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Abstract 
PLUS considers its inventory and distribution costs as a significant measure of its profitability and aims 

to decrease them with constructing a new DC which will allow them to increase its delivery efficiency 

and provides better solutions for the replenishment process. The solutions include building a 

mechanized system which PLUS will benefit more in the long term regarding the costs they encounter. 

This paper provides insight in the needed capacity of the new DC, and the effect changing decision 

variables has on the inventory level. Optimization of PLUS’ inventory replenishment system is the first 

topic that is emphasized in the paper which provides minimizing the total costs. After that, distribution 

center pick location capacity problem will be discussed in the light of the main research question. 

Moreover, different scenarios and methods are discussed in the modeling phase regarding the 

solution of PLUS’s problem and as a result of it, main findings, conclusions and possible future 

researches are specified on the final step of the paper. 
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Management Summary 

Introduction 
PLUS has a market share of 6.4% as one of the biggest companies in Dutch food retail market and their 

organization can be described as non-traditional. By means of their cooperative organization 

structure, their position in the market has strengthened which also made them distinguish from other 

food retailers. Entrepreneurs carry responsibilities and are also shareholder of the company, therefore 

they are in a position of influencing the decision-making processes for the company. PLUS offers a 

relative high service, however the price conception of PLUS is something that needs to be improved, 

since customers experience PLUS as not that affordable. 

At the moment of writing, 2018, PLUS has four distribution centers (DCs) for ambient products; one 

national distribution center (NDC) and three regional distribution centers (RDC). Opening a new 

distribution center which will be located in Tiel is a major plan of PLUS by 2020. There will be three 

different order picking system in the new distribution center which consists of manual ordering picking 

system (MOS), automated order picking system (AOS) and dynamic order picking system (DOS).  

The products handled at the NDC and RDCs defines the scope of the project. Only dry groceries are in 

scope and therefore no outdating. Additionally, promotional products are taken into consideration. 

The order data of 52 weeks of 2017 is used in the research. 

Problem statement  
As mentioned earlier, price conception of PLUS needs to be improved since it is an important point in 

the food retail market. As a member of Superunie, PLUS is able to get products at a competitive price 

which allows them to save costs. Additionally, mechanization is an option in order to decrease the 

distribution costs in the long term. As competitors are investing in mechanized distribution centers, in 

order to keep up with the competition, PLUS should also consider mechanization. In the meantime, 

with maintaining a high service rate, expectations of the entrepreneurs need to be fulfilled as they 

may leave the company in case of a bad performance. Increasing the number of SKUs while providing 

six-days delivery per week (e.g. the distribution center delivers ordered products 6 days a week per 

store) to all stores is an important goal of PLUS. Since constructing a new DC is costly, PLUS considers 

the capacity of new DC importantly in order to avoid extra investments during the process. For this 

matter, inventory fitting is a more crucial goal than cost saving. Finally, inventory related problems 

can be divided into two research topics as the optimization of the inventory replenishment system 

and optimizing the allocation of the DC’s pick location capacity among all SKUs. 

The main research question is: 

How can the inventory level be optimized given the storage capacity constraints in the new 

distribution center?  

The answer to this research question can be found by following a few steps and will be done for the 

whole assortment. First, the decision variables and KPI’s will be determined, in case of merging the 

current DCs in the new CDC, without additional adjustments. The relevant KPIs are, average inventory, 

number of order lines and fill rate, while the relevant decision variables are lead time, review period, 

minimum order quantity and incremental order quantity 

Second, the inventory level of the CDC will be determined using the EOQ formula without taking the 

capacity constraints into account, in this case there is no safety stock. Third, the inventory levels will 

be determined using the (R,s,nQ,S) policy, also without taking the capacity constraints into account. 

The (R,s,nQ,S) policy takes into account the MOQ and works with a base replenishment quantity, a 
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periodic review period and a backordering system. Last, capacity will be taken into account to 

determine the best allocation of SKUs. 

The sub-questions are: 

• When merging the four DCs in one CDC, what will the pooling effect be on the inventory level 

and KPIs, when no additional adjustments are made? 

• What would the inventory level be when using the EOQ formula to determine optimal order 

quantities, to minimize the total costs? 

• What would the inventory level be when using the (R,s,nQ,S) policy to determine optimal 

order quantities and taking into account the MOQ, to minimize the total costs? 

• Which algorithm for optimal storage allocation with a capacity constraint minimizes the total 

costs? 

• What are the maximum capacities of inbound flows in the optimal situation? 

Background literature 
The new distribution center of PLUS is semi-mechanized and the corresponding literature is limited. 

Following Zheng & Chen (1992), the performance of the (R,s,nQ) policy and (R,s,S) policy when it 

comes to inventory replenishment is in a lot of cases very close, however Hill (2006) showed that the 

optimal policy it is found by policy iteration. 

Following the literature, the relevant decision variables when it comes to inventory replenishment are 

lead time, review period, MOQ and IOQ. These decision variables influence the inventory 

replenishment system, by influencing the inventory level and the number of order lines, which are 

two important KPIs. The KPI inventory, influences the inventory holding costs as well as the inventory 

capacity needed, while the KPI number of order lines influences the needed inventory capacity as well 

as the replenishment costs. Fill rate is also another important indicator since it is a crucial measure of 

an inventory ability of a company. The fill rate can be used to set reorder levels when the demand is 

registered. The current target service level from the CDC to the store is 99%. Following Lagodimos 

(1992) there are three different types of service levels, P1, P2, and P3. The P1 service level is widely 

used. However, there are several disadvantages of using the P1 service level. The two most important 

ones are; it does not consider the positive effect of large lot-sizes or large review periods when it 

comes to the product availability, and the product availability perceived by the costumers is not 

reflected properly (Broekmeulen & Donselaar, 2014).  The second type is defined as the P2 service 

level, the fill rate or the proportion of demand that is filled from stock. In many situations the customer 

service is preferably defined by the fill rate. 

Analysis & Diagnosis 
In total there was raw data of 12805 SKUs, there are peaks visible in the weeks 21/22, 35, 48/49/50/51, 

which can be explained by several Dutch holidays. The demand has a mean µ and standard deviation 

σ and follows a discrete demand distribution, because the SKUs are sold in whole units. The demand 

per day of the week follows the same pattern every normal week (peak weeks do not). As well the 

demand variability as the demand level determine the amount of inventory needed to reach the target 

service level, and therefore both are included. When looking at the demand level and variability on 

SKU level, some SKUs show a really high standard deviation, which will cause a necessary high safety 

stock level. This is due to the effect of promotions on the non-promo orders and due to problems with 

deliveries. About 18% of the total storage capacity is located in the forward area. 

’When merging the four DCs in one CDC, what will the risk pooling effect be on the inventory level and 

KPIs, when no additional adjustments are made?’’ 



7 
 

In the new DC, the warehouse flows of the three RDCs and NDC are merged and a risk pooling effect 

will occur, which means that the demand is also merged, which can reduce the total demand 

variability. When the demand variability changes, this affects the uncertainty and the risk, which 

causes changes in the safety stock (Oeser, 2015). The total average inventory in a decentralized 

situation is significantly higher than in a centralized location. The savings in average inventory equal 

29%, which means the average inventory in the centralized situation is 29% lower than in the 

decentralized location. However, it needs to be noted that the data used in this research is data 

gathered from SPIN, which is partly based on manual ordering, not purely on forecasting. 

When combining both policies, the (R,s,nQ) inventory control system and the (R,s,S) inventory control 

system, the best fitting policy for this project is found, a (R,s,nQ,S) policy. Since the (R,s,S) inventory 

control system uses an order-up-to-level, this order-up-to-level can be set on a value that is equal to 

at least ordering the MOQ. When combined with the (R,s,nQ) inventory control system, where the Q 

is equal to the IOQ, combining the two inventory control models gives the possibility to consider as 

well the MOQ as the IOQ, with a (R,s,nQ,S) inventory control system. This (R,s,nQ,S) policy is used to 

determine the inventory levels, which takes into account the MOQ, IOQ, and a periodic review period.  

Design 
The calculations will be based on the model of Hill (2006) therefore a backordering system is used 

instead of a lost sales system and a stationary and non-seasonal demand is assumed, since comparing 

non-stationary demand with stationary demand in a theoretical case shows that there is a drastic 

amount of safety stock needed, Graves (1999). The forecast error and the standard deviation are 

strongly correlated, the historic standard deviation is used as measure instead of the RMSE.  

One of the standard assumptions made when using Silver et al. (1998) inventory control policies is 

that there is a back-ordering system, which is usually not the case for wholesalers of supermarkets. 

The service level and the average inventory on hand is higher in a lost sales system than in a similar 

back-ordering system. Since the main reason the service level in a lost sales system is higher is the 

sales being less than the demand, and the fact that sales are equal to the fill rate times the demand. 

There is not a big difference between using the lost sales system and the back-ordering system if there 

is a high fill rate. Therefore, it is assumed that the back-ordering system is a sufficient fit to make 

calculations.  

The promotion volume is assumed to be deterministic and is therefore subtracted from the total 

available bulk storage space. The in/out products include the seasonal products and are not included.  

Since the DC is in use 6 days a week, a week is assumed to consist of 6 days. The lead time of all DCs 

is constant and the review period not, therefore the minimum value of the review period of the three 

RDC’s is used as the review period, as it can be assumed that when centralizing the DC, the inventory 

needs to be checked at least as much as in the decentralized situation. There are 1.5 meter, 1.95 meter 

and 2.3 meter pallet locations. To prevent slow moving products of holding a huge amount of safety 

stock, the maximum weeks of inventory which is hold per SKU is set on 12 weeks, and it is assumed 

that products ≤ 1 pallet layer are not store in the high bay warehouse (HBWH), but are immediately 

forwarded to the forward area. Due to efficiency reasons, only 80% of the actual bulk storage can be 

used to actually store pallets. The maximum weight of a pallet is equal to 1200 kilo. 

“What would the inventory level be when using the EOQ formula to determine optimal order 

quantities, to minimize the total costs?’’ 

The EOQ model assumes deterministic demand, a fixed ordering cost per order line, a holding cost per 

unit, no lead time or the lead time is constant and a continuous review period. The EOQ uses a 
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continuous review period while, PLUS uses a period review period. And the period demand is 

stationary stochastic, while the EOQ model uses a constant demand. When calculating the EOQ, the 

EOQ is multiple times the size of the mean, and therefore very big. This is the case for all SKUs, since 

the EOQ is very big it is not a useful measure for ordering, since there is a maximum capacity, and 

ordering the EOQ will lead to a very high inventory. Also, the EOQ is financially driven and not 

customer service driven, which is a better fit since that is more important for PLUS. When taking into 

consideration the MOQ and IOQ, the EOQ model will not provide the wanted answers. Therefore, the 

Markov Decision process model of the (R,s,nQ,S) system of Hill (2006) is used to calculate the 

stationary distribution of the inventory position. With this stationary distribution the corresponding 

KPIs can be calculated. 

