absolute deviation around 1% and a standard deviation of less than 1%. Zero 

cases are present where the absolute deviation is above 5%, which is a promising result. 

6.5 Demand Frequency Sensitivity Analysis 
Until here, the demand frequency is assumed to be twice a week. However from table 8 it can be 

seen that for some products demand only occurs once a week on average. This of course has an 

impact on the outbound costs due to the decrease in the number of required pick locations per 

week. The research question that is answered in this part is: 

What is the effect of the demand frequency on the CDC operation costs? 

 To ensure comparability of the results the coefficient of variance of the demand per week should be 

the same for both the single and double demand occurrence. Using the formulas on the sum of 

Gamma distributions in chapter 5.3 and Appendix E the coefficient of variance of the base case can 

be converted to a single demand occurrence per week. The 

conversion results are presented in table 11. Using the given 

coefficients of variance the order-up-to level and thus also the 

inventory levels will remain the same. With this setting the base 

case analysis was done again with a single demand occurrence 

per week. To get an inside on the effect of the demand variance 

the base case was also performed using the highest coefficient of 

variance in table 11. The results are presented in Appendix N, 

where the total CDC expenses are shown for the demand ranging 

from 30 units per occurrence to 450 per occurrence. 

First, the base case duplication study is discussed. As expected the inbound costs remain the same. 

The average absolute deviation over all data points is 0.455% with a standard deviation of 0.488% 

and thus the inbound expenses are the same. Also according to the expectations, the outbound 

costs are different, where analysis shows that the difference has a close to constant value for all data 

points. This difference is € xxxxxx with a standard deviation of € 2.72.  This difference is almost equal 

to 52 pick locations, which is logical if you think that one less pick locations is required per week.  

Table 11. CoV for single demand 
occurrence 

Coefficient of Variance 

Frequency = 1 Frequency = 2 

0.141421 0.2 

0.282843 0.4 

0.424264 0.6 

0.565685 0.8 



The Introduction of a Minimum Pallet Utilization to Optimize the CDC Operating Expenses when Shifting to a Weekly Review Peri od 

- 44 - 
 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
St

o
ra

ge
 c

o
st

s 
[€

] 
MPU 

Frequency
= 1

Frequency
= 2

Figure 38. Storage cost with a demand of 0.625 pallets per week 
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The storage expenses are 

significantly different from the 

double demand occurrence 

case. The difference is in all 

cases found before the point 

where the MPU is equal to the 

demand per week. An 

example is shown in figure 38, 

where the storage costs for 

the double demand 

occurrence case are 

significantly higher. This 

phenomenon is caused by the 

full pallet pick opportunities that are higher when the MPU hardly has an influence on the order 

quantities (thus when the MPU is lower than the average demand per week). Since demand only 

occurs once and order quantities are also triggered on a weekly basis an increasing amount of full 

pallets pick will occur, which has a slightly positive impact on the storage costs. However, this only 

occurs at the MPU values below the demand magnitude and since the optimal MPU never lays 

below the weekly demand this minor impact has no influence when deciding on the optimal MPU. 

Also when taking the total CDC costs the impact is small as can be seen from Appendix N. When 

adding € xxxxxx to the single demand occurrence figures the average absolute deviation is equal to 

0.608% with a standard deviation of 0.504%, which is very small. Taking into account the statements 

above, the CDC costs with a single demand are equal to the costs of a double demand occurrence 

with a converted coefficient of variance minus € xxxxxx. 

The simulation results with a higher demand variation show similar results. These results are also 

shown in Appendix N. Inbound costs are concluded to be the same, with an absolute average 

deviation over all data 

points of 0.313% with a 

standard deviation of 

0.261%. The difference 

in outbound expenses 

equals € xxxxxx with a 

standard deviation of € 

1.87. Next, the storage 

expenses show a similar 

behaviour of which an 

example can be found 

in figure 39. When 

adding € xxxxxx to the 

single demand occurrence figures the average absolute deviation is equal to 0.625% with a standard 

deviation of 0.648%, which is also very small. 

Figure 39. Storage cost with a demand of 0.3 pallets per week (CoV = 0.5657) 
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Demand Occurrences per Week 2

Demand per Week [Sell units] 280

Coefficient of Variation per Occurrence 0.345

Sell Units per Pallet [Sell Units] 400

Value of 1 Sell Units [€] 5

Lead Time [days] 60

Internal Interest Rate 10%

Required P2 Service Measure 0.98

6.6 Consequences of a Vendor-set MOQ 
Another interesting aspect at Office Depot is the influence of a vendor-set MOQ on the costs. The 

related research question is: 

What is the effect of a vendor-set Minimum Order Quantities on the CDC operation costs? 

A vendor-set MOQ only has an influence on the CDC costs and required capital investments if it 

overrides the proposed order quantity in a majority of the cases. Most of the time when a MOQ is 

applicable it is a number of full pallets, which do optimize the CDC expenses, however do have a 

negative effect on the capital investments on inventory (increase in average inventory).  The 

developed simulation model contains a MOQ functionality to investigate the additional costs when 

experiencing a vendor-set MOQ. 

6.7 Conclusion  
All research questions have been answered and conclusions are drawn. The simulation results of the 

tri-dimensional study forms the basis of the decision whether or not a weekly review is preferable. 

These three dimensions are demand magnitude, demand variability and pallet value. Furthermore, 

the sensitivity of the lead time and demand frequency have been investigated and accurate 

approximations have been developed for the change in output variables.  

6.7.1 Research Objective 

The tri-dimensional simulation results and the accurate approximation methods will form the basis 

to meet the central research objective: 

Develop a decision framework to optimize the CDC costs when reviewing the inventory on a weekly 

basis  

The developed decision framework is a tool in Microsoft Excel, which has a number of input 

variables (figure 40) and will result in a total cost graph with a corresponding optimal MPU. The tool 

performs a number of steps to come to its output:  

1. In case the demand frequency is set to 1, the coefficient of variance is converted to the 

coefficient in case of a double demand occurrence. 

2. The simulation results are looked 

up in the included database for the 

demand inputs using data 

interpolation. Data interpolation 

means in this case that the nearest 

data points are taken for the 

demand per occurrence (0.313 and 

0.375 pallets per occurrence for 

the input in figure 37) and 

coefficient of variation (0.2 and 0.4 for the input in figure 40). Next, the weighted average is 

taken over both ranges for all of the 11 MPU levels, which results in a CDC costs output. 

3. The order-up-to level is calculated for the base case setting (70 days) and for the input 

setting using the data in Appendix D. Next to the order-up-to level the average demand in 

Figure 40. Input variables tool 



The Introduction of a Minimum Pallet Utilization to Optimize the CDC Operating Expenses when Shifting to a Weekly Review Peri od 

- 46 - 
 

relation to the MPU is also calculated for both cases which are used for the approximation of 

the storage costs using the formula introduced in chapter 6.5. 

4. The average demand figure of the input settings in combination with the value of 1 sell unit, 

sell units per pallets and internal interest rate is used to calculate the required investments 

in inventory. 

5. In case of a single demand occurrence, the outbound costs are deducted by € 117.  

6. Finally the CDC costs and the cost of capital invested in inventory are added up and the 

result is shown in an output graph and table with a corresponding optimal MPU. 

6.7.2 MPU Optimization 

The results in this chapter might suggest that the optimal MPU is always equal to 0 or 1.  This is 

however not always the case. In fact the optimal MPU is mostly dependent on the value density  of 

the products. Ordering only full pallets is optimal from a CDC operating expenses point of view as 

long as you do not have to take the money invested in inventory into account. With an increasing 

value density of a product and thus an increasing pallet value the trade-off between CDC operating 

expenses and cost of capital invested shifts to an increase in relevancy of the cost of capital. This 

effect is shown in Appendix O for four examples. 

Especially for slow movers the MPU is shifting from 1 to 0 with an increase in pallet value. With 

medium and fast moving items the MPU optimization curve could also be very interesting unless the 

fact that most of the time it is either 1 or 0. The interesting part here is to be able to see where on 

the MPU continuum most cost savings occur. This observation could influence the decision whether 

or not to go for the optimal point or for a less than optimal point in order to avoid additional 

inventory risks without having to give away the major cost savings. Figure O2 shows an example 

where for some pallet values the optimal MPU might be 1 however with a MPU of 0.6 or 0.7 the 

costs are already close to optimal where the additional inventory risk (increase of inventory between 

MPU is 0.6 and 1) may not be worth the relatively small additional savings. Another example can be 

seen from figure O4, where for some pallet values the optimal MPU is 1 however the cost savings 

are very small in comparison to a MPU of 0. Here the trade-off between the relatively small savings 

in combination with the increase in average inventory of half a pallet is an interesting issue.  

  



The Introduction of a Minimum Pallet Utilization to Optimize the CDC Operating Expenses when Shifting to a Weekly Review Peri od 

- 47 - 
 

7. Application of Findings 

Finally, the results discussed in chapter 6 are applied to the situation at Office Depot. To draw 

conclusions about whether or not to introduce a weekly review for the CDC Planners the resulting 

scenario analysis in Appendix L is applied to the CDC SKU’s. All available CDC SKU’s are divided in all 

available categories over the three main dimensions, where SKU’s with less than 15 weeks with 

positive demand in 2010 were excluded from this analysis. For each SKU the de mand per week, 

coefficient of variance per demand occurrence and the pallet value is calculated and linked to the 

closest data point in the analysis. Next, for all data points over the three dimensions the amount of 

SKU’s are counted and each combination of dimensions is also linked to the resulting scenarios. The 

results are shown in Appendix P. 