To check the sensitivity accordingly several scenarios are developed. The uncapacitated base scenario 

and will serve as a benchmark for the other scenarios and is considered as the base scenario. Two 

methods are used to calculate the inventory levels, and therefore the required safety stock. The safety 

stock can be calculated using the target service level and the corresponding safety factor (k-factor), 

and using the fill-rate as target (Broekmeulen & Donselaar, 2014).  The second scenario relaxes the 

MOQ and IOQ, while the third scenarios brings the lead time back to one day, or the review period 

back to one day, or both back to one day. The fourth scenarios, changes the fill rate, when the other 

scenarios show that there is enough capacity the fifth scenario can be applied which increases the 

MOQ to one pallet. 

Calculations are made to examine which decision variables have the most impact, what is the 

sensitivity. Based on this scenario analysis it is known which decision variables are interesting to 

implement and are also easy to implement. Since the model of Hill (2006) is followed a tool accordingly 

can be used to make calculations, the used tool is the Dobr tool in Excel. 

In order to define products to a location a multiple choice multiple knapsack problem is used. To 

optimize the allocation of products to the different locations, the sum of all allocations, being the cost 

of the product being assigned to a specific location, can be as well in space as in euro’s, will be 

minimized. The model consists of two steps, first is determined if the capacity is a good fit for the 

stored products, when they are delivered in the standard supplier pallet heights. Second it is 

determined how much the handling costs, in inventory holding costs and replenishment costs, can be 

reduced by increasing the height of a supplier pallet. When the pallets are higher, the corresponding 

costs per centimeter pallet will be lower, because the replenishment costs are made per pallet. (e.g.  

more case packs on a pallet, means lower replenishment costs per volume).  

Results 
When comparing the P1 and the P2 for the base scenario, the fill rate. P2, is a better fit, since the P1 

considers the demand to follow a normal distribution and for slow movers this is not the case. Slow 

movers also have a high demand uncertainty, which causes a high standard deviation. PLUS also uses 

MOQs and the effect of the MOQ is not considered when calculating with the P1, therefore the 

calculated service level with the nearly the same inventory level will be calculated lower, while the 

inventory due to an MOQ can also function as safety stock. Due to these two reasons the scenarios 

will be compared to the base calculated with the fill rate. 

When comparing the installed number of locations to the calculated number of location it is clear that 

there is enough space to fit all the inventory. 
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Changing the review period and the lead time does not have a huge impact on the inventory level, 

inventory value or expected orderliness, since the supplier only delivers at certain moments in time, 

a delivery schedule agreed upon by as well PLUS as the supplier. 

When reducing the IOQ the expected inventory on hand will decrease, while there is no significant 

effect on the inventory value. There is not much of a change in the inventory value. The number of 

order lines decreases, this was not what was expected. However, it can be explained by the effect of 

combining the (R,s,nQ) policy with the (R,s,S) policy. When considering the (R,s,S) policy an order is 

placed when the inventory on hand is lower than the order-up-to level S. If the IOQ becomes smaller, 

the probability of having an inventory on hand which is closer to the S is bigger. The inventory position 

has in case of a (R,s,S) policy is no uniform distribution. Since the (R,s,nQ) and (R,s,S) are combined 

the inventory position of the (R,s,nQ,S) model is also not uniform distributed. This causes a decrease 

in the order lines. 

When decreasing the MOQ the inventory level drops, accordingly the inventory value is also lower. 

The order lines are almost doubled, which is a really big increase. Since each order line has 

replenishment costs, these replenishment costs will increase a lot, probably that much that it 

outweighs other advantages. Hence, this option does not seem to be a good option for PLUS, since 

the capacity in sufficient without lowering the MOQ. 

A lower target fill rate leads to a lower reorder level and therefore a lower inventory on hand and a 

lower inventory value, while the expected the number of order lines do not change. In this scenario 

the fill rate of all SKUs is reduced, which is up for discussion, since reducing the fill rate of only slow 

movers can prevent holding a lot of safety stock for products with a really low demand. Since slow 

mover have a high standard deviation, when combined with a high service level, this can cause 

unnecessarily big safety stocks, while this is not the case with fast movers since they are usually more 

stable (lower standard deviation), and the demand is bigger.  

When increasing the MOQ the inventory level increases, accordingly the inventory value is also higher, 

and the number of order lines decrease. In comparison the inventory value increases more than the 

inventory level. This can be explained by the fact that when fast movers are ordered they MOQ is 

usually always reached and even ordered multiple times, which means that increasing the MOQ does 

not affect the order quantities of the SKUs. However, the order quantities of slow movers will be more 

often exactly the MOQ, since that is the minimum amount what can be ordered. When increasing the 

MOQ, this will immediately affect the order size of the slow movers. Since these slow movers are often 

products with a higher inventory value, for example the razors, the inventory value will increase in 

comparison more than the inventory level.  

To determine the optimal storage allocation a multiple choice multiple knapsack problem is used. As 

discussed before this is calculated in two steps. The first step concluded that the SKUs allocated to a 

pallet location of 1.50 meter do not have a good fit. Which can be explained by the incoming supplier 

pallets being relatively low. This is probably due to slow movers with a low MOQ. In conclusion, it is 

important for the optimal storage allocation that the incoming pallets fit the available capacity better, 

one of the possibilities is to increase the MOQ, such that incoming pallets become higher. 

The second step shows that the costs per cm are decreasing when the height of the pallet is increase, 

which is expected since the replenishment costs are per order line. However, the savings for 

replacement from low to middle are relatively bigger than from middle to high. Many of the supplier 

pallets can increase in height, following the constraints, and will save costs. In conclusion the 

arrangements PLUS has with suppliers on supplier pallets and MOQs per SKU need to be revised to 
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assure the capacity is used as optimal as possible. Especially the SKUs with low MOQs and in 

comparison, not that low demand, are beneficial to receive as higher incoming pallets. 

Recommendations 
The following recommendations can be made to PLUS based on this research: 

• For PLUS it is important to renegotiate the delivery schedule with the supplier, since they go 

from 4 DCs, to one DC, more order moments can possibility bring benefits 

• Since slow mover have a high standard deviation, when combined with a high service level, 

this can cause unnecessarily big safety stocks, while this is not the case with fast movers since 

they are usually more stable (lower standard deviation), and the demand is bigger. Therefore, 

reducing the fill rate can be a good idea if PLUS wants to have a lower inventory level and less 

orderliness, especially the fill rate of the slow movers. 

• Increasing the MOQ can be a good idea, especially for fast movers, since this can give 

economies of scale, without increasing the stock to much and having the products in stock for 

a long time (which would be the case if the slow movers get a really high MOQ), especially 

because the capacity is sufficient to hold the calculated inventory. 

• Increasing the MOQ of SKUs and receiving more pallets at once bring costs benefits when it 

comes to replenishment costs. Increasing the MOQ is also recommended when considering 

the capacity of the pallet locations, PLUS receives a lot of smaller pallets, which have bigger 

costs than if they would come in on bigger pallets. Receive higher pallets first better with the 

realized inventory. Combined with the conclusion made in the scenario analysis, it can be 

beneficial on several aspects, it decreases the order lines and uses the capacity more optimal, 

which saves costs as well as handling.  
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1. Introduction 
The first chapter will give a brief introduction of the company where this project is conducted, PLUS 

Retail. B.V., by discussing the organization, the core values and the plan to build a new centralized 

distribution center. 

1.1 Entrepreneurs 
The project will be conducted at PLUS Retail B.V. in Utrecht, in this reported referred to as PLUS, at 

the logistic department. The logistic department is responsible for the distribution centers and the 

supply chain of the company.  PLUS is one of the major players on the Dutch food retail market, with 

a market share of 6.4%1. The organization of PLUS can be described as non-traditional.  

In 1928, several independent supermarket entrepreneurs founded an organization to cooperate with 

one another. Appendix I shows a timeline with more information of the history of PLUS. They wanted 

to develop a stronger position in the market, therefore they decided to work together. PLUS 

distinguishes itself from other supermarkets with this cooperative organization structure (Appendix II 

& III) what is also reflected in their mission: 

‘’The delivery of goods and services to the affiliated independent entrepreneurs in the food retail’’ 

Each store is managed by an independent store entrepreneur, who carries responsibilities and also is 

a shareholder of the company. Of course, there are certain rules the store managers need to cater 

too: the format of PLUS. However, they are able to influence the decision-making process at the 

headquarter of the company. More background information on PLUS can be found in Appendix IV. 

1.2 Cost image 
PLUS has the ambition to become the best supermarket chain in the Netherlands. The focus lies on 

attention for customers, quality of products, and the local environment. PLUS sponsors neighborhood 

activities and events, and has a local assortment. It is important to provide pure and fresh products, 

made with care, while taking into account the wellbeing of humans, the environment and animals. 

PLUS offers personal service, as well offline as online, for an affordable price, with the use of scale 

discounts and weekly promotions. Appendix V gives an overview of the brand values. The strength of 

PLUS is: Large enough to make a difference, small enough to stay flexible. Figure 1 shows the position 

of PLUS in the food retail market, in comparison to other Dutch supermarkets, following the GFK 

Report of 2016. They offer relative high service, but are relatively not that affordable, so price is 

something PLUS needs to work on. 

 

Figure 1: Supermarket positioning (Kerstrapport GfK, Foodmagazine, December 2016) 

                                                           
1 Jaarverslag PLUS 2017 
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1.3 New CDC 
At the moment of writing, 2018, PLUS has four distribution centers (DCs) for ambient products; one 

national distribution center (NDC) catered to products with a low demand, slow movers, and three 

regional distribution centers (RDC) catered to products with a normal to high demand, fast movers. 

For fresh and frozen products there is a 3PL solution with warehouses in Barendrecht (Fresh) and 

Utrecht (Frozen). The transport is outsourced to Simon Loos B.V. and Franken Transport B.V. More 

background information on the current DCs can be found in Appendix IV. 

Since PLUS has stores all over the Netherlands the country is divided into three districts: North, South 

and West (Appendix VI). Each RDC serves an area, which consists of several clusters of stores to supply. 

The NDC supplies the RDCs with slow moving products by cross-dock.  