Table 12. Summary of scenario analysis for Office Depot SKU's 

 

 

 

 

 

 

 

Table 12 summarizes the results from Appendix P. Around xxxx% of the SKU’s is classified as scenario 

1 or 2, which means that a weekly review is not preferable. Next to this it is very plausible that with 

a very low demand (0.1 pallets per week or less) a monthly review also needs a MPU optimization to 

optimize the CDC costs and thus the scenarios here might shift to a lower one as they are in now. 

The amount of SKU’s for which this applied is xxxx SKU’s, which brings the amount of SKU’s for 

which a weekly review is not recommended close to xxxx%. The potential cost savings for the SKU’s 

that are suitable for a weekly review policy is € 217.342,-, which is calculated by multiplying the 

outcomes in Appendix P with the savings per cell for all SKU’s classified as scenario 3, 4 or 5.  

The main problem at Office Depot seems to be the amount of slow movers in comparison to the fast 

moving products. Shortening the review period will not be profitable for slow movers, where it is for 

fast-movers. However, when only the fast-moving products are reviewed on a weekly basis the 

utilization of container transport to the CDC could be in danger. An aggregate volume analysis is 

required to draw precise conclusions; however with only xxxx% of the SKU’s reviewed on a weekly 

basis it is expected that the aggregate volume on a weekly basis is not sufficient to guarantee full 

container loads. This expectation rises from the fact that on average six 40ft container are ordered 

per week for the CDC (table 2) coming from 4 large ports in China and some other ports in the Far 

East (Thailand, Malaysia and India). 

  

Scenario PV = 500 PV = 1000 PV = 2000 PV = 4000 Total 

1 

CONFIDENTIAL! 

2 

3 

4 

5 

Demand outside range  

Coefficient of variance outside range 

Pallet Value outside range 

Multiple dimension fall outside ranges 
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8. Conclusions 

This chapter provides the final conclusions of this simulation study. Also the recommendations to 

Office Depot are presented as well as the recommendations for future research. Finally the 

contribution to the current literature is presented. 

8.1 General Conclusions 
A rather simple warehouse cost charge system resulted in a complex simulation study to find out 

under what conditions a weekly inventory review at the CDC of Office Depot is profitable. A number 

of scenarios could occur and these scenarios are assigned to all combinations of the three main 

condition ranges; demand magnitude, demand variation and value density of the products. From 

this analysis a decision framework was designed to easily see for which conditions a weekly review is 

preferable and in what cases a MPU optimization is required. 

Additionally the effect of lead time and demand frequency is investigated and approximation 

methods are developed to get an accurate view on the CDC expenses and the required capital 

investments in inventory. This resulted in a tool which gives the optimal MPU for a complete set of 

input parameters. This development of this tool is a result of the main research objective.  

Finally, the findings are applied to the situation at Office Depot and showed that a weekly review is 

not recommended in the current situation due to an inadequate aggregate volume to guarantee full 

container shipments from the vendors. However, a number of possible changes to the current way 

of working could make a weekly review attractive. The first option could be ve ndor consolidation, 

where products are consolidated in the Far East before shipping them to Europe. The advantage 

here would be that full container transport can be guaranteed more easily and thus less aggregate 

volume is required to meet this requirement. A second option could be to increase the aggregate 

volume by shifting volume from the Direct shipments back to the Indirect shipment method. 

However, the introduction of the Direct shipments has projected yearly savings of over a million 

euros which is significantly higher than the potential savings of this project and thus is not a 

profitable option. A third option is the reduction of the pallet capacities. This could be done by 

introducing smaller racks in the CDC and will have a twofold positive effect.  First, the average 

amount of work on SKU’s stored in these smaller racks decreases and thus a reduction in CDC rates 

should be feasible. Second the demand in pallets per week for SKU’s stored in smaller racks will 

increase which will result in a shift to the right on the corresponding scenario graph.  

8.2 Recommendations to Office Depot 
The first and most important recommendation to Office Depot is to keep a monthly review period 

for the inventory that is going through the CDC. The aggregate volume might be sufficient to support 

a weekly review, however close to xxxx% of the SKU’s are not suitable for a weekly review. The main 

reason here is the very large amount of slow moving products for which it is logically not preferable 

to review them each week. However, three options are presented in 8.1 which could result in a 

recommending the shift from a monthly to a weekly review period. This conclusion brings us to the 

next recommendation. 
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The second recommendation is to investigate the in-between option of reviewing the inventory 

every two weeks. Since the aggregate volume at the moment is not sufficient to support a weekly 

review, maybe a two-weekly review will be feasible. For this purpose the developed simulation 

model has a two-weekly review period function available. An exact duplication of this study with this 

option instead of a weekly review should give enough insight in the potential cost savings . 

Additionally to this recommendation it might also be profitable to investigate the MPU optimization 

options for slow movers reviewed every month. 

The third recommendation is about the MOQ set by some vendors and the efforts of Office Depot to 

reduce or eliminate these. The simulation model of this study can provide an accurate answer of the 

additional costs occurring when having to cope with a MOQ. Knowing these costs could be valuable 

knowledge in the negotiations with the suppliers about their MOQ settings.  

The fourth recommendation is to do some investigation of the total cost of ownership for slow 

moving SKU’s that are sourced offshore. This study already gives a proper insight in the costs for 

handling slow-movers in the CDC. When adding the shipping, transportation and local costs to this 

figure, one might find out that sourcing slow-movers in the Far East is not a profitable business. An 

alternative may be profitable and else the company must decide if they want to make extra costs for 

the sake of having an (over)complete range of products.  

The fifth recommendation concerns the ordering method at the CDC, especially the safety stock 

setting. It is not related to the warehouse simulation study, however it is definitely a cost-improving 

opportunity. Now the required safety stock is calculated on the basis of past demand and applied to 

the forecasts, which is not consistent. It should be whether the forecasting accuracy is measured, 

used and applied to the forecasts to come up with an order quantity or the past demand and its 

deviation is used to calculate the required safety stock. In case past demand is used in combination 

with the P1 formula, the demand is assumed to be normally distributed and thus the forecast is not 

required to decide on the order quantity.  

8.3 Recommendations for Future Research 
The first recommendation for future research was already mentioned in the previous part. The 

developed model gives insight in the CDC and capital investment costs of slow-movers. This analysis 

could be extended to apply a total cost of ownership approach on the slow moving goods to 

investigate the realistic profitability of these goods. 

The second recommendation involves the main limitation of the current study, which is the number 

of dimensions of the decision support tool. The currently presented tool in the form of the scenario 

graphs covers three important dimensions; demand magnitude, demand variation and pallet value. 

For future research it is recommended that this tool is extended with two additional dimensions if 

they are found to be significant; lead time and demand frequency. Currently the MPU optimization 

tool does include these dimensions, however future research should investigate whether or not 

these dimensions have an influence on the profitability of a weekly review.  

As mentioned in part 8.2, the simulation model is not only able to have a weekly or monthly review 

period, but also a bi-weekly review. Therefore it might be interesting to investigate whether or not 

this intermediate solution is preferable for some of the slow/medium-moving products. 
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8.4 Contribution to Literature 
This study gives a new insight in the literature of outsourced warehouse activities. No earlier 

research has been found on this topic and the introduction of MPU is also new to the literature. 

Therefore, the results could be very useful for other companies who experience a similar cost 

structure in outsourced warehouse activities.  

Also the introduction of the MPU concept can be helpful when optimizing internal warehouse 

operations. The output can be divided by the rates in table 7 which results in the amount of times 

the activity must be done for a certain MPU setting. Thus when a company also stores the incoming 

products on pallets per purchase order, setting a MPU could give more efficient and profitable 

results.  
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10. Abbreviations 

CDC  Central Distribution Center (Turnhout, Belgium) 

CFS  Container Freight Station 

CoV  Coefficient of Variation 

FIFO  First In First Out 

xxxx  xxxx xxxx xxxx xxxx xxxx xxxx xxxx xxxx xxxx xxxx xxxx  

LDC  Local Distribution Center 

MOQ  Minimum Order Quantity 

MPU  Minimum Pallet Utilization 

PB  Private Brand 

PO  Purchase Order 

VMI  Vendor Managed Inventory 
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Appendix A: Vendor Overview 

Table A1 provides a vendor overview, including the agreed lead time differentiation and some other 

relevant information. 

Table A1. Vendor overview 

Nr Vendor Harbor Range Vendor 
Agreed 
production 
LT 

xxxx 
origin 
conso-
lidation 

Shipping & 
DC 
handling 

Proces-
sing 

TOTAL # of 
sku's 
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Appendix B: Inventory Simulation 

Figure B1 shows a screenshot of the inventory control simulation in Microsoft Office Excel 2007. The 

light green box on top of the screen is the input parameter field, where the light red box represents 

the output parameter field of the simulated inventory system. Each row represents a single day of 

operation and thus the formulas differ per column. The inventory control simulation can be 

separated in two parts; the physical stock position (column D-J) and the order quantity calculation 

(column L-S). These 2 parts will be discussed next in more detail, as well as the input and output 

parameters. 

 

Input Parameters 
# /pallet  P  Capacity of a full pallet in sell units 

Leadtime  L  Lead time of a purchase order in days 

MPU   MPU  Minimum Pallet Utilization in sell units 

k; alpha (shape) k  Shape parameter of the Gamma distribution 

θ; beta (scale)  θ  Scale parameter of the Gamma distribution 

MOQ   MOQ  Minimum Order Quantity in sell units 

S   S  Order-up-to level in sell units 

Review   R  Review period (1 = monthly, 2 = biweekly, 3 = weekly) 

Figure B1. Inventory control simulation screenshot 
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Physical Stock Position 
Day   t  Current date 

  t = t-1 + 1 The current day is equal to the day before plus one. 