In 2020, PLUS is planning to open a new distribution center, that will replace the four existing ones. It 

will be centrally located in Tiel (Appendix VII). This new DC will make use of three different order 

picking systems: manual ordering picking system (MOS), automated order picking system (AOS) and 

dynamic order picking system (DOS). Figure 2 shows the division of the percentage of SKU’s over the 

different picking methods. Keep in mind this says nothing about the volumes. In Appendix VIII more 

information can be found about the order picking systems,  

 

Figure 2: SKU's per department, SKU overzicht 8-5-2017  

The CDC will store as well fast moving and slow-moving products. Appendix IX shows the site and the 

design. The inbound area consists of about a dozen of docks, and three infeed points. These infeed 

points consist of a profile check scanner and a scale for the pallets. Since the machines work with the 

size of a EURO pallet, all the industrial sized pallets will be slaved automatically onto an EURO sized 

pallet. Two of the docks can be used for automated truck unloading, which means that the pallets do 

not need to be inserted at the infeed point. At the infeed point the pallets enter a completely 

mechanized system, which transports the pallets into the HBWH or a pick location. The automated 

truck unloading points can be used by reliable suppliers of high volume products, like beer.  

When the pallets enter the system at the infeed point there are two pallet lifts to transport the 

received units via the upper pallet conveyor network into the pallet High Bay Warehouse (HBWH). 

Dangerous goods, dollies and goods that are stored and picked in the manual area will be manually 

transported into this area. 

  

PERCENTAGE SKU PER PICKING METHOD

OPM OPM/CPS CPS DPS MAN
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1.4 Focus on Inbound  
In this research, the focus lies on the inbound logistic activities of the supply chain of PLUS. Figure 3 

represents the supply chain of PLUS while the dashed rectangle shows the part this research focusses 

on.  Appendix X shows the decision-making process for the inbound and storage of the supply chain 

in more detail and per step and more background information on PLUS can be found in Appendix IV. 

  

Figure 3: Framework: Supply chain of PLUS 

The scope of this project consists of all products currently handled at the NDC and RDCs. The products 

handled in the DVC and FDC are not in scope, no frozen or fresh products only the dry groceries are in 

scope. The local products, which are not delivered through DC’s, but directly to the stores are 

considered out of scope.  The products in scope are shown in Table 1. Promotional products are taken 

into account. 

The used costs consist of replenishment costs and holding costs. Other costs are considered out of 

scope, for example inbound transportation costs, since they are not directly paid by PLUS. Since the 

CDC holds dry groceries it is assumed there is no outdating (only 0,06% of the SKUs have an DC shelf 

life of less than 10 days), hence there are no outdating costs.  

Table 1: Product groups 

Category management team Product group 

DG1 Sandwich filling, chocolate, health food, biscuits, coffee and tea, coffee milk, sugar, 
sweets, salty snacks and snacks 

DG2 Beers, pet food, soft drinks, preserved vegetables, ‘’Maaltijdstraat’’, spices, rice 
and pasta, liquors, soups, preserved meat, preserved fruits, fruit juices, sour sauces 

DG3 Drugstore articles, household articles, infant nutrition, books, diapers, nonfood, 
stationery, personal care products, cleaning products, Sorbo, tobacco and 
detergents 

DG4 Wines 

FRESH5 Eggs, butter, long-life milk 

FRESH6 Bread and bakeoff, flour products, breakfast replacements 
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1.5 Order data 2017 
The qualitative data are gathered by interviewing employees of the ODN project and employees from 

the supply chain department. Qualitative data are gathered by short open interviews with Mr. Pot, 

Mr. Josemans and colleagues from the logistic department, a visit to the NDC in Beemster, a visit to a 

RDC in Ittervoort (South), a visit to the FDC in Barendrecht (Hollander) and a corporate presentation 

on the store formula Briljant 2.0. The order data used in this research is the order data of 52 weeks of 

the year 2017, there is no yearly increase included in the calculation for the design year of 2020, also 

since it is not sure in which year the CDC will be fully functioning (still under construction).  

1.6 Project approach 
The project can be approached with the classic problem-solving cycle by Van Strien (1997) as shown 

in Figure 4. This problem-solving cycle consist of five steps: problem definition, analysis & diagnosis, 

plan of action, intervention and evaluation. The first three steps are executed in this research, while 

the last two steps can be executed by PLUS, when the plan of action and the corresponding 

intervention is satisfactory. After the evaluation it is possible that there arises a new problem, which 

can be defined. The cycle will then start again. 

Evaluation 

Problem definition

Analysis & diagnosis

Plan of actionIntervention 

 

Figure 4: Project plan (Van Strien, 1997) 
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2. Problem statement 
The problem description is the first step in the problem-solving cycle of van Strien (1997) presented 

in section 1.6. This chapter will discuss the research proposal, the problem and the aim of this research 

and the research questions which needs to be answered in order the solve the problem. The relevant 

decision variables will be discussed according to the corresponding literature on this subject. 

2.1 Problem description 
Since the price conception of PLUS is not great in comparison to other Dutch supermarkets (see 

section 1.2), this is an aspect PLUS wants to improve on. Especially because price competition is 

important in the food retail market, due to low price margins, but also due to the economic crisis a 

few years ago. The price of a product is one of the most important factors for customers, next to 

product availability and service.  

One of the ways PLUS is saving costs is by being a member of Superunie, which means PLUS is able to 

get products at a competitive price. Superunie holds 30% of the market share which gives them 

bargaining power. Another way is decreasing the distribution costs on the long term. The variable 

costs can be decreased by mechanization. Although the mechanization requires a large investment, 

the reduction of variable cost can outweigh this on the long term. Opening a new central DC creates 

a possibility for more efficient inbound logistics as only one DC instead of four must be supplied.  

Since other Dutch supermarkets have already updated or are planning on updating their logistic 

systems, Albert Heijn is almost done building a new mechanized DC (ready next year) and Jumbo just 

started with the built of a mechanized DC, it is important to keep innovating to keep up with the 

competitors. Also, because PLUS has a cooperative structure and with independent store 

entrepreneurs, which can make some of their own decisions. If PLUS has a bad market performance 

this is a risk for PLUS, since the store entrepreneurs can decide to leave the cooperation (when not 

under contract), to become an independent store or to cooperate with the competitor. It is therefore 

important to keep the store entrepreneurs satisfied by maintaining a high service rate from DC to 

store. 

PLUS expects a growth in the turnover of 10% next years, and a growth of sales of two times the 

average food retail market sales growth each year. They want to increase their number of SKUs, and 

be able to deliver 6 days per week to all stores. PLUS decided to take this into account when developing 

a new central distribution center. The initial plan needs to be able to fulfill the expected needs, hence 

it is very important that the capacity of the new DC will be sufficient.  

When the inbound replenishment is more efficient and the storage space allocation is optimal, the 

capacity can be optimally utilized, which will also lead to costs savings that come with mechanization, 

and all the products can be fitted in the realized DC while keeping the store entrepreneurs happy by 

keeping the service rate high. Hence, the most important aspect for PLUS is the capacity of the DC, 

the inventory needs to fit is the first priority, not the cost savings. 

Concluding, the inventory related problems that PLUS is facing can be divided into two research topics: 

the optimization of their inventory replenishment system, which optimizes the storage space and 

handling costs (using optimal order quantities). The second topic can best be described as optimizing 

the allocation of the DC’s pick location capacity among all SKUs. 
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2.2 Research proposal 
The research proposal consists of two main topics with corresponding research questions. The first 

topic is the optimization of PLUS’ inventory replenishment system, by minimizing the total costs. The 

second topic can be described as optimizing the allocation of the DC’s pick location capacity among all 

SKUs. This chapter will discuss these two topics separately. 

The main research question is: 

How can the inventory level be optimized given the storage capacity constraints in the new 

distribution center?  

The answer to this research question can be found by following a few steps and will be done for the 

whole assortment. First the decision variables and KPI’s will be determined, in case of merging the 

current DCs in the new CDC, without additional adjustments. Second the inventory level of the CDC 

will be determined using the EOQ formula without taking the capacity constraints into account, in this 

case there is no safety stock. Third, the inventory levels will be determined using the (R,s,nQ,S) policy, 

also without taking the capacity constraints into account. Last, capacity will be taken into account to 

determine the best allocation of SKUs. 

The following sub-questions can be defined: 

• When merging the four DCs in one CDC, what will the pooling effect be on the inventory level 

and KPIs, when no additional adjustments are made? 

• What would the inventory level be when using the EOQ formula to determine optimal order 

quantities, to minimize the total costs? 

• What would the inventory level be when using the (R,s,nQ,S) policy to determine optimal 

order quantities and taking into account the MOQ, to minimize the total costs? 

• Which algorithm for optimal storage allocation with a capacity constraint minimizes the total 

costs? 

• What are the maximum capacities of inbound flows in the optimal situation? 

2.2.1 Current inventory levels and KPI’s  
The first step is calculating the corresponding inventory level if the current DCs are merged into one 

CDC, without making any additional adjustments. When merging these there occurs pooling, what will 

result in a lower inventory level, which makes it cheaper to operate the DC with the same service level. 

Hence, the advantages of location pooling are a reduction in demand variability and a reduction in the 

expected inventory investment which is needed to get to the targeted service level.  

The relevant KPIs are: 

• Average inventory 

• Order lines 

• Fill rate 

And the relevant decision variables: 

• Lead time 

• Review period 

• Minimum order quantity  

• Incremental order quantity 
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2.2.2 Inventory level using EOQ, no safety stock & without capacity constraint 
The EOQ model helps to determine how much an inventory manager should order (Shenoy & Rosas, 

2018). The DC is automated, which means the replenishment is done in the system itself. The standard 

EOQ formula takes ordering costs and inventory holding costs into account. ‘’By minimizing the sum 

of these two costs, the optimal ordering quantity for an item can be calculated. (Silver, Pyke, & 

Peterson, 1998)’’. The EOQ formula balances the ordering and the inventory costs, but does not take 

out of stocks into account, does not use backordering and takes no safety stock into account. When 

using the EOQ there is not capacity constraint included. The EOQ is used in case of a continuous review 

inventory system. 

2.2.3 Inventory levels using (R,s,nQ,S) without capacity constraint 
One of the relevant restrictions when determining the order quantity is the MOQ. Since the ordered 

quantity cannot be lower than the MOQ level. The MOQ at PLUS is currently determined per SKU, not 

per supplier. 

Inventory policies are defined using several decision variables: the reorder point (s), the review 

interval (R), the order quantity (Q) and the order-up-to level (S). Following the (R,s,nQ) policy n times 

the Q is ordered, when the inventory position is lower than the reorder level s. After ordering the 

inventory position is equal to or above the reorder level s. Following the (R,s,S) policy there is a MOQ, 

instead of a base replenishment quantity, the Q used in (R,s,nQ) (Van Donselaar & Broekmeulen, 

2014). The performance of the (R,s,nQ) policy and (R,s,S) policy is in a lot of cases very close (Zheng & 

Chen, 1992) 

The best policy is in most cases close to the optimal policy which can be obtained by policy iteration 

(Hill & Johansen, 2006). When combining both policies the policy can be found, which is the best fit 

for this project. The (R,s,nQ,S) policy is used to determine the inventory levels, which takes into 

account the MOQ and works with a base replenishment quantity, a periodic review period and a 

backordering system. 

2.2.4 Optimal storage allocation using a capacity constraint 
The capacity of the distribution center is also a constraint. The calculated EOQ can be huge, and PLUS 

maybe not have enough space to store all the products. Hence the Q needs to be determined for each 

of the products in such a way that they are as well feasible as optimal (Shenoy & Rosas, 2018). Hence 

the second topic is: Given the total storage capacity of the pick locations in PLUS’ DC, how to 

determine the capacity of the pick location of each SKU in such a way that the total inventory related 

costs are minimized? 

When products arrive at the inbound they arrive in pallets, half pallets or layers, if the quantity is equal 

or less than a layer PLUS likes to put the smaller quantities directly into the totes of the DOS or on the 

trays of the AOS. The capacity of pick locations is a restriction in this case. Do all these pallets fit in the 

HBWH or can they be put directly into the AOS or DOS?  

The maximal capacity of the CDC is known, however since the promotional items are included, the 

percentage of the promotional items of the total inventory needs to be subtracted from the total 

available inventory capacity to calculate the inventory level. The capacity constraint will therefore be 

lower than the actual capacity (the promotional push part is subtracted). 

This problem is quite similar to a knapsack problem. The knapsack problem seeks the subject of all 

available items that maximizes the total value in storage location (knapsack) with a fixed capacity 

(Armstrong et al.,1982). The problem at PLUS’ DC is most similar to the multiple-choice multiple 

knapsack problem, which divides sets of items into classes. 
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The overall storage capacity is the constraint, when determining the optimal shelf space allocation. 

The knapsack problem is a NP-hard problem, but it can be solved using the greedy algorithm. 

With the knowledge of what the received volumes will be for the optimal situation, also an estimation 

can be made for the max capacities per hour for by estimating the order lines on pallet level. 

• pallets via manual infeed 

• pallets via Fastlane infeed               = Order lines on pallet level 

• pallets via automatic unloading      

• introduction of new SKUs (with/or without SSCC)  

2.3 Decision variables 
The decision variable lead time can be defined as the time between the moment creating a 

replenishment order and the arrival of this order in the stock point (Broekmeulen & Donselaar, 2014), 

and is one of the variables that is a characteristic of an inventory system (Nahmias & Olsen, 2015) and 

influences the inventory levels. The lead time can be denoted as the capital letter L (Silver et al., 1998). 

Not only the average lead time of a SKU, but especially the variation and the corresponding standard 

deviation has an influence. The needed safety stock is dependent on the average lead time and the 

variation of this lead time. The larger the lead time and the variation of it the larger the needed safety 

stock. The safety stock is needed to cover demand which occurs between the review moment and the 

moment of delivery 

The review period can be defined as the time which passes between the two moments when reviewing 

the inventory levels (Broekmeulen & Donselaar, 2014), and influences the required inventory level, 

because the period between the review moments, and therefore the period between two potential 

delivery moments, impacts the demand that must be covered. A review period can be continuous or 

periodic (Nahmias & Cheng, 2009), the capital letter R is used to denote the review period (Silver et. 

al, 1998). 

The minimum order quantity (MOQ) and the fixed order quantity Q are other variables which influence 

the inventory levels. The minimal order quantity sets a lower limit on the order size that a store can 

order. The incremental order quantity (IOQ) determines the step size in which the order size can be 

increased, often to facilitate efficient handling in the supply chain and is next to the MOQ also 

influencing the inventory levels. 

The decision variables in previous section influence the inventory replenishment system, by 

influencing the inventory level and the number of order lines, which are three important KPIs. 

2.4 KPIs 
The KPI inventory, influences the inventory holding costs as well as the inventory capacity needed, 

while the KPI number of order lines influences the needed inventory capacity as well and the 

replenishment costs. An order line can be made up of one item or multiples of an item. Companies 

face a cost regarding their replenishment process each time they order from the suppliers, per order 

line. When companies order a different group of products from a supplier they usually face major and 

minor ordering costs.  Major ordering costs can also be seen as fixed costs, since they are independent 

from the number of items ordered, they are not variable costs (Goyal, 1976). On the other hand, minor 

ordering costs depend on the different products which are ordered in the same order. 

Fill rate is also another important indicator since it is a crucial measure of an inventory ability of a 

company when it comes the long-term fraction of demand delivered immediately from stock 

(Broekmeulen & Donselaar, 2014). The fill rate, also called service rate, is a way to define the customer 
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service and is an important variable especially for PLUS, because of the company structure. The fill 

rate can be used to set reorder levels, when the demand is registered.  

Additionally, the capacity constraint is an issue related to inventory replenishment where there is not 

much information in the literature especially if it comes to changing the relevant parameters and see 

its effects. The paper of Kök and Fisher (2007) introduces an iterative heuristic to come up with the 

best shelf space allocation, with the storage space as constraint. This heuristic assumes that customers 

are willing to substitute a certain product by another similar product in the same product category. 

Bartholdi and Hackman (2014) describe an auctioning algorithm to solve the storage space allocation 

problem, based on the greedy algorithm. The greedy algorithm is a sort of auction, each SKU makes a 

bid for a location, the one with the best bid gets the location. The idea of alignment of the incoming 

product quantity and the available storage space to reduce the backroom effect, can reduce costs and 

therefore is an interesting research topic. 
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3. Background literature 
In this chapter an overview is given of literature on inventory management and related topics, in order 

to provide some background to the problem statement of chapter 2. First general aspects of inventory 

management are discussed, taking into consideration that the project is on a semi-mechanized 

distribution center, the holding of inventory and the inventory management perspectives. Second the 

different types of inventory models are discussed, stochastic or deterministic, the different inventory 

control systems, the inventory position, the review period and lead time, the lost sales and 

backordering system, and the measurements for service level. 

3.1 Inventory management 
There are several relevant inventory management aspects, the fact that the distribution center 

considered in the project is semi-mechanized, the reason why companies are even holding inventory 

and different perspectives of the inventory management. 

3.1.1 Inventory management in a semi- mechanized DC 
The new distribution center of PLUS is semi-mechanized and the corresponding literature is limited. 

There are several papers on implementations for automated systems, but there is not a lot of 

literature on general models for automated systems yet (Caputo & Pelagagge, 2006).  Most literature 

are researches based on a specific situation and is focused on the automated storage and retrieval 

systems, for example travel time reduction in the retrieval and storage zone (Gu, Goetschalckx & 

McGinnis, 2010; Gong & de Koster, 2011). The models used in these researches are developed for a 

specific situation, they are not suitable for other problems. There is a lack of a general model in the 

existing literature (De Koster, Le-Duc & Roodbergen, 2007). 

3.1.2 Holding inventory 
Since profit margins are low in the retail market and the competition is high, it is important that 

wholesalers of supermarket chains deal with inventory in an efficient way, by optimizing their supply 

chain and replenishment system. Wholesalers often deal with a large variety of products, a customer 

demand which has a high variability, arrangements with suppliers on order quantities, and lost sales 

if the customers demand is not immediately satisfied. Customers usually do not wait for a product to 

be backordered, since it is easy to find a substitute, at the same or a different store.  

Holding inventory is important for several reasons following Nahmias & Cheng (2009). One of the 

reasons to hold inventory is because economies of scale, since suppliers give discounts if the placed 

orders have a larger batch size. Another reason is because the product price or cost is expected to 

increase significantly in the future (van Pelt, 2015). The minimum order quantity can also cause a need 

to hold more inventory, since the order size cannot be lower than the minimum order quantity. Also, 

it is important to handle uncertainties by holding inventories, especially demand variability, since as 

discussed before wholesalers of supermarket chains often deal with a customer demand with a high 

variability, but also lead time uncertainties. The inventory held to handle these uncertainties is called 

safety stock, by holding safety stock companies try to ensure a certain customer service level.  

3.1.3 Inventory management perspectives 
There are several perspectives on managing inventory, the costs minimization perspective or the 

customer service level perspective. Calculating the safety stock based on the customer service level is 

something that is widely used by retail companies. In this case the service level is used as a target 

value and is a set value, therefore the service level is not a result but a target. The target service level 

is therefore a constraint in the supply chain design. When managing inventory from the cost 
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minimization perspective, the costs and revenue are balanced out. It is also possible to make a 

combination of these two perspectives 

3.2 Inventory models  
In this section the inventory control systems following Silver et al. (1998) will be discussed, followed 

by the importance of the inventory position, the lead time and review period, the lost sales and 

backordering system and ways to measure the service level. 

3.2.1 Stochastic vs deterministic  
Inventory models can be deterministic or stochastic. In deterministic models the parameter values 

and the initial conditions are the main determinants of the output of models. In stochastic models 

includes some inherent randomness. An ensemble of different outputs is achieved by the same set of 

parameter values and initial conditions. Deterministic models always give the same output for a 

certain input, there is no variability of the output under identical conditions. Stochastic models show 

a fluctuating output for a certain input and are therefore more similar to real life situations. A Markov 

chains is an example of a stochastic model. 

3.2.2 Inventory control systems 
Silver et al. (1998) introduced a classification for inventory control systems, where he differentiates 

inventory systems which are continuously reviewed and inventory systems were there is a period 

review moment. In most cases companies work with a periodic review period, because delivery 

schedules are fixed. As discussed before the review period is denote with the capital letter R and the 

lead time with the capital letter L.  

Another differentiation Silver et al. (1998) makes is based on the replenishment quantity, since some 

systems work with a set replenishment quantity, for example full pallets or pallet layers. The capital 

letter Q is used to denote this fixed base replenishment quantity. In the systems without a set 

replenishment quantity the inventory position will be replenished up to a certain set level, an order-

up-to-level denoted as the capital letter S, in this case the replenishment quantity is variable. In the 

case of both systems when the inventory position drops below a set level, the reorder level denoted 

by a small s, an order is placed. 

Based on the two differentiations Silver et al. 1998 distinguishes there are four different basic 

inventory systems, (R,s,nQ), (R,s,S), (s,nQ) and (S,s). Where (s,nQ) and (s,S) considers a continuous 

review and (R,s,nQ) and (R,s,S) consider a periodic review. The small letter n in (R,s,nQ) and (s,nQ) is 

an integer multiple of the fixed base replenishment quantity Q, n times Q is needed to increase the 

inventory position up to or over the reorder level. Following Zheng & Chen (1992), the performance 

of the (R,s,nQ) policy and (R,s,S) policy is in a lot of cases very close, however Hill (2006) showed that 

the optimal policy it is found by policy iteration. 