Start Inv.  SIt  Start inventory before replenishment for day t 

SIt = EIt-1 The starting inventory for day t is equal to the ending inventory of 

the day before. 

Inbound  Int  Replenishment quantity for day t 

  INt = SUMIF(DD0:DDt-1, t, QMOQo :QMOQt-1) 

The inbound quantity for day t is equal to all ordered quantities with 

a due date equal to the current day. 

Start Inv. + Inb.  SIIt  Start inventory after replenishment for day t 

SIIt = SIt + INt The start inventory after replenishment for day t is equal to the 

starting inventory plus the inbound quantity for that day. 

S.O.   SOt  Incoming sales order for day t (demand) 

  SOt = ROUND(GAMMAINV(RAND(), k, θ), 0)  for each demand occurrence  

The demand is generated using the random number generator of 

Excel (0<RAND()<1), which is put into the inverse gamma function. 

This results in a randomly generated number from the gamma 

distribution with given parameters. The result is rounded to the 

nearest integer, because demand can only occur in full units.     

Outbound  OBt  Amount of sell units leaving the warehouse for day t 

  OBt = MIN(SIIt, SOt + BOt-1) 

The amount of units leaving the warehouse for day t is of course 

restricted by the available amount in stock. The amount which 

should leave the warehouse is equal to the incoming sales order and, 

if applicable, the remaining backorder quantities. 

Cum. BO  BOt  Amount of sell units in backorder (cumulative) for day t 

  BOt = MAX(0, SOt – SIIt + BOt-1) 

If on a specific day the amount of units which should leave the 

warehouse is more than the available amount of units, a backorder 

is created. The amount backordered is the difference between what 
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is available and what is required (thus partial shipments are 

possible). 

End Inv.  EIt  Ending inventory for day t 

EIt = SIIt - OBt The ending inventory for day t is equal to the beginning inventory 

less the amount of units leaving the warehouse. 

Order Quantity Calculation 
Review?  R?t  Is the inventory reviewed at day t? (1 = yes, 0 = no) 

R?t = IF(R=1, IF(DAY(t)=1,1,0), IF(R=3, IF(WEEKDAY(t)=1,1,0), 

IF(AND(WEEKDAY(t)=1,ISEVEN(WEEKNUM(t))),1,0))) 

This formula checks for day t whether or not an inventory review is 

planned. The outcome of this function fully depends on the input 

parameter R and the current day. If the outcome is 1 an inventory 

review is required, else not. 

Outst. POs  OPOt  The amount of sell units in outstanding PO’s for day t 

  OPOt = SUMIF(DD0:DDt-1, >t,QMOQ0:QMOQt-1) 

The amount of units for day t is checked by summing all previously 

ordered quantities with a due date which is later than the current 

day. 

Inv. Pos.  POSt  The inventory position at day t 

  POSt = EIt – Bot + OPOt 

The inventory position for day t is equal to the ending inventory plus 

the outstanding purchase order quantities. 

Q   Qt  The required order quantity in sell units for day t 

Qt = S - POSt The required order quantity for day t is equal to the input parameter 

S minus the inventory position for that day. 

Q – MPU  QMPUt  Corrected order quantity according to MPU for day t 

QMPUt = MAX(IF(ROUNDDOWN(Qt/P, 0)-(Qt/P)=0, 0, MPU), Qt-

P*ROUNDDOWN(Qt/MPU, 0))+P*ROUNDDOWN(Qt/MPU, 0) 

This formula corrects the proposed order quantity so that it meets 

the input MPU requirement. First, a maximum number of full pallet 

amounts is subtracted from Q and the remaining quantity is equalled 

up to the MPU if it is not equal to zero and below the MPU. Next the 

full pallets are added again and the corrected quantity is the result. 
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Q – MOQ  QMOQt  Corrected order quantity according to MOQ for day t 

  QMOQt = IF(QMOQt>1, MAX(QMOQt, MOQ), QMOQt) 

If a MOQ is applicable the MPU corrected quantity is heightened up 

to the MOQ quantity. 

Due-Date  DDt  Due date for order placed at day t 

DDt = t + L The due date for the required and corrected order quantity is equal 

to the current date plus the lead time. 

Output Parameters 
Avg. Inv. Average ending inventory after warm-up period 

 The average is taken of the ending inventory over the simulation period. 

P1 Probability of not being out-of-stock just before a replenishment order arrives 

(Handout stock control, de Kok) 

 The P1 service measure is calculated using an extra column not shown in the screenshot. This 

column generates a 0 or 1 for every replenishment occurrence. For each of these occurrences 

it checks if the amount of backorders is greater than zero, and if that is the case a 1 is 

registered, else a 0. The formula for measuring the P1 then counts the amount of one’s and 

divides this by the total amount of zero’s and one’s. This figure is subtracted from 1 which 

results in the out-of-stock probability just before replenishment. 

P2 Long-run fraction of total demand, which is being delivered from stock on hand; also 

known as the fill-rate (Handout stock control, de Kok) 

 The P2 measure is also calculated using an extra column not shown in the screenshot. This 

column checks for new backorders every day. In case there are already backorders and a 

sales order comes in, only the amount of the sales order which cannot be met from demand 

is registered. To calculate the P2 measure the new backorder amounts are summarized and 

divided by the summarized incoming sales order amounts. This figure is subtracted from 1 

which results in the fraction of demand delivered from stock on hand. 
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Appendix C: Warehousing Simulation 

The warehousing simulation operates synchronic to the inventory control simulation and represents 

the underlying warehouse handling operations on a daily basi s. First the input and output 

parameters of the warehousing simulation will be described after which the daily operations are 

described in detail. Figure C1 shows the input and output parameter fields. 

Input Parameters 
# / pallet  P 

Start Inv.  SI  EIt  of the last day of the primary warm-up period 

The starting inventory at the end of the primary warm-up period is required to ensure the 

synchronicity of the inventory control and warehousing simulations. This starting inventory is 

used to fill up the initial inventory with full pallets and the remaining amount on a separate 

pallet. 

Start Cum. BO’s  SBO  BOt of the last day of the primary warm-up period 

 Required for the same reason as the starting inventory (synchronicity). 

Output Parameters 
SUM Picking Locations 

The sum of all “Picking Locations” amounts after the secondary warm-up period. This is the 

output measure which decides the order picking costs;  

Total picking costs = SUM Picking Locations * “Picking carton” rate 

AVG Storage Occupied per day 

The average of all “Locations Occupied” amounts after the secondary warm-up period. This is 

the output measure which decides the storage costs at the CDC; 

  Total storage costs = AVG Storage Occupied per day * “T1 Storage” rate  

SUM Pallet Inbound 

The sum of all “Pallet Inbound” amounts after the secondary warm-up period. This is the 

output measure which decides the inbound handling costs;  

Total inbound handling costs = SUM Pallet Inbound * “Pallet inbound handling T1” 

rate 

Figure C1. Input and output of warehousing simulation 



The Introduction of a Minimum Pallet Utilization to Optimize the CDC Operating Expenses when Shifting to a Weekly Review Peri od 

- 61 - 
 

SUM New Backorders 

The sum of all new backorders. Used to validate the warehouse simulation model with the 

inventory control simulation model. Also used to calculate the P1 service measure.  

Daily Warehouse Operations 
The warehouse handling part of the simulation model is modeled on a daily basis, just as the 

inventory control model. Figure C2 shows a screenshot of the simulation model. One complete day is 

shown in the figure and also a part of the day before and after (days are separated by a white line). 

One day of operations is separated in three parts; the initial inventory and inbound part (dark blue), 

a backorder fulfillment part (medium blue) and a normal order picking part (light blue). These parts 

will be described in detail next. 

*Screenshot shows 10 available pallet places, the final model has a capacity of 22 pallet places. 

Inbound Operations (dark blue) 

Rank The rank of the pallets in storage according to the FIFO principle. G stands 

for Ground location.  

Original The initial pallet quantities per pallet place. If zero, the pallet place with the 

according rank is not occupied. Values are equal to the ending pallet 

quantities of the day before linked to their final rank. 

Incoming Shipment Incoming replenishment order for that specific day. Retrieved from the 

inventory control simulation with a VLOOKUP-function over the current date. 

Original + Q in Copy of the Original-row plus the incoming goods stored on full pallets if 

possible and according to the FIFO principle. 

Pallets Inbound The performance of the inbound process; the amount of pallets handled by 

inbound operations. 

Figure C2. Warehousing simulation screenshot 
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Backorder Picking (medium blue) 

BO’s   The amount of “Backorder (old)” from the previous day.  

Full Pallet Picks This line performs a check on the “Original + Q in” row if full pallets can be 

picked from inventory according to the priority rules in the CDC. If a full 

pallet is picked a 1 is registered, else a 0. 

Rest Quantity  The remaining quantity required for that specific order after full pallet p icks. 

Pick from Ground The amount picked from the current Ground location. 

Rest Quantity The remaining quantity after the current Ground location pick has been 

performed. If this amount is greater than zero, a new pallet is picked from an 

air location and put on the Ground location. 

From   The rank of the pallet which will replace the Ground location if it is empty.  

End Inventory The ending inventory after full pallet picks, Ground location pick and Ground 

location switch if applicable. 

End Rank The ending inventory is assigned with a new rank according to the FIFO 

principle. If the Ground location was fully picked the lowest original rank will 

get the rank “G” to indicate it is placed on the Ground location.  