3.2.3 Inventory position 
The inventory position is an important measure when it comes to inventory management. ‘’The 

inventory position in an inventory system is equal to the sum of the inventories in the system minus 

the backorders.’’ (Broekmeulen & Donselaar, 2014). The backorders are the orders which could not 

be delivered with the inventory level of the inventory on hand (actual inventory present in the 

warehouse), backorders can be delivered as soon as there is inventory on hand available. The 

inventory on hand cannot be negative while the inventory position can be negative, a negative 

inventory position means there is no inventory on hand but there are backorders. The inventory 

position takes besides backorder also pipe-line inventory into account, which are replenishments 

orders placed which are not delivered yet. By using the inventory position instead if the inventory on 
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hand errors can be prevented. One of these errors can be that at the time of a review moment a 

certain quantity is ordered based on the inventory level on hand, while there can be pipe-line 

inventory which has a longer lead time than the time between two review periods. Figure 5 shows an 

example of a path of an (R,s,nQ) inventory system, at τ there is a review moment, so there is a 

possibility to order quantity Q, which in this example is the case. Because an order is placed the 

inventory position will be the inventory on hand + Q. When the order is received, at τ+L (ordermoment 

+ lead time), the inventory on hand and inventory position are equal again. 

 

Figure 5: Sample path of an (R,s,nQ) inventory system (Broekmeulen & Donselaar, 2014) 

3.2.4 Review period and lead time 
Two important input parameters of an inventory control system are the review period and the lead 

time. Figure 5 shows the inventory position, inventory on hand and the backorders over the period 

time τ until τ+2R. The time τ is a possible order moment, at this moment the fixed replenishment 

quantity is ordered when the inventory drops under the reorder level, if the inventory is not below 

the reorder level there is no need to order, therefore a possible order moment. The order made at 

time τ will arrive at τ+L, which is the possible order moment plus the time it took the supplier to deliver 

the ordered products, the lead time. As well the lead time as the review period have influence on the 

inventory level. If the lead time is shorter the products will arrive earlier, which will influence the 

inventory levels (inventory on hand not the inventory position). However, the lead time does not 

influence the inventory that much if the review period stays the same, since a fast delivery does not 

change the fact that there is only a possibility to order at an order moment and not in between. 

Therefore, changing the review period does also not have a huge impact, since checking the inventory 

level while there is no possibility to order at that moment does not affect the ordering process anyway. 

3.2.5 Lost sales 
One of the standard assumptions made when using Silver et al. (1998) inventory control policies is 

that there is a back-ordering system. As discussed before this is usually not the case for supermarkets. 

When comparing the lost sales system to the back-ordering system, the lost sales system shows lower 

average sales, since the unmet demand is not backordered. Because of this the service level and the 

average inventory on hand is higher in a lost sales system than in a similar back-ordering system. The 

main reason the service level in a lost sales system is higher is because in a lost sales system the sales 

are less than the demand.  
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3.2.6 Measuring service level  
Following Lagodimos (1992) there are three different types of service levels, which are commonly 

used. The first type is defined as the P1 service level, the probability of not stocking out during a 

replenishment cycle which is also named as the non-stock out probability. In case of an absence of a 

continuous review of inventory or a continuous review with unsteady, bulky or intermittent demand, 

the P1 service level is used. However, there are several disadvantages of using the P1 service level. The 

two most important ones are; it does not consider the positive effect of large lot-sizes or large review 

periods when it comes to the product availability, and the product availability perceived by the 

costumers is not reflected properly (Broekmeulen & Donselaar, 2014).   

The second type is defined as the P2 service level, the fill rate or the proportion of demand that is filled 

from stock. In the event of a continuous review and a steady demand the P2 service level can be used. 

In many situations the customer service is preferably defined by the fill rate. 

The third type is the P3 service level (discrete ready rate), the ready rate or the proportion of the time 

that the stock is positive. A similar measurement to the discrete ready rate is defined by Silver et al. 

(1998) as it determines the product availability continuously over time. However, while assessing 

provided customer service, a physical periodic check on empty shelves is preferred since monitoring 

inventory levels from computer systems may be not effective as physical check due to inaccuracy of 

inventory data.  

Lot-sizing inventory can partially take over the role the safety stock has, but this effect can only be 

noticed when using the P2 measure. If the review period is so large that a replenishment order is 

generated each review period, P3 measure is similar to P1 measure. However, when there is a large 

lot-size but small review periods the P3 measure is more similar to P2 measure. 
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4. Analysis & Diagnosis 
In this chapter the data collection is described, followed by the description of the data, which is the 

second step in the problem-solving cycle of van Strien (1997) presented in section 1.6. The description 

of the data gives insight into problems and abnormalities found in the data. In the second part the 

first research question will be answered. 

4.1 Data collection & description 
The data used for this project is obtained from the inventory replenishment system PLUS currently 

uses called SPIN and the data for the capacity is based on the design parameters of the new DC. The 

data obtained from SPIN consists of the order data per store per DC per week. Figure 6 shows the 

number of case packs ordered per week per DC, the demand per DC per week, while Figure 7 shows 

the combined number of case packs ordered per week, the total demand per week. In both figures 

there are peaks visible in the weeks 21/22, 35, 48/49/50/51, which can be explained by several Dutch 

holidays. In total there was raw data of 12805 SKUs. 

 

Figure 6: Shipments per DC 

 

Figure 7: Case packs per week 
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Figure 11: Coefficient of variation 

The demand has a mean µ and standard deviation σ and follows a discrete demand distribution, 

because the SKUs are sold in whole units. When looking at the week pattern, the demand per day of 

the week, it can be seen that the same pattern is usually followed every week (with exception of some 

of the peak weeks), Figure 8 & 9 show two weeks as an example. 

 

Figure 8: Inbound now vs demand(w1)    Figure 9: Inbound now vs demand(w11) 

Silver, Pyke & Peterson (1998) argue that when an empirical relationship has been observed between 

the demand variability (σ) and demand level (μ), the demand for an item can be characterized by just 

one factor instead of two. The mentioned relationship is of the form: 

𝜎 =  𝑐1 ∗  𝜇𝑐2 (1) 

The 𝑐1 and 𝑐2 represent regression coefficients. The formula can be rewritten in terms of the natural 

logarithm as: 

𝑙𝑛(𝜎) =  𝑙𝑛(𝑐1) +  𝑐2 ∗  𝑙𝑛(𝜇) (2) 

It is checked if such a relationship exists in the demand data by plotting the ln(𝜎) against the ln(𝜇).    

A scatterplot of the coefficient of variation is shown in figure 10, while figure 11 shows that there is a 

clear linear relationship between ln(𝜎) and ln(𝜇).  The R2 with a value of 0.7597 is quite high. However 

as well the demand variability as the demand level determine the amount of inventory needed to 

reach the target service level, and therefore both are included. 

 
Figure 10: CDC demand 
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When looking at the demand level and variability on SKU level, some SKUs show a really high standard 

deviation. An example of one of the SKUs is shown in figure 12. It shows the demand over the weeks 

of Hertog Jan beers. The blue line presents the raw data, which include promotions, while the orange 

line shows the demand minus promotions. In both lines there are large peaks visible, which influence 

the standard deviation heavily. 

 

Figure 12: Case packs according to raw and no promo data 

Another example is the Dalphin water bottles of 500ml, in Figure 13 there are two really high peaks 

visible. One of the peaks falls in a peak weak and the other peak is an outlier, probably due to a delivery 

problem of the DC to the stores in previous weeks. Also this peak influences the standard deviation 

heavily when left in the data, and will cause a necessary high safety stock level. 

 

Figure 13: Case packs with peak weeks and outlier 
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When looking at the lead times of the SKUs, it is specified as non-negative and is given in days, Figure 

14 shows the distribution of lead times over the SKUs in number of days. In the figure can be seen that 

75% of the SKUs have a lead time of 2 days or less. 

 

Figure 14: Leadtime distribution of SKUs in days 

Also the review period is specified as non-negative and given in days. The review period of each SKU 

is derived from the number of times PLUS can order per week with a certain lead time. Figure 15 shows 

the distribution of review periods over the SKUs, in number of days, more than 70 % of the SKUs have 

a review period of 2 days or less. 

 

Figure 15: Review period distribution of SKUs per day 

In de data the MOQ/IOQ is defined in number of case packs, and the IOQ is equal to the MOQ. Figure 

16 gives an impression of the MOQ’s per SKU is PLUS’ assortment in number of case packs (CP), pallet 

layers or pallets.  

 

Figure 16: MOQ in percentage per SKU 

Another important variable is the pallet volume, which is stated as the number of case packs per pallet.  

In the data file there are two measurements of the number of case-packs per pallet, the so called 

‘’leverancierspallet’’ and the ‘’conditiepallet’’ in most cases they are the same, but for some SKUs only 
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the ‘’conditiepallet’’ is known, or they have different values. Which means there is an inconsistency in 

data here. The measurements per case pack are stated in cm, and are the width, length and height. 

By combining these two, the height of a full pallet delivered by the supplier to the DC is known. 

Another data source is the design parameters of the new DC, which provide a capacity constraint for 

this project. The capacity of CDC will consist of: HBWH pallet locations, DOS stock in the form of cases, 

AOS cases in stock and MOS pick pallet locations. Figure 17 shows an indication of the percentage of 

pallet locations realized per system. About 18% of the total storage is located in the forward area.  

 

Figure 17: Capacity in pallet locations 

4.2 Risk Pooling 
When analyzing the data in the previous section there are several things to note regarding to the first 

research question. ‘’When merging the four DCs in one CDC, what will the risk pooling effect be on 

the inventory level and KPIs, when no additional adjustments are made?’’ For the inbound, this means 

suppliers do not need to visit several locations anymore but can deliver all the products at the same 

location. This can make delivering more efficient and it gives more options for inventory 

replenishment.   

When in the new DC, the warehouse flows of the three RDCs and NDC are merged a risk pooling effect 

will occur, which means that the demand is also merged, which can reduce the total demand 

variability: 

𝑉𝑎𝑟(𝑋1 +  𝑋2) =  𝑉𝑎𝑟(𝑋1) +  𝑉𝑎𝑟(𝑋1) +  2𝐶𝑜𝑣(𝑋1, 𝑋2) (3) 

≤  𝜎 2 (𝑋1) +  𝜎 2 (𝑋2) +  2𝜎(𝑋1)𝜎(𝑋2) (4) 

≤  (𝜎(𝑋1) +  𝜎(𝑋2))2 ⇓  𝜎(𝑋1 +  𝑋2) ≤  𝜎(𝑋1) +  𝜎(𝑋2) (5) 

Where Xn is the variability of DC n, and 𝜎 is the standard deviation of the demand. 

The variability of the central distribution center has therefore a lower value than the sum of the 

variability of the decentralized distribution centers (5). When the demand variability changes this 

affects the uncertainty and the risk, which causes changes in the safety stock (Oeser, 2015). Another 

factor that causes uncertainty, risk, and therefore higher safety stocks is incomplete knowledge.  

CAPACITY IN PALLET LOCATIONS

HBWH DOS AOS MOS
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Figure 18: Causes of uncertainty and risk (Oeser 2015) 

When a centralized inventory is used instead of decentralized inventory there is a reduction in 

variability which leads to a direct decrease of the safety stock, since safety stock (SS) is: 

 𝑆𝑆 =  𝑧𝛼  √𝐿𝜎 (6) 

 Thus, reduction in average inventory is also obtained. Following the expression: 

 𝐿µ +  𝑆𝑆 =  𝐿µ +  𝑧𝛼 √𝐿𝜎 (7) 

Where L is lead time, SS is safety stock, µ is average demand and z is the safety factor. 

In case of holding separate inventories and safety stocks at each distribution center a higher level of 

inventory is held than when the inventory and safety stock are pooled. In Less overall inventory and 

cheaper operation with the same service level can be obtained by risk pooling.  

The change of average inventory between the decentralized systems and centralized systems can be 

calculated using:  

decentralized average inventories - centralized average inventories  

decentralized average inventories 
 (8) 

The total average inventory in a centralized situation and in a decentralized situation is shown in figure 

19. It is clear that the total average inventory in a decentralized situation is significantly higher than in 

a centralized location. The savings in average inventory equal 29%, which means the average inventory 

in the centralized situation is 29% lower than in the decentralized location. However, it needs to be 

noted that the data used in this research is data gathered from SPIN, which is partly based on manual 

ordering, and not purely on forecasting. 

 

Figure 19:Average inventory centralized vs decentralized 
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4.3 Best fitting inventory control system 
In section 3.2 four different inventory control systems following Silver at al. (1998) are introduced. 

Since in this chapter the data analysis and diagnosis is described, the best inventory control system 

can now be picked. As discussed before the (s,nQ) and (s,S) consider a continuous review and (R,s,nQ) 

and (R,s,S) consider a periodic review. PLUS does not work with a continuous review, because that 

would mean there would be someone watching the inventory level any second (very expensive), or it 

could be monitored digitally. However, suppliers only come on set delivery moments and products are 

delivered with a set lead time, hence it is not useful to check the inventory level between order 

moments.   

The (R,s,nQ) and (R,s,S) are both using the period review so they both could be a good fit. The (R,s,nQ) 

inventory control system has a fixed replenishment quantity while the (R,s,S) inventory control system 

has an order-up-to-level. PLUS has arrangements with supplier about fixed replenishment quantity, 

there is a minimum order quantity. By default, the minimum order quantity (MOQ) and the 

incremental order quantity (IOQ) are the same value. Which means that there is only the possibility 

to order n time Q, since the IOQ determines the step size in which the order size can be increased and 

MOQ=IOQ.  

However, when the IOQ is not equal to the MOQ the normal (R,s,nQ) inventory control system is not 

the best policy, since the best policy which is in most cases close to the optimal policy can be obtained 

by policy iteration (Hill & Johansen, 2006). When combining both policies, the (R,s,nQ) inventory 

control system and the (R,s,S) inventory control system, the best fitting policy for this project is found, 

a (R,s,nQ,S) policy. Since the (R,s,S) inventory control system uses an order-up-to-level, this order-up-

to-level can be set on a value that is equal to at least ordering the MOQ. When combined with the 

(R,s,nQ) inventory control system, where the Q is equal to the IOQ, combining the two inventory 

control models gives the possibility to consider as well the MOQ as the IOQ, with a (R,s,nQ,S) inventory 

control system. This (R,s,nQ,S) policy is used to determine the inventory levels, which takes into 

account the MOQ, IOQ, and a periodic review period.  
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5. Design 
In this chapter the research design will be discussed, by stating the assumptions made to make the 

data ready for calculations, discussing the data selection, data conversion, the capacity constraints, 

whether to use the costs or service rate to calculate and the relevant decision variables. Third step in 

the problem-solving cycle of van Strien (1997) presented in section 1.6: Plan of action. 

5.1 Assumptions  
In order to make the data ready for the calculations several assumptions need to be made. The 

calculations will be based on the model of Hill (2006) therefore also some assumptions need to be 

made to be able to use this model, and other assumptions need to be make according to the things 

found in the previous chapter during the analysis and diagnosis part of the research. 

The model of Hill (2006) uses a periodic stock review, the period demand is stationary stochastic, a 

fixed number of units in a case pack, a fixed lead time and a backordering system. To be able to use 

this model a few additional assumptions need to be made. An additional assumption is the use of 

backordering, where unsatisfied demand is back ordered. Hence a backordering system is used instead 

of a lost sales system.  

One of the standard assumptions made when using Silver et al. (1998) inventory control policies is 

that there is a back-ordering system, which is usually not the case for wholesalers of supermarkets. 

The service level and the average inventory on hand is higher in a lost sales system than in a similar 

back-ordering system. Since the main reason the service level in a lost sales system is higher is the 

sales being less than the demand, and the fact that sales are equal to the fill rate times the demand. 

There is not a big difference between using the lost sales system and the back-ordering system if there 

is a high fill rate. Therefore, it is assumed that the back-ordering system is a sufficient fit to make 

calculations. 

Stationary and non-seasonal demand is assumed, since comparing non-stationary demand with 

stationary demand in a theoretical case shows that there is a drastic amount of safety stock is needed, 

Graves (1999). Another reason is that the evaluation of the periods with different demand levels 

separately would make it possible to evaluate different seasons of a seasonal SKU. That said, with only 

one-year data available identification of yearly seasonality in the demand series per SKU and defining 

the different season is not possible since actual amounts of order is used to construct the demand.  

When looking at the forecast error vs the standard deviation, see figure 20, it can be seen that both 

measures are strongly correlated, which is quite unusual. The historic standard deviation is based on 

the data of the included weeks and the Root Mean Squared Error (RMSE) is the forecast error based 

on Single Exponential Smoothing with a smoothing factor of 0.3. The historic standard deviation is 

used as measure instead of the RMSE.   
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Figure 20: Forecast error vs standard deviation 

5.2 Data selection 
The demand is deterministic and the average weekly demand is based on all 52 weeks of 2017 if 

available. Some SKUs were introduced later in the year, hence the data of less weeks is used to find 

the average weekly demand (minimum necessary of 15 weeks). Also, some products changed article 

number during the year (due to small changes as for example packaging), to calculate the average 

demand and standard deviation as good as possible the data of the same items with different article 

numbers are merged based on the measurement and weight of the product. 

The week pattern in the demand is ignored as can be assumed that the weekly pattern in normal 

weeks are always similar, order advancement is used. The peak weeks are removed from the master 

data set, which are the weeks 21/22, 35, 48/49/50/51, due to several holidays. These weeks also have 

an abnormal week pattern. Also outliers are filtered out as they show a higher weekly demand than 

1.5 times the standard deviation (certain week will be excluded), to prevent holding unnecessary 

safety stock.  

There are different types or orders: promotion pull, promotion push, promotion rest, regular regular 

and regular rest. The promotion volume is assumed to be deterministic and is therefore subtracted 

from the total available bulk storage space. In the master data file there is also a distinction made 

between in/out products (I) and the fixed assortment (V). The in/out products include the seasonal 

products and are not included. Only active products are considered in this model, products which have 

a temporary halt, or are taken out of the assortment are no longer of interest. Products which are 

recalled are not included in this model since these products will not enter the system at the inbound 

area, so there are of no interest for the model. Also cross docking is not taken into account since it is 

not going to be stored in one of the systems (MOS, AOS, DOS). The cross-dock stream goes 

immediately to the expedition area.  
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5.3 Data conversion 
Since the DC is in use 6 days a week, a week is assumed to consist of 6 days. The demand, lead time 

and review period given in days is converted into number of weeks by dividing by 6. The review period 

and lead time are calculated using the order schedule per store per day per DC. While the lead time is 

constant the review period was not, therefore the minimum value of the review period of the three 

RDC’s is used when the SKU used to be stocked in the RDC’s, and the review period of the NDC is used 

when a SKU used to be stocked in the NDC.  

𝑅𝑒𝑣𝑖𝑒𝑤 𝑝𝑒𝑟𝑖𝑜𝑑 (𝐶𝐷𝐶 − 𝑁𝐷𝐶 𝑅𝐷𝐶)⁄ = 𝑅𝐶𝐷𝐶 = 𝑅𝑁𝐷𝐶  𝑜𝑟  min (𝑅𝑅𝐷𝐶)                                                  (9) 

 

Currently some incoming pallets are higher than 2.3 meter, however the mechanization is fit for max 

height of 2.3 meter, therefore it is assumed that in the new situation all pallets will be 2.3 or lower 

(supplier will take this into account). Industrial sized pallets need a slave pallet, which ads 0.15 meter 

to the total height of the pallet, so EURO sized pallets can have a maximum height of 2.30 meter, while 

industrial sized pallets can have a maximum height of 2.15 meter. It is assumed that the purchase 

price of a product will not change by changing the location of the DC it is shipped to (Tiel or the 

previous locations the DCs were located).   

5.4 Capacity constraints 
The new DC has a certain number of 1.5 meter, 1.95 meter and 2.3 meter locations. See figure 21, 

which gives the percentages of different heights of pallet locations of the in total realized bulk storage 

locations. The total capacity of the bulk storage is considered as a whole (big tower). To prevent slow 

moving products of holding a huge amount of safety stock the maximum weeks of inventory which is 

hold per SKU is set on 12 weeks. 

  

Figure 21: Percentage of installed palletlocations 

Some incoming products can immediately go to the picking locations instead of first to the bulk 

locations. Which means that after arrival not all products are placed in the bulk storage, but can also 

be ‘’stored’’ in the picking locations, AOS, MOS or DOS. Incoming pallets are always stocked in the 

smallest possible pallet location, no restacking is done at the CDC. It is assumed that products ≤ 1 

pallet layer are not store in the HBWH, but are immediately forwarded to the forward area.  Not all 

available storage pallet locations can be occupied in this model. Due to efficiency reasons, only 80% 

of the actual bulk storage can be used to actually store pallets. The maximum weight of a pallet is 

equal to 1000 kilo, this is the maximum weight the EURO pallet can handle. The capacity which can be 

used is calculated by the realized volume divided by 0.80, this because storage space can be used for 

only 80% due to efficiency reasons.   
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5.5 Economic Order Quantities 
The second research question is: “What would the inventory level be when using the EOQ formula to 

determine optimal order quantities, to minimize the total costs?’’ 