End Repositioned The ending inventory ranked according to the rank in the first line of the day. 

Necessary for easy transfer to the next order. 

Pick Locations A output performance measure for the current day. The amount represents 

the number of full pallet picks, whether or not the ground location is picked 

and whether or not a ground location switch was necessary. In the end used 

for calculating the order picking costs. 

Backorder (old) If there is not sufficient inventory available goods are backordered. The 

backordered amount is displayed here and is transferred to the next day. 

New Order Picking (light blue) 

The “New Order Picking” is almost the same as “Backorder Picking” since they are both modeled as 

an incoming demand occurrence. The only difference is the “Q1”, which represents the incoming 

demand occurrence from the inventory control system (using a VLOOKUP over the current date). 

Additionally, at the end of the day the “Locations Occupied” is calculated by checking how many 

pallet places have an amount larger than zero. In the end, this amount is averaged and the 

warehouse occupancy costs can be calculated. 
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Appendix D: Order-up-to Level 

The procedure to decide on the required order-up-to levels is done on the basis of the P2 formula 

given by De Kok (Handout Stock Control): 

     
 

 , (       --
* ,( (      -   )

 -  ,( (    -   )
 -+ 

This formula was implemented into excel and validated by comparing it with the results of the 

“Classical Inventory Models Student version” of T. de Kok. This Excel file uses a self-made solver to 

find the value of S where the P2 measure is for the first time above 98%. Table D1 presents the 

resulting S levels for a weekly review period, while table D2 shows the values for a monthly review 

period. 

Table D1. S-values for weekly review        Table D2. S-values for monthly review 

 

The calculated order-up-to levels are used in the validation of the inventory control simulation part. 

30 random values were picked from the tables above and put into the model. For each value the 

coefficient of variance and demand parameter were set and the simulation was done with the 

required warm-up period of 4 months and a run length of 5 years. 10 replications were done for 

each run and the results validated the inventory control simulation model (P2 measure of 0.98 

rounded to two decimals were reached). 

 

 

Demand Coefficient of Variance 

0.2 0.4 0.6 0.8 

15 350 379 414 453 

30 699 758 827 905 

45 1048 1137 1241 1357 

60 1397 1516 1654 1809 

75 1747 1894 2067 2262 

90 2096 2273 2481 2714 

105 2445 2652 2894 3166 

120 2794 3031 3307 3618 

135 3143 3410 3721 4071 

150 3493 3788 4134 4523 

187.5 4366 4735 5167 5654 

225 5239 5682 6201 6784 

262.5 6112 6629 7234 7915 

300 6985 7576 8268 9045 

450 10477 11364 12401 13568 

600 13969 15152 16535 18090 

Demand Coefficient of Variance 

0.2 0.4 0.6 0.8 

15 443 467 496 528 

30 886 934 991 1056 

45 1329 1400 1486 1583 

60 1772 1867 1981 2111 

75 2215 2333 2476 2638 

90 2658 2800 2971 3166 

105 3101 3266 3466 3694 

120 3544 3733 3961 4221 

135 3987 4199 4456 4749 

150 4430 4666 4951 5276 

187.5 5537 5832 6189 6595 

225 6644 6998 7427 7914 

262.5 7751 8164 8665 9233 

300 8859 9331 9902 10552 

450 13288 13996 14853 15828 

600 17717 18661 19804 21104 
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Appendix E: Gamma Properties 

The Gamma probability density function is (Montgomery, 2003): 

  ( )  
          

 ( )
   (1)  , where 

   ( )  ∫          
 

   (2)  , and 

    ⁄     (3)  is the mean, with a variance of 

       ⁄    (4) 

Where r is the shape parameter (alpha) and λ the inverse scale parameter. However, when using 

Microsoft Excel a beta parameter must be defined, which is the scale parameter instead of the 

inverse scale parameter used by Montgomery (2003). The scale parameter θ is equal to 1/λ, 

resulting in a mean of: 

         (5)  , and a variance of   

         (6)  , and  

                           ⁄   
√   

  
 

 

√ 
  (7) 
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Appendix F: Secondary Warm-up Period 

Table E1 present the results of the calculations done in part 5.3 for deciding on the secondary warm-

up period. 

 

 

 

 

 

 

  

Table E1. Secondary warm-up period calculation 

Demand per 
Occurrence 

Coefficient of Variance 

0.2 0.4 0.6 0.8 

15 22.6 24.6 26.6 28.8 

30 12.6 14.6 16.6 18.8 

45 9.3 11.3 13.3 15.4 

60 7.6 9.6 11.6 13.8 

75 6.7 8.6 10.6 12.8 

90 6.0 7.9 10.0 12.1 

105 5.5 7.4 9.5 11.6 

120 5.1 7.1 9.1 11.3 

135 4.9 6.9 8.9 11.0 

150 4.7 6.6 8.6 10.8 

187.5 4.3 6.2 8.2 10.4 

225 4.0 5.9 8.0 10.1 

262.5 3.8 5.7 7.8 9.9 

300 3.7 5.6 7.6 9.8 

450 3.6 5.5 7.5 9.7 

600 3.5 5.4 7.4 9.6 
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Appendix G: Test Runs on P2 

Table G1 shows the test run properties to decide on the required amount of replications to get to a 

steady and reliable result. 

Table G1. Test run properties 

Series 1 2 3 4 5 

Mean 15 45 135 225 300 

CoV 0.2 0.6 0.8 0.2 0.4 

 

Figure G1 shows the results of the P2 test runs, where the 5 different series correspond with the 

series in table G1. The horizontal axis represents the amount of runs and the vertical axis represents 

the average of P2 over all replications. 

 
Figure G1. Test run results 
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Appendix H: Base Case Results 

This Appendix presents the results of the base case simulation. The following variables are present in 

each data table: 

- Freq  Amount of demand occurrences per week 

- Dem  Average demand per occurrence [sell units]  

- Cov  Coefficient of variance per demand occurrence 

- S  Order-up-to level [sell units] 

- MPU  Minimum Pallet Utilization 

- PickCost Picking costs on a yearly basis *€+ 

- StorCost Storage costs on a yearly basis *€+ 

- InbCost  Inbound handling costs on a yearly basis *€+  

- AvgInv  Average inventory [sell units]  

- W0  Total relevant costs on a yearly basis with a pallet value of 0 € *€+  

- W500  Total relevant costs on a yearly basis with a pallet value of 500 € *€+ 

- W1000  Total relevant costs on a yearly basis with a pallet value of 1000 € *€+  

- W2000  Total relevant costs on a yearly basis with a pallet value of 2000 € *€+  

- W4000  Total relevant costs on a yearly basis with a pallet value of 4000 € *€+ 

 

 

Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 15 0 355.08 245.91 152.95 97.60 753.94 762.07 770.21 786.47 819.00

CoV 0.6 0.1 298.06 186.10 76.39 125.76 560.55 571.03 581.51 602.47 644.39

S 414 0.2 269.12 129.44 38.25 156.13 436.81 449.82 462.83 488.85 540.89

0.3 258.55 110.55 25.46 186.73 394.56 410.12 425.68 456.80 519.05

0.4 253.72 100.59 19.12 216.02 373.42 391.42 409.42 445.43 517.43

0.5 250.60 95.02 15.27 246.17 360.88 381.40 401.91 442.94 525.00

0.6 248.59 91.24 12.77 276.91 352.60 375.68 398.75 444.91 537.21

0.7 247.01 88.51 10.89 306.98 346.41 372.00 397.58 448.74 551.07

0.8 246.00 86.71 9.58 338.05 342.29 370.46 398.63 454.98 567.66

0.9 245.25 85.01 8.47 368.21 338.73 369.42 400.10 461.47 584.21

1 244.44 83.43 7.70 394.59 335.58 368.46 401.34 467.11 598.64

Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 30 0 369.94 239.61 152.95 188.59 762.49 778.21 793.92 825.35 888.22

CoV 0.6 0.1 350.61 270.47 139.13 212.73 760.21 777.94 795.67 831.12 902.03

S 827 0.2 299.76 186.98 76.26 252.46 562.99 584.03 605.07 647.15 731.30

0.3 279.91 149.48 50.73 284.38 480.12 503.82 527.52 574.92 669.71

0.4 269.74 130.60 37.99 315.90 438.33 464.66 490.98 543.63 648.93

0.5 263.46 117.96 30.56 342.31 411.97 440.50 469.03 526.08 640.18

0.6 258.85 110.47 25.50 373.28 394.82 425.92 457.03 519.24 643.67

0.7 256.34 104.70 21.86 400.84 382.90 416.31 449.71 516.52 650.13

0.8 253.87 100.78 19.10 432.29 373.76 409.79 445.81 517.86 661.96

0.9 252.56 97.42 17.04 461.26 367.02 405.46 443.90 520.77 674.52

1 250.97 95.13 15.23 493.72 361.32 402.47 443.61 525.90 690.47
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Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 45 0 360.62 247.82 150.95 291.55 759.40 783.69 807.99 856.58 953.77

CoV 0.6 0.1 355.39 264.57 150.33 296.21 770.29 794.97 819.66 869.02 967.76

S 1241 0.2 328.51 240.52 110.95 346.04 679.97 708.81 737.65 795.32 910.67

0.3 295.97 187.92 75.20 380.18 559.09 590.77 622.46 685.82 812.55

0.4 282.02 157.74 56.78 406.20 496.54 530.39 564.24 631.94 767.34

0.5 271.94 141.55 45.33 440.11 458.82 495.49 532.17 605.52 752.22

0.6 266.18 129.43 37.82 467.42 433.43 472.39 511.34 589.24 745.05

0.7 261.85 121.85 32.27 500.02 415.97 457.64 499.31 582.65 749.32

0.8 258.90 115.54 28.31 528.55 402.75 446.80 490.85 578.94 755.12

0.9 256.83 110.11 25.22 554.81 392.16 438.40 484.63 577.10 762.03

1 253.81 106.27 22.70 586.02 382.79 431.62 480.46 578.13 773.46

Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 60 0 370.99 243.63 152.95 383.56 767.56 799.53 831.49 895.41 1023.27

CoV 0.6 0.1 369.82 247.11 152.92 383.06 769.85 801.77 833.69 897.53 1025.22

S 1654 0.2 353.09 273.14 139.21 429.01 765.45 801.20 836.95 908.45 1051.45

0.3 320.37 224.11 101.01 473.39 645.50 684.94 724.39 803.29 961.09

0.4 301.64 187.34 76.39 505.94 565.38 607.54 649.70 734.03 902.67

0.5 288.39 164.40 61.12 535.61 513.91 558.54 603.18 692.44 870.98

0.6 280.42 149.58 50.84 568.37 480.84 528.21 575.57 670.30 859.76

0.7 274.70 137.07 43.80 590.23 455.57 504.75 553.94 652.31 849.05

0.8 269.66 129.17 38.40 621.70 437.23 489.03 540.84 644.46 851.69

0.9 266.52 123.38 33.96 655.53 423.85 478.48 533.11 642.36 860.87

1 263.58 118.38 30.55 686.69 412.51 469.73 526.96 641.41 870.31

Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 75 0 369.90 248.71 152.95 484.90 771.55 811.96 852.37 933.18 1094.81

CoV 0.6 0.1 366.80 248.40 152.95 488.07 768.15 808.82 849.50 930.84 1093.53

S 2067 0.2 364.90 271.48 150.14 500.71 786.52 828.24 869.97 953.42 1120.32

0.3 340.88 253.76 123.26 557.76 717.90 764.38 810.86 903.82 1089.74

0.4 316.49 215.79 95.01 603.78 627.29 677.61 727.92 828.55 1029.81

0.5 302.25 186.34 76.62 625.71 565.21 617.35 669.49 773.78 982.35

0.6 292.05 168.10 63.91 653.95 524.06 578.55 633.05 742.04 960.02

0.7 284.55 153.85 54.82 685.86 493.22 550.37 607.53 721.84 950.46

0.8 278.73 143.63 47.82 712.80 470.18 529.58 588.98 707.78 945.38

0.9 274.77 134.69 42.69 742.85 452.15 514.06 575.96 699.77 947.38

1 270.69 129.27 38.26 777.21 438.22 502.99 567.75 697.29 956.36

Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 90 0 370.73 250.37 152.95 582.47 774.05 822.59 871.13 968.21 1162.36

CoV 0.6 0.1 371.88 244.89 152.97 578.68 769.73 817.95 866.18 962.62 1155.52

S 2481 0.2 370.20 261.39 152.44 585.25 784.03 832.80 881.57 979.11 1174.20

0.3 355.48 269.64 139.01 636.32 764.12 817.15 870.17 976.23 1188.33

0.4 333.83 237.10 112.97 676.07 683.89 740.23 796.57 909.25 1134.61

0.5 314.96 207.57 91.83 719.91 614.35 674.35 734.34 854.32 1094.30

0.6 303.25 187.41 76.35 758.85 567.01 630.25 693.49 819.96 1072.91

0.7 293.18 170.91 65.62 791.30 529.71 595.65 661.60 793.48 1057.25

0.8 286.13 159.79 57.19 826.29 503.11 571.96 640.82 778.54 1053.97

0.9 280.83 148.35 51.03 846.68 480.20 550.76 621.32 762.43 1044.66

1 276.48 141.13 46.01 876.30 463.63 536.65 609.68 755.73 1047.83
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Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 105 0 367.77 249.47 153.10 688.92 770.34 827.75 885.16 999.98 1229.62

CoV 0.6 0.1 367.60 248.01 153.08 686.71 768.69 825.91 883.14 997.59 1226.49

S 2894 0.2 368.99 253.91 152.96 676.75 775.86 832.25 888.65 1001.44 1227.02

0.3 363.30 272.25 147.80 714.75 783.34 842.91 902.47 1021.59 1259.84

0.4 344.23 256.15 128.03 763.50 728.41 792.04 855.66 982.91 1237.41

0.5 328.00 227.12 105.98 808.40 661.11 728.47 795.84 930.57 1200.04

0.6 313.00 205.56 89.01 859.80 607.57 679.22 750.87 894.16 1180.76

0.7 302.27 187.41 76.45 886.66 566.14 640.02 713.91 861.69 1157.24

0.8 294.26 173.41 66.79 915.40 534.46 610.74 687.03 839.59 1144.73

0.9 287.81 162.41 59.45 947.18 509.67 588.60 667.53 825.40 1141.12

1 283.97 152.91 53.28 982.45 490.15 572.02 653.89 817.64 1145.12

Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 120 0 371.19 241.26 153.51 760.14 765.97 829.31 892.66 1019.35 1272.73

CoV 0.6 0.1 370.40 243.39 153.52 775.81 767.31 831.96 896.61 1025.91 1284.51

S 3307 0.2 370.46 249.56 153.39 775.28 773.40 838.01 902.62 1031.83 1290.26

0.3 370.02 265.61 151.74 785.09 787.37 852.79 918.22 1049.07 1310.76

0.4 359.23 269.28 139.79 848.07 768.30 838.97 909.64 1050.99 1333.67

0.5 339.18 244.71 119.77 905.61 703.65 779.12 854.59 1005.52 1307.39

0.6 323.64 223.05 101.35 940.10 648.04 726.38 804.72 961.40 1274.77

0.7 311.44 203.39 87.01 979.96 601.85 683.51 765.17 928.50 1255.15

0.8 302.32 188.17 76.13 1014.02 566.62 651.12 735.63 904.63 1242.63

0.9 295.85 174.75 67.84 1037.92 538.44 624.93 711.42 884.41 1230.38

1 288.33 165.01 61.09 1078.65 514.44 604.33 694.21 873.99 1233.54

Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 135 0 366.04 247.52 152.61 868.81 766.17 838.57 910.97 1055.77 1345.38

CoV 0.6 0.1 368.78 247.07 152.54 872.37 768.39 841.09 913.78 1059.18 1349.97

S 3721 0.2 367.94 249.21 152.63 873.41 769.78 842.57 915.35 1060.92 1352.05

0.3 366.72 262.49 151.65 871.05 780.86 853.45 926.03 1071.21 1361.56

0.4 357.84 275.19 145.07 925.48 778.10 855.22 932.34 1086.59 1395.08

0.5 343.60 264.77 128.35 999.03 736.72 819.97 903.22 1069.73 1402.74

0.6 327.02 241.47 111.10 1038.96 679.58 766.16 852.74 1025.90 1372.22

0.7 315.22 220.81 96.26 1082.99 632.30 722.55 812.80 993.29 1354.29

0.8 307.64 201.25 84.84 1105.96 593.73 685.89 778.06 962.38 1331.04

0.9 298.42 185.33 75.79 1122.02 559.54 653.05 746.55 933.55 1307.56

1 291.86 175.16 68.07 1162.32 535.08 631.94 728.80 922.52 1309.96

Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 150 0 371.88 252.08 156.46 983.35 780.42 862.37 944.31 1108.20 1435.99

CoV 0.6 0.1 371.77 248.52 156.51 967.47 776.80 857.42 938.04 1099.29 1421.78

S 4134 0.2 373.32 249.87 156.60 968.15 779.79 860.47 941.15 1102.50 1425.22

0.3 371.92 259.04 155.90 972.35 786.85 867.88 948.91 1110.97 1435.09

0.4 369.26 273.21 151.98 999.33 794.45 877.73 961.01 1127.56 1460.67

0.5 357.40 272.61 139.81 1068.36 769.82 858.85 947.88 1125.94 1482.07

0.6 342.95 252.89 123.95 1112.67 719.78 812.51 905.23 1090.68 1461.57

0.7 328.93 232.86 108.01 1159.99 669.80 766.46 863.13 1056.46 1443.12

0.8 319.26 214.36 95.32 1193.75 628.93 728.41 827.89 1026.85 1424.76

0.9 310.17 199.02 85.09 1224.26 594.27 696.30 798.32 1002.36 1410.45

1 302.83 186.85 76.54 1258.72 566.21 671.11 776.00 985.79 1405.36
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Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 187.5 0 383.45 252.88 167.15 1202.39 803.48 903.68 1003.87 1204.27 1605.07

CoV 0.6 0.1 381.16 254.86 166.92 1209.54 802.94 903.74 1004.53 1206.12 1609.30

S 5167 0.2 382.93 251.75 166.63 1192.93 801.31 900.72 1000.13 1198.95 1596.60

0.3 380.68 266.05 165.20 1233.82 811.93 914.75 1017.57 1223.20 1634.48

0.4 377.07 279.10 162.99 1236.70 819.16 922.22 1025.27 1231.39 1643.62

0.5 371.26 285.66 157.14 1268.79 814.06 919.80 1025.53 1236.99 1659.92

0.6 359.04 282.26 145.71 1335.17 787.00 898.27 1009.53 1232.06 1677.12

0.7 350.27 264.23 132.01 1372.87 746.51 860.92 975.33 1204.14 1661.76

0.8 336.86 247.12 117.86 1424.01 701.84 820.51 939.18 1176.52 1651.19

0.9 325.29 231.14 105.80 1470.04 662.23 784.73 907.23 1152.24 1642.25

1 317.68 214.82 95.82 1491.68 628.32 752.63 876.93 1125.55 1622.77

Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 225 0 392.88 261.10 181.53 1424.29 835.50 954.19 1072.88 1310.27 1785.03