The EOQ model illustrates the trade-offs between inventory costs and ordering and is a simple 

deterministic model. The EOQ model assumes constant demand, a fixed ordering cost per order line, 

a holding cost per unit, no lead time or the lead time is constant and a continuous review period. 

Figure 22 shows the inventory level over time. 

 

Figure 22 EOQ model (Herrera & Ozdemir, 2009) 

Figure 23 shows the EOQ of a sample SKU, compared to the mean of the same SKU. The EOQ is multiple 

times the size of the mean, and therefore very big. This is the case for all SKUs, since the EOQ is very 

big it is not a useful measure for ordering, since there is a maximum capacity, and ordering the EOQ 

will lead to a very high inventory. 

 

Figure 23: EOQ compared to mean demand of a sample SKU 

Also, the data used in this research, does not really correspond with the assumptions of the EOQ 

model. The EOQ uses a continuous review period while, PLUS uses a period review period. And the 

period demand is stationary stochastic, while the EOQ model uses a constant demand. ’’It is also noted 

that the EOQ problem usually takes lots of assumptions on the cost related parameters. In reality, 

achieving a perfect set of parameter estimates is difficult in practice, especially for the carrying cost 
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estimation.’’ Boray & Wu (2016). For these reasons the EOQ model is not the best way to calculate 

the inventory levels. The EOQ is financially driven and not customer service driven, customer service 

driven is a better fit since that is more important for PLUS. When taking into consideration the MOQ 

and IOQ, the EOQ model will also not provide the wanted answers. Therefore, the Markov Decision 

process model of the (R,s,nQ,S) system of Hill (2006) is used to calculate the stationary distribution of 

the inventory position. With this stationary distribution the corresponding KPIs can be calculated. 

The current target service level from the CDC to the store is 99%. Due to the company structure this 

is an important measure for PLUS, therefore calculations will be made with the service constraint 

instead of the costs. The costs are also not the most important, the capacity is. 

5.6 Expressions for KPIs 
This section gives the expressions for the  service level, fill rate, inventory on hand and the order lines. 

There are three ways to calculate the service level. However, the P3 measure is not used in this project, 

since a physical check on empty shelves is much more preferred by retailers since monitoring 

inventory levels from computer systems may be not effective as physical check due to inaccuracy of 

inventory data. Therefore, the P1 and P2 measure are compared. Table 2 gives an overview of the 

notations used to calculate the P1 measure. 

Table 2: Notations P1 measure 

Notation Definition 

P2 Fill rate 

k Safety factor 

µ Mean demand 

σ Standard deviation of the demand 

 

When using the P1 measure and the safety factor to make calculations the used expression is equal to: 

𝜇𝐿𝑅 + 𝑘𝜎𝐿𝑅                                                                                                                                                          (10) 

Where k=2.33 because α=0.99. k is the safety factor of the 𝛼 of 0.99 which is the target service level 

of PLUS. 

Table 3 gives an overview of the notations used to calculate the P2 measure, expected inventory on 

hand and the expected order lines. 

Table 3: Notations P2 measure 

Notation Definition 

L Lead time 

R Review period 

IOH(t) Inventory on hand at time t 

IP(t) Inventory position at time t 

E[IOH(τ+t)] Expected inventory on hand at time (τ+t) 

E[OL] Expected order lines 

E[OS] Expected order size 

D(t) Demand at time t 
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When using the fill-rate to make calculations, the fill-rate can be derived with the following expression 

Broekmeulen & Donselaar (2014):  

𝑃2 = 1 −
𝐸[{𝐷(𝜏, 𝜏 + 𝑅 + 𝐿) − 𝐼𝑃(𝜏)}+ − 𝐸[{𝐷(𝜏, 𝜏 + 𝐿) − 𝐼𝑃(𝜏)}+]

𝐸[𝐷(𝜏 + 𝐿, 𝜏 + 𝑅 + 𝐿)]
                                            (11) 

= 1 −
∑ 𝑃(𝐼𝑃 = 𝑘)(∞

𝑘=∞ 𝐸[{𝐷(𝜏, 𝜏 + 𝑅 + 𝐿) − 𝑘}+ − 𝐸[{𝐷(𝜏, 𝜏 + 𝐿) − 𝑘}+]

𝐸[𝐷(𝜏 + 𝐿, 𝜏 + 𝑅 + 𝐿)]
                   (12) 

= 1 −

1
𝑄

∑ ∑ [𝑃(𝐷𝐿+𝑅 = 𝑑)∞
𝑑=𝑠+𝑖+1 − 𝑃(𝐷𝐿 = 𝑑)]{𝑑 − 𝑠 − 𝑖}

𝑄−1
𝑖=0

𝐸[𝐷𝑅]
                                         (13) 

the fill-rate is used as a target value, and is equal to β=0.99. 

There are several ways to calculate the expected inventory on hand, traditionally a system with a 

period review uses t=L+R (Äxsater, 2010). However, it can be better to take the average of 𝐸[𝐼𝑂𝐻(𝜏+𝐿)] 

and 𝐸[𝐼𝑂𝐻(𝜏+𝑅+𝐿)] instead, especially when there is a large review period in comparison to the value 

of Q. Since in this project is about the inbound logistics of PLUS it is important to know the highest 

expected inventory on hand, that is why in this case is chosen to calculate with the 𝐸[𝐼𝑂𝐻(𝜏+𝐿)], since 

the on-hand inventory immediately after a delivery moment is the moment where there is the highest 

inventory level. T=L or T=L+R. 

The expected inventory level can be calculated using the formula: 

𝐸[𝐼𝑂𝐻(𝜏 + 𝑡)] = 𝐸[{𝐼𝑃(𝜏) − 𝐷(𝜏, 𝜏 + 𝑡)}+]                                                                                               (14) 

                                ∑ 𝑃(𝐼𝑃 = 𝑘)∞
𝑘=∞ 𝐸[{𝑘 − 𝐷(𝜏, 𝜏 + 𝑡)}+]                                                                                  (15) 

                                 
1

𝑄
∑ 𝐸[{𝑠 + 𝑖 − 𝐷(𝜏, 𝜏 + 𝑡)}+]𝑄−1

𝑖=0                                                                                                       (16) 

                                
1

𝑄
∑ ∑ {𝑠 + 𝑖 − 𝑑}+∞

𝑑=0 𝑃(𝐷𝑡 = 𝑑)𝑄−1
𝑖=0                                                                                                (17) 

                                 
1

𝑄
∑ ∑ {𝑠 + 𝑖 − 𝑑}[𝑃(𝐷𝑡 = 𝑑)𝑠+𝑖−1

𝑑=0
𝑄−1
𝑖=0                                                                                              (18) 

Another really important KPI, is the number of order lines, since each order line has corresponding 

costs. An order line consists out of one SKU but the quantity of an order line is flexible. The KPI 

expected order lines can be calculated using the formula: 

𝐸[𝑂𝐿] = 𝑃(𝐼𝑃(𝜏) − 𝐷(𝜏, 𝜏 + 𝑅) < 𝑠)                                                                                                        (19) 

𝐸[𝑂𝐿] = 𝑃(𝐼𝑃(𝜏) − 𝐷(𝜏, 𝜏 + 𝑅) < 𝑠) =  ∑ 𝑃(𝐼𝑃 = 𝑘)𝑃(𝐷𝑅
∞
𝑘=−∞ >  𝑘 − 𝑠)                                         (20) 

                  
1

𝑄
∑ 𝑃(𝐷𝑅 > 𝑖) =𝑄−1

𝑖=0
1

𝑄
∑ {1 − ∑ 𝑃(𝐷𝑅 = 𝑑)𝑖

𝑑=0
𝑄−1
𝑖=0 }                                                                            (21) 

(τ) Arbitrary review moment 

(τ+L) Moment just after potential delivery 

(τ+L+R) Moment just before the next potential delivery moment 

s Reorder level 

Q Order quantity 
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5.7 Scenario analyses 
Previously several decision variables were introduced, it is important to know which of these decision 

variables have an effect. Therefore, calculations will be made to examine which decision variables 

have the most impact, what is the sensitivity. Based on this scenario analysis, it is known which 

decision variables are interesting to implement and are also easy to implement. When it comes to 

implementation it will be easier to implement a change in the review period, because it is something 

Plus can regulate, versus a change in the lead time more, since it is more difficult to change because 

of arrangements with the suppliers. 

To check the sensitivity accordingly several scenarios are developed. The uncapacitated base scenario 

and will serve as a benchmark for the other scenarios and is considered as the base scenario. The 

second scenario brings the lead time back to one day, or the review period back to one day, or both 

back to one day, while the third scenarios relaxes the MOQ and IOQ. The fourth scenarios, changes 

the fill rate, when the other scenarios show that there is enough capacity the fifth scenario can be 

applied which increases the MOQ. 

All scenarios are approximations, since this model is based on theory, it shows a stylized form of the 

reality. However, it can give insight, since the model gives a rough indication. 

5.7.1 Base: Uncapacitated base scenario 
The first scenario serves as a benchmark for the other scenarios. This scenario is based on the future 

situation where there will be only one central DC. The order data of 2017 are used as the demand, 

since these order data are based on the situation with four DCs instead of one central DC, there will 

occur a risk pooling effect. An (R,s,nQ)-policy is assumed, and the optimal re-order levels are 

calculated for each SKU. Based on these re-order levels the inventory on hand is calculated.  

Two methods are used to calculate the inventory levels, and therefore the required safety stock. The 

safety stock can be calculated using the target service level and the corresponding safety factor (k-

factor), and using the fill-rate as target (Broekmeulen & Donselaar, 2014). This method widely used 

by companies, also by PLUS.  

5.7.2 Scenario 2: Leadtime and Review period 
Since lead time and review period are both decision variables, the effect of both will be calculated. 

First the lead time will be set on one day, Second the review period will be set on one day. Third as 

well the lead time as the review period will be set on one day. This way the differences in benefits of 

changing the lead time and review period can be compared. 

5.7.3 Scenario 3: MOQ an IOQ (MOQ=IOQ=1), relax  
Since the goal is to order enough to meet customer demand, while not carrying too much extra 

inventory, it can be interesting to look at the MOQs and IOQs set by suppliers. The smaller the order 

quantities are and the more frequently an order can be placed, the more having too much inventory, 

thus high inventory levels, can be prevented.  