CoV 0.6 0.1 393.77 260.14 181.62 1422.19 835.53 954.05 1072.56 1309.60 1783.66

S 6201 0.2 386.03 270.45 179.26 1461.33 835.73 957.51 1079.29 1322.84 1809.96

0.3 389.04 273.78 178.48 1457.12 841.30 962.72 1084.15 1327.00 1812.71

0.4 384.90 290.51 175.47 1481.95 850.88 974.37 1097.87 1344.86 1838.85

0.5 378.72 302.92 170.47 1511.62 852.10 978.07 1104.04 1355.98 1859.85

0.6 369.64 307.61 161.60 1570.74 838.85 969.75 1100.64 1362.43 1886.01

0.7 360.22 294.96 150.54 1613.90 805.72 940.21 1074.70 1343.69 1881.65

0.8 347.54 281.30 136.89 1676.16 765.73 905.41 1045.09 1324.45 1883.17

0.9 337.50 263.19 124.19 1714.79 724.89 867.79 1010.68 1296.48 1868.08

1 331.20 241.34 114.06 1716.68 686.60 829.66 972.71 1258.83 1831.05

Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 262.5 0 411.84 281.18 203.56 1675.86 896.58 1036.23 1175.89 1455.20 2013.82

CoV 0.6 0.1 413.15 284.33 203.23 1696.14 900.71 1042.05 1183.40 1466.09 2031.47

S 7234 0.2 408.53 284.55 201.77 1690.29 894.85 1035.70 1176.56 1458.27 2021.70

0.3 409.21 288.48 199.94 1691.58 897.63 1038.59 1179.56 1461.49 2025.35

0.4 403.79 304.05 195.72 1730.99 903.56 1047.81 1192.06 1480.56 2057.55

0.5 395.50 325.65 189.63 1778.52 910.78 1058.99 1207.20 1503.62 2096.46

0.6 391.19 322.49 182.92 1767.99 896.61 1043.94 1191.27 1485.93 2075.26

0.7 383.87 319.15 172.32 1825.69 875.34 1027.48 1179.62 1483.90 2092.47

0.8 372.45 306.37 159.60 1881.29 838.41 995.19 1151.96 1465.51 2092.61

0.9 360.52 290.25 146.34 1934.88 797.11 958.35 1119.59 1442.07 2087.03

1 348.37 274.72 133.73 1991.19 756.82 922.75 1088.69 1420.55 2084.28

Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 300 0 424.46 307.05 223.97 1940.97 955.48 1117.23 1278.98 1602.47 2249.46

CoV 0.6 0.1 426.50 304.98 223.77 1929.01 955.25 1116.00 1276.75 1598.25 2241.26

S 6985 0.2 422.62 306.48 222.17 1933.26 951.26 1112.37 1273.47 1595.68 2240.10

0.3 425.73 311.21 219.30 1943.15 956.24 1118.17 1280.10 1603.96 2251.67

0.4 415.80 326.83 214.11 1993.78 956.74 1122.89 1289.04 1621.33 2285.93

0.5 411.50 343.12 208.77 2005.96 963.39 1130.56 1297.72 1632.05 2300.70

0.6 407.68 350.71 201.83 2023.50 960.21 1128.84 1297.46 1634.71 2309.21

0.7 395.66 352.69 190.66 2106.19 939.00 1114.52 1290.03 1641.07 2343.13

0.8 387.89 332.93 179.72 2105.21 900.53 1075.96 1251.40 1602.27 2304.00

0.9 375.09 323.13 165.52 2198.53 863.74 1046.95 1230.16 1596.58 2329.43

1 363.12 304.95 152.46 2244.06 820.54 1007.54 1194.55 1568.56 2316.58
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Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 450 0 490.80 405.30 306.17 2860.33 1202.26 1440.62 1678.99 2155.71 3109.15

CoV 0.6 0.1 488.14 415.08 303.70 2932.82 1206.93 1451.33 1695.73 2184.53 3162.14

S 12401 0.2 486.85 412.79 301.95 2908.21 1201.59 1443.94 1686.29 2170.99 3140.39

0.3 481.58 418.86 297.68 2940.84 1198.12 1443.19 1688.26 2178.40 3158.68

0.4 478.88 426.53 292.44 2967.10 1197.85 1445.11 1692.37 2186.88 3175.92

0.5 474.43 436.74 286.63 2963.56 1197.80 1444.76 1691.73 2185.65 3173.50

0.6 466.57 450.61 278.83 2983.02 1196.01 1444.60 1693.18 2190.35 3184.69

0.7 456.74 465.19 267.22 3090.44 1189.15 1446.69 1704.22 2219.29 3249.44

0.8 445.83 458.46 255.07 3141.85 1159.36 1421.18 1683.00 2206.65 3253.93

0.9 439.19 434.12 244.13 3115.92 1117.44 1377.10 1636.76 2156.08 3194.72

1 426.34 422.27 228.45 3222.36 1077.06 1345.59 1614.12 2151.18 3225.31

Freq 2 MPU PickCost StorCost InbCost AvgInv W0 W500 W1000 W2000 W4000

Dem 600 0 550.34 521.44 382.37 3839.51 1454.15 1774.11 2094.07 2733.99 4013.83

CoV 0.6 0.1 550.17 518.45 383.13 3816.76 1451.75 1769.81 2087.87 2724.00 3996.25

S 16535 0.2 549.37 525.70 378.95 3869.76 1454.01 1776.49 2098.97 2743.93 4033.85

0.3 540.66 537.70 373.84 3944.75 1452.20 1780.93 2109.66 2767.11 4082.03

0.4 535.58 543.66 368.54 3965.84 1447.78 1778.27 2108.75 2769.72 4091.67

0.5 535.31 550.46 364.08 3898.68 1449.84 1774.73 2099.62 2749.40 4048.96

0.6 523.34 564.90 354.00 3986.50 1442.24 1774.45 2106.66 2771.07 4099.91

0.7 516.66 571.70 344.35 4020.03 1432.71 1767.71 2102.71 2772.72 4112.73

0.8 506.97 568.06 332.95 4069.44 1407.98 1747.10 2086.22 2764.46 4120.94

0.9 499.88 547.97 321.10 4065.62 1368.96 1707.76 2046.56 2724.16 4079.37

1 485.57 536.89 305.27 4176.71 1327.73 1675.79 2023.85 2719.97 4112.21
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Appendix I: Inventory Approximation 

Table I1 presents the average absolute deviation of the inventory approximation method. Next to 

the average absolute deviation the standard deviation of the absolute deviation is also given. Finally, 

the results are summarized giving an average absolute deviation of 0.841% with a standard deviation 

of 0.665%. 

Table I1. Base case inventory approximation deviations 

Demand   Demand   

15 Average  0.329% 135 Average  1.256% 

St. Dev. 0.228% St. Dev. 1.075% 

30 Average  0.653% 150 Average  0.923% 

St. Dev. 0.674% St. Dev. 0.673% 

45 Average  0.634% 187.5 Average  0.765% 

St. Dev. 0.658% St. Dev. 0.582% 

60 Average  0.831% 225 Average  1.227% 

St. Dev. 0.752% St. Dev. 0.681% 

75 Average  1.044% 262.5 Average  0.589% 

St. Dev. 0.622% St. Dev. 0.454% 

90 Average  0.583% 300 Average  0.737% 

St. Dev. 0.423% St. Dev. 0.661% 

105 Average  1.057% 450 Average  0.968% 

St. Dev. 0.640% St. Dev. 0.656% 

120 Average  1.050% 600 Average  0.810% 

St. Dev. 0.682% St. Dev. 0.500% 

 

Table I2 represents the summarized results for the inventory approximation in the demand variation 

sensitivity analysis. 

Table I2. Results summary for varying CoV's 

Coefficient of 
Variation 

Average absolute 
deviation 

Standard 
deviation 

0.2 1.197% 1.473% 
0.4 1.039% 0.914% 

0.8 0.748% 0.614% 
  

  

TOTAL Average  0.841% 

 St. Dev. 0.665% 
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Appendix J: Base Case Results (Monthly Review) 

Table J1 represents the simulation results for a monthly review. Costs are shown in euros and the 

MPU is not taken into account for the monthly review situation. 

Table J1. Base case costs for a monthly review 

Demand per 
Occurrence 

Outbound 
Costs 

Storage 
Costs 

Inbound 
Costs 

Average 
Inventory 

Total CDC 
Costs 

15 277.21 109.69 35.16 131.98 422.06 

30 277.79 110.42 35.16 265.07 423.37 

45 278.51 109.67 35.55 394.64 423.73 

60 285.60 116.52 43.19 523.67 445.31 

75 294.61 138.76 57.23 663.18 490.61 

90 301.19 161.33 66.14 795.44 528.67 

105 305.57 177.46 71.59 933.65 554.62 

120 312.49 185.05 77.21 1037.62 574.75 

135 319.40 198.46 85.81 1183.18 603.66 

150 322.78 213.82 93.60 1330.37 630.20 

187.5 339.61 247.43 112.94 1648.90 699.98 

225 354.07 283.14 132.24 1970.95 769.45 

262.5 370.21 321.30 151.56 2306.81 843.07 

300 384.99 358.99 170.31 2631.81 914.29 

450 444.13 513.09 245.75 3935.41 1202.98 

600 502.02 676.24 322.54 5297.57 1500.79 
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Appendix K: Base Case Conclusions 
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Appendix L: Demand Variation Sensitivity Analysis 

Coefficient of Variance = 0.2 

 

 

Scenario Graph: 

 

  

15 30 45 60 75 90 105 120

Optimal MPU 0.8 1 1 1 1 1 1 1

Savings 10.9% 7.2% 4.3% 1.3% 12.0% 16.8% 14.0% 11.1%

Scenario 3 3 3 2 3 3 3 3

Optimal MPU 0.6 0.8 1 1 1 1 1 1

Savings 7.5% 3.3% 1.0% -0.8% 10.3% 15.4% 13.4% 11.3%

Scenario 3 3 2 2 3 3 3 3

Optimal MPU 0.4 0.6 0.7 0.8 0.9 1 1 1

Savings 3.2% -1.1% -3.2% -3.8% 7.5% 13.2% 12.4% 11.6%

Scenario 3 2 1 1 3 3 3 3

4000 Optimal MPU 0.3 0.4 0.5 0.6 0.7 0.7 0.8 0.9

Savings -1.2% -4.5% -5.2% -4.2% 6.2% 11.8% 12.1% 12.4%

Scenario 2 1 1 1 3 4 4 5
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Scenario 3 3 4 4 4 4 4 4

Optimal MPU 1 1 1 1 1 1 1 1

Savings 12.6% 16.1% 17.0% 19.7% 20.4% 22.3% 43.4% 46.2%

Scenario 3 4 4 4 4 4 4 4

Optimal MPU 1 1 1 0 0.2 0.9 1 1

Savings 13.3% 17.0% 19.1% 24.8% 26.2% 26.5% 49.8% 52.7%

Scenario 4 4 4 5 5 5 5 5

4000 Optimal MPU 0.1 0.3 0 0 0 0 0 0

Savings 16.7% 21.9% 28.3% 34.2% 35.4% 35.0% 57.9% 60.3%

Scenario 5 5 5 5 5 5 5 5
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Coefficient of Variance = 0.4 

 

 

Scenario Graph: 

 

 

 

15 30 45 60 75 90 105 120

Optimal MPU 1 1 1 1 1 1 1 1

Savings 12.8% 8.4% 4.1% 2.7% 9.4% 13.2% 11.9% 10.7%

Scenario 3 3 3 3 3 3 3 3

Optimal MPU 0.6 0.9 1 1 1 1 1 1

Savings 8.8% 4.0% 0.7% 0.3% 7.3% 11.5% 10.7% 10.2%

Scenario 3 3 2 2 3 3 3 3

Optimal MPU 0.5 0.6 0.8 0.9 1 1 1 1

Savings 3.9% -1.4% -4.3% -3.5% 4.0% 8.7% 8.8% 9.4%

Scenario 3 2 1 1 3 3 3 3

4000 Optimal MPU 0.3 0.5 0.6 0.7 0.7 0.8 0.9 0.9

Savings -1.4% -6.0% -7.6% -5.6% 1.2% 5.9% 6.7% 8.4%

Scenario 2 1 1 1 2 3 4 4
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Optimal MPU 1 1 1 1 1 1 1 1

Savings 10.8% 12.0% 12.6% 13.7% 14.1% 15.1% 26.4% 28.5%

Scenario 3 3 3 4 4 4 4 4

Optimal MPU 1 1 1 1 1 1 1 1

Savings 10.5% 11.9% 13.1% 14.8% 15.3% 16.7% 29.8% 32.0%

Scenario 3 3 4 4 4 4 4 4

Optimal MPU 1 1 1 1 1 1 1 1

Savings 10.0% 11.8% 13.9% 16.2% 17.1% 18.7% 33.8% 36.3%

Scenario 3 4 4 5 5 5 5 5

4000 Optimal MPU 1 0.2 0 0 0 0 0 0

Savings 9.5% 13.0% 18.9% 22.9% 23.3% 24.4% 39.6% 41.8%
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Coefficient of Variance = 0.8 

 

 

Scenario Graph: 

 

  

15 30 45 60 75 90 105 120

Optimal MPU 1 1 1 1 1 1 1 1

Savings 17.0% 11.0% 5.9% 4.7% 6.6% 7.5% 7.6% 6.6%

Scenario 3 3 3 3 3 3 3 3

Optimal MPU 0.8 1 1 1 1 1 1 1

Savings 12.3% 6.4% 2.2% 1.7% 4.0% 5.3% 5.7% 4.9%

Scenario 3 3 3 2 3 3 3 3

Optimal MPU 0.6 0.8 1 1 1 1 1 1

Savings 6.3% -0.7% -3.7% -2.8% 0.1% 2.1% 3.2% 2.6%

Scenario 3 2 1 1 2 3 3 3

4000 Optimal MPU 0.4 0.6 0.7 0.8 0.9 0.9 1 1

Savings -0.7% -7.4% -9.1% -7.6% -4.2% -1.5% 0.3% 0.0%

Scenario 2 1 1 1 1 2 2 2
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Optimal MPU 1 1 1 1 1 1 1 1

Savings 5.3% 6.1% 6.1% 6.8% 7.9% 8.3% 9.4% 10.9%

Scenario 3 3 3 3 3 4 4 4

Optimal MPU 1 1 1 1 1 1 1 1

Savings 3.4% 4.8% 5.1% 6.4% 7.9% 9.1% 10.2% 12.1%

Scenario 3 3 3 4 4 4 4 5

4000 Optimal MPU 1 1 1 0 0 0 0 0

Savings 1.2% 3.3% 4.1% 7.0% 9.1% 9.8% 11.9% 13.8%
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Appendix M: Lead Time Sensitivity Analysis 

First, table M1 presents the simulation settings and corresponding order-up-to levels. Next, table M2 

shows the measured accuracy of the inventory approximation in comparison to the simulation 

results. 

Table M1. Simulation settings and order-up-to levels 

CoV Demand/Occ Lead time 50 Lead time 60 Lead time 80 Lead time 90 

0.4 15 285 332 426 472 

0.4 90 1710 1992 2553 2831 

0.4 150 2850 3320 4254 4718 

0.4 225 4274 4980 6381 7077 

0.6 30 629 729 925 1022 

0.6 105 2202 2549 3236 3576 

0.6 120 2516 2913 3698 4087 

0.6 187.5 3931 4552 5779 6386 

0.8 15 348 401 504 555 

0.8 45 1044 1202 1511 1664 

0.8 135 3132 3604 4533 4991 

0.8 262.5 6090 7008 8813 9704 

 

Table M2. Inventory approximation accuracy for different lead times 

Lead time Average absolute 
deviation 

Standard 
deviation 

50 days 0.842% 1.039% 
60 days 0.837% 0.827% 

80 days 0.880% 0.742% 
90 days 0.869% 0.703% 

 

Finally, table M3 shows the results of the proposed storage cost approximation method for varying 

lead times.  

Table M3. Storage cost approximation accuracy 

Lead time Average absolute 
deviation 

Standard 
deviation 

50 days 1.069% 0.925% 
60 days 0.936% 0.753% 

80 days 0.905% 0.805% 
90 days 1.079% 0.836% 

 

  



The Introduction of a Minimum Pallet Utilization to Optimize the CDC Operating Expenses when Shifting to a Weekly Review Peri od 

- 79 - 
 

Appendix N: Demand Frequency Sensitivity Analysis 

First the simulation results for the base case scenario with a demand frequency of 1 are presented, 

where the coefficient of variation per demand occurrence is equal to 0.4243. Additionally the same 

simulation has been done with a demand variation of 0.5657, which is comparable to the base case 

scenario with a higher demand variation (coefficient of variation of 0.8 per demand occurrence). The 

given deviation is the deviation between the cost of a double demand occurrence per week 

compared to a single demand occurrence per week plus 117 euros (the difference in picking costs). 

Results for a single demand occurrence with a coefficient of variation of 0.4243: 

 

 

 

 

Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation

631.39 753.94 -0.74% 638.14 762.49 -0.96% 637.91 759.40 -0.59% 640.56 767.56 -1.30%

446.34 560.55 0.50% 640.61 760.21 -0.34% 651.86 777.32 -1.09% 640.06 769.85 -1.66%

318.28 436.81 -0.35% 447.02 562.99 0.18% 566.53 679.97 0.52% 641.66 765.45 -0.89%

276.51 394.56 -0.27% 361.54 480.12 -0.33% 448.31 559.09 1.11% 527.61 645.50 -0.14%

255.09 373.42 -0.36% 319.35 438.33 -0.45% 383.86 496.54 0.87% 447.98 565.38 -0.07%

241.89 360.88 -0.55% 294.42 411.97 -0.13% 345.07 458.82 0.71% 397.15 513.91 0.05%

234.28 352.60 -0.38% 276.87 394.82 -0.24% 319.95 433.43 0.81% 361.65 480.84 -0.46%

227.74 346.41 -0.48% 264.84 382.90 -0.28% 301.55 415.97 0.62% 338.05 455.57 -0.11%

223.29 342.29 -0.59% 255.47 373.76 -0.35% 287.16 402.75 0.35% 319.75 437.23 -0.11%

220.06 338.73 -0.49% 248.47 367.02 -0.42% 277.26 392.16 0.54% 305.31 423.85 -0.36%

216.93 335.58 -0.49% 242.59 361.32 -0.48% 268.63 382.79 0.74% 293.91 412.51 -0.39%

Demand per week = 30 Demand per week = 60 Demand per week = 90 Demand per week = 120

Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation

637.12 771.55 -2.26% 641.19 774.05 -2.05% 640.32 770.34 -1.69% 641.97 765.97 -0.91%

642.30 768.15 -1.15% 644.48 769.73 -1.07% 642.73 768.69 -1.17% 638.36 767.31 -1.56%

661.49 786.52 -1.02% 653.79 784.03 -1.69% 647.34 775.86 -1.48% 643.25 773.40 -1.70%

597.36 717.90 -0.49% 643.26 764.12 -0.51% 659.29 783.34 -0.90% 659.15 787.37 -1.43%

508.45 627.29 -0.29% 566.07 683.89 -0.12% 614.42 728.41 0.41% 649.31 768.30 -0.26%

448.24 565.21 0.01% 498.80 614.35 0.24% 542.68 661.11 -0.22% 585.65 703.65 -0.14%

405.01 524.06 -0.39% 448.72 567.01 -0.23% 490.77 607.57 0.03% 530.21 648.04 -0.13%

374.28 493.22 -0.39% 411.23 529.71 -0.28% 447.20 566.14 -0.34% 483.47 601.85 -0.23%

351.27 470.18 -0.41% 383.38 503.11 -0.54% 414.45 534.46 -0.56% 446.80 566.62 -0.50%

333.99 452.15 -0.26% 363.31 480.20 0.02% 391.56 509.67 -0.22% 420.31 538.44 -0.21%

319.57 438.22 -0.38% 345.22 463.63 -0.30% 371.19 490.15 -0.40% 396.96 514.44 -0.09%

Demand per week = 210 Demand per week = 240Demand per week = 150 Demand per week = 180

Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation

645.64 766.17 -0.46% 651.21 780.42 -1.56% 675.75 803.48 -1.34% 726.37 835.50 0.94%

646.09 768.39 -0.69% 651.13 776.80 -1.12% 677.10 802.94 -1.10% 724.88 835.53 0.76%

641.86 769.78 -1.42% 650.37 779.79 -1.59% 678.17 801.31 -0.77% 725.28 835.73 0.78%

657.22 780.86 -0.85% 657.13 786.85 -1.62% 678.76 811.93 -1.99% 727.06 841.30 0.33%

662.22 778.10 0.14% 667.77 794.45 -1.22% 686.67 819.16 -1.89% 733.19 850.88 -0.08%

620.81 736.72 0.15% 647.49 769.82 -0.69% 684.95 814.06 -1.49% 733.26 852.10 -0.22%

567.74 679.58 0.76% 600.74 719.78 -0.28% 668.33 787.00 -0.21% 721.78 838.85 -0.01%

519.79 632.30 0.71% 553.03 669.80 0.03% 628.83 746.51 -0.09% 690.48 805.72 0.22%

478.46 593.73 0.29% 509.87 628.93 -0.33% 585.76 701.84 0.13% 653.76 765.73 0.66%

447.99 559.54 0.97% 475.49 594.27 -0.30% 546.26 662.23 0.16% 613.57 724.89 0.78%

422.66 535.08 0.86% 447.75 566.21 -0.26% 512.90 628.32 0.25% 575.02 686.60 0.79%

Demand per week = 270 Demand per week = 300 Demand per week = 375 Demand per week = 450
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Results for a single demand occurrence with a coefficient of variation of 0.5657: 

 

 

 

 

  

Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation

685.93 805.27 -0.29% 692.02 822.05 -1.58% 689.44 823.24 -2.04% 691.85 825.37 -2.00%

491.12 605.52 0.43% 697.44 819.56 -0.62% 717.97 856.98 -2.57% 701.78 835.62 -2.01%

342.55 458.05 0.33% 492.65 607.13 0.42% 616.62 735.79 -0.30% 696.29 824.49 -1.36%

292.00 408.61 0.09% 392.16 510.17 -0.20% 492.13 609.43 -0.05% 582.38 698.80 0.08%

266.83 383.25 0.15% 342.44 459.08 0.08% 416.35 536.09 -0.51% 492.07 610.16 -0.18%

251.82 369.01 -0.05% 312.56 430.27 -0.16% 372.67 489.82 -0.03% 431.41 552.39 -0.72%

241.38 358.27 0.03% 292.10 410.04 -0.23% 342.96 460.77 -0.18% 393.07 510.88 -0.16%

234.20 351.79 -0.17% 278.39 395.59 -0.05% 322.20 439.61 -0.09% 364.18 484.26 -0.64%

229.07 346.46 -0.11% 267.01 384.99 -0.26% 305.25 423.35 -0.26% 343.54 461.72 -0.26%

225.24 341.90 0.10% 258.95 376.65 -0.19% 292.25 410.96 -0.42% 325.22 444.28 -0.46%

221.78 339.29 -0.15% 251.81 369.42 -0.17% 282.60 400.59 -0.25% 312.81 430.85 -0.24%

Demand per week = 30 Demand per week = 60 Demand per week = 90 Demand per week = 120

Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation

696.54 822.01 -1.03% 698.24 823.25 -0.97% 698.77 832.68 -2.03% 699.77 831.18 -1.73%

700.91 826.01 -0.98% 698.39 825.16 -1.18% 696.88 830.51 -2.00% 703.76 833.99 -1.59%

716.80 856.42 -2.64% 716.82 854.49 -2.42% 714.24 853.14 -2.57% 709.98 848.69 -2.56%

655.31 770.62 0.22% 698.60 824.49 -1.08% 721.93 849.10 -1.20% 729.38 854.37 -0.94%

561.04 678.25 -0.03% 617.03 738.23 -0.57% 667.67 787.34 -0.34% 703.47 828.04 -0.91%

491.95 611.41 -0.40% 549.37 664.94 0.22% 597.72 715.10 -0.05% 640.32 759.55 -0.29%

444.48 561.40 0.01% 492.15 610.19 -0.17% 540.90 656.60 0.20% 581.72 701.41 -0.38%

407.86 527.99 -0.59% 450.83 569.05 -0.21% 490.22 608.27 -0.17% 533.82 651.86 -0.16%

381.09 499.67 -0.32% 419.49 538.06 -0.29% 457.02 573.61 0.07% 492.23 609.98 -0.12%

361.58 478.15 0.09% 393.91 511.51 -0.12% 426.99 544.48 -0.09% 459.81 579.50 -0.46%

343.37 462.14 -0.38% 375.06 492.71 -0.13% 403.43 521.63 -0.23% 434.48 552.68 -0.22%

Demand per week = 210 Demand per week = 240Demand per week = 150 Demand per week = 180

Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation Freq = 1 Freq = 2 Deviation

709.78 842.63 -1.88% 719.69 849.30 -1.49% 769.14 887.42 -0.15% 826.08 945.84 -0.29%

711.75 837.56 -1.05% 723.81 848.39 -0.89% 771.40 893.56 -0.58% 828.07 943.49 0.17%

717.82 847.06 -1.44% 729.56 861.30 -1.71% 771.65 891.11 -0.28% 828.92 945.88 0.00%

736.02 865.37 -1.43% 744.07 879.39 -2.08% 779.57 905.91 -1.03% 836.60 948.84 0.50%

729.23 852.58 -0.74% 745.46 874.10 -1.33% 791.16 927.28 -2.06% 842.71 970.99 -1.16%

681.17 803.83 -0.70% 711.61 834.53 -0.71% 780.84 902.05 -0.47% 843.19 966.20 -0.62%

623.29 745.01 -0.63% 659.72 783.67 -0.89% 743.80 865.45 -0.54% 818.65 940.06 -0.47%

573.68 689.66 0.15% 612.31 725.76 0.49% 698.64 815.96 -0.04% 775.61 896.10 -0.39%

528.60 646.93 -0.21% 565.63 683.68 -0.15% 651.24 769.15 -0.12% 732.67 853.11 -0.40%

493.94 612.87 -0.31% 527.27 644.56 -0.04% 607.69 724.94 -0.03% 688.47 809.78 -0.53%

468.04 583.17 0.32% 495.34 612.59 -0.04% 571.88 687.09 0.26% 644.98 766.70 -0.62%

Demand per week = 270 Demand per week = 300 Demand per week = 375 Demand per week = 450
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Appendix O: MPU Outcome Examples 

Below four examples of the MPU optimization curve are presented. The eight lines represent pallet 

values ranging from € 500 (lowest line) to € 4000 (highest line) with steps of € 500. These examples 

come from the base case con results and thus have a coefficient of variance per demand occurrence 

of 0.6. 
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Figure O1. Demand per occurrence is 0.025 pallet Figure O2. Demand per occurrence is 0.075 pallet 

Figure O4. Demand per occurrence is 0.25 pallet Figure O3. Demand per occurrence is 0.175 pallet 
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Appendix P: Application of Findings 

The results of Appendix L and M are applied to the Office Depot environment according to the 

following colour-scenario matches: 

Scenario 1 

Scenario 2 

Scenario 3 

Scenario 4 

Scenario 5 
 

The SKU’s that are identified as relevant must have had 15 demand occurrences over 2010. The 5 

tables below are ranked according to the pallet value of the relevant SKU’s. The columns represent 

the demand in pallets per week, where the rows are ordered according to the coefficient of 

variations per demand occurrence. Each SKU is classified according to which value of the three 

variables (pallet value, demand per week and coefficient of variance) it is closest to. The cells 

without a colour fall outside the investigated ranges, however the results can be extrapolated and 

thus conclusions can also be drawn easily for these SKU’s.  
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