Smaller, more frequent orders enable an organization to increase ordering flexibly for when variations 

in demand occur or demand patterns shift. With this scenario insight is given on the effect of the MOQ 

on the inventory levels, first by relaxing the MOQ to one pallet layer, second by relaxing the IOQ to 

one pallet layer, and third by relaxing the IOQ to one case pack.  

5.7.4 Scenario 3: Service level 
The target service rate has an influence on the safety stock and therefore on the inventory level. When 

changing the target service rate therefore the inventory level will change. To give insight in the 
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sensitivity of changing the target service level, the target service level is set to respectively 0.98, 0.97, 

0.96, 0.95, 0.90, 0.85, 0.80. 

5.7.5 Scenario 4: Increasing MOQ 
When there in sufficient inventory capacity it is also a possibility to increase the MOQ, this will result 

in a higher inventory but in less order lines. This option will only be calculated when there is sufficient 

inventory capacity 

5.8 Tools 
Since the model of Hill (2006) is followed a tool accordingly can be used to make calculations. For this 

project the used tool is the Dobr tool in Excel. The settings of the tool are chosen in such a way that 

the scenarios can be compared as good as possible. To compare the scenarios, it is important the 

output of the DoBr tool is mostly dependent on the variables which are changing per scenario, and 

not on the settings of other parameters. 

5.8.1 DoBr 
In order to evaluate (R,s,nQ) and (R,s,S) inventory policies the DoBr tool can be used which is also 

developed recently with respect to the latest theoretical insights. With the incorporation of often used 

input parameters like case pack size and MOQ, the assumptions become more realistic compared to 

normal applications that allows us to evaluate the situations encountered in practice in a more precise 

and reliable way. 

The DoBr tool gives the possibility to choose between several distributions to simulate the actual 

distribution: the gamma probability distribution, the normal continuous probability distribution and a 

discrete probability distribution. The distribution can be picked depending on the project 

characteristics.  Since SKUs are sold in whole units the discrete demand distribution is for this project 

the best fitting choice. There is a backordering system assumed.  

5.9 Storage allocation 
There are different ways to solve deterministic storage problems: 

• The Knapsack problem (KP) which seeks the subject of all available items that maximizes the 

total value in storage location (knapsack) with a fixed capacity. 

• The Economic Lane Depth (ELD) which seeks the optimal capacity of a storage location at a 

constant demand (or supply) of identical items 

• The Bin Packing Problem (BPP) which seeks the minimal required number of bins of a given, 

fixed capacity to store all items. 

In order to define products to a location a multiple choice multiple knapsack problem is used.  Multiple 

choice because each product can be assigned exactly one time and one time only to a specific location, 

and multiple knapsack because there are several knapsacks in the form of three different storage 

location heights with a set capacity. There are three different size locations, 1.50 meter high, 1.95 

meter high and 2.30 meter high. To optimize the allocation of products to the different locations, the 

sum of all allocations, being the cost of the product being assigned to a specific location, can be as 

well in space as in euro’s, will be minimized. This can be done by using a mathematical model with the 

notations: 

Sets 

I   set of products (index = i)   1 ,…, m  

J  set of storage types (index = j)   1 ,…, n 
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Parameters 

𝐶𝑖𝑗   cost of assigning product i to location j 

𝐷𝑖   weekly demand of product i  expressed in height 

𝐻𝑖   height per pallet layer of product i 

𝐿𝐻𝑗   height location type j 

𝑀𝑖   Weight per pallet layer of product i in kilograms 

𝑁𝑗     capacity (number of) location type j 

𝑃𝐻𝑖𝑗   height product i for location type j  

𝑆𝐻𝑖   supplier pallet height of product i  
𝑊𝑖𝑗    average number of locations of type j needed for product i 

 

Decision variables 

𝑋𝑖𝑗   0-1 decision variable, 1 if product i is allocated to location j, otherwise 0 

 

The set of storage types consists of three different storage types, as noted before. A product is 

assigned to one of these storage types. There are 7260 products. The model consists of two steps.  

First is determined if the capacity is a good fit for the stored products, when they are delivered in 

the standard supplier pallet heights. The costs will be expressed in the overage space per location, 

for example, if a supplier pallet has a height of 1 meter, storing this pallet in a storage location of 

1.50 meter has a cost of 50 centimeter. The height of a product for a certain location type, is in this 

first step the same for each storage location (e.g. height of product i in the storage location of 1.50 

meter is equal to the height of product i in the storage location of 1.95 meter). The mathematical 

formulation of this model is: 

𝑀𝑖𝑛 {∑ ∑ 𝐶𝑖𝑗 ∗ 𝑋𝑖𝑗    

𝑗𝑖

}                                                                                                                                   (22) 

 

S.T. 

𝑃𝐻𝑖1 = 𝑃𝐻𝑖2 = 𝑃𝐻𝑖3      𝑖 =  1, … , 𝑚                                                    (23) 

𝑃𝐻𝑖𝑗 > 1𝐻𝑖      𝑖 =  1, … , 𝑚, 𝑗 =  1, … , 𝑛                                   (24) 

𝑋𝑖𝑗 ∈ {0,1}       𝑖 =  1, … , 𝑚, 𝑗 =  1, … , 𝑛                                   (25)

   

 

where: 

 𝐶𝑖𝑗 =   {
𝐿𝐻𝑗 − 𝑃𝐻𝑖𝑗                      if 𝐿𝐻𝑗 ≥  𝑃𝐻𝑖𝑗   

𝐵𝑖𝑔 𝑀                            if 𝐿𝐻𝑗 <  𝑃𝐻𝑖𝑗
  𝑖 =  1, … , 𝑚, 𝑗 =  1, … , 𝑛                                (26) 

The aim is to minimize the costs, which in this case is the unused space (22). The height of product i in 

the storage location of 1.50 meter is equal to the height of product i in the storage location of 1.95 

meter and equal to the height of product i in the storage location of 2.30 meter (23). The pallet height 

needs to be bigger than 1 pallet layer (24), this because otherwise it is not stored in the high bay 

warehouse but immediately moved to the forward area. A product I can be stored once and once only 
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in a type of location j (25). The corresponding costs in space are the height of the location type minus 

the height of the product i for location j if the height of the location type is bigger than or equal  to 

the height of the product i for location j. The corresponding costs in space are “Big M” if the height of 

the location type is smaller than the height of the product i for location j (26). The “Big M” corresponds 

to the fact that it is not fitting in the allocated location in that case. 

Second it is determined how much the handling costs, in inventory holding costs and replenishment 

costs, can be reduced by increasing the height of a supplier pallet. When the pallets are higher, the 

corresponding costs per centimeter pallet will be lower, because the replenishment costs are made 

per pallet. (e.g.  more case packs on a pallet, means lower replenishment costs per volume). The 

mathematical formulation of the model is given the notations above given by: 

𝑀𝑖𝑛 {∑ ∑ 𝐶𝑖𝑗 ∗ 𝑋𝑖𝑗    

𝑗𝑖

}                                                                                                                                  (27) 

S.T. 

𝑃𝐻𝑖𝑗 < 12 ∗  𝐷𝑖      𝑖 =  1, … , 𝑚, 𝑗 =  1, … , 𝑛                                    (28) 

(𝑃𝐻𝑖𝑗 𝐻𝑖⁄ ) ∗ 𝑀𝑖 < 1200     𝑖 =  1, … , 𝑚, 𝑗 =  1, … , 𝑛                                    (29) 

∀ 𝑗:     ∑ 𝑊𝑖𝑗𝑋𝑖𝑗𝑖 ≤  𝑁𝑗       𝑖 =  1, … , 𝑚, 𝑗 =  1, … , 𝑛                                    (30) 

∀ 𝑖:     ∑ 𝑋𝑖𝑗𝑗 = 1      𝑖 =  1, … , 𝑚, 𝑗 =  1, … , 𝑛                                    (31) 

 

Where: 

𝐶𝑖𝑗 =   {
𝐶𝑖𝑛𝑣 ∗ 𝐸[𝐼𝑜ℎ] +  𝐶𝑂𝐿 ∗ 𝐸[𝑂𝐿]       if 𝑃𝐻𝑖𝑗 ≥ 𝑆𝐻𝑖   

𝐵𝑖𝑔 𝑀                                               if 𝑃𝐻𝑖𝑗 < 𝑆𝐻𝑖 
  𝑖 =  1, … , 𝑚, 𝑗 =  1, … , 𝑛               (32) 

The aim is to minimize the costs, which in this case is the inventory and replenishment costs (27). The 

PHij is the highest stacking of product i that still first in location type j but is less than 12 weeks of 

inventory (28). The maximum weight of a pallet is 1200 kg (29).  It needs to fit in the maximum capacity 

of each location type (30) and a product I can be stored once and once only in a type of location j (31). 

The corresponding costs in euros are costs per cm times the expected inventory on hand plus the costs 

per order line times the expected order lines if the highest stacking of product i that still first in location 

type j is bigger than or equal to the height of the supplier pallet of product i. The corresponding costs 

in euros are “Big M” if the highest stacking of product i that still first in location type j is smaller than 

the height of the supplier pallet of product i (32). The “Big M” corresponds to the fact that it is not 

fitting in the allocated location in that case.  
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6. Results 
The results of this research which is described in the previous chapter are discussed in this chapter. In 

this chapter the remaining research questions will be answered. First an example of an input is given, 

second the results of the scenario analyses are discussed, by stating the expectations, the results and 

the corresponding conclusions. Last the results of the multiple choice multiple knapsack problem are 

discussed. 

6.1 Input variables 
Using the DoBr tool the inventory level, inventory value and the expected order lines for each SKU can 

be calculated. By summing up the values of all SKUs the total inventory level, inventory value and 

expected order lines are calculated. Table 4 gives an example of the input variables per SKU, some of 

which are changed according to the tested scenario. The bold variables are not changed during the 

calculations of the scenarios. 

Table 4: Example of input variables per SKU 

SKUID 39310 

Product Name Knorr Wereldgerechten Burrito's  PAK 223GR 

Lead time 2 

Review period 3 

Average demand 291.94 

Standard deviation 63.23 

MOQ 88 

IOQ 88 

Service level 0.99 

Casepacks per pallet layer 22 

Layers per pallet 8 

Type of pallet IPP 

Weight per casepack in grams 285.12 

Price per case pack 2.33 

 

6.2 Scenario 1: Base scenario 
First the base scenario is calculated, which consist of two ways to calculate the base, using the safety 

factor and using the fill rate. All calculated KPIs are exact for a backordering system, and all the 

variables shown in Table 4 are considered as given in the data set, nothing is changed.  

6.2.1 P1 vs P2 
As discussed before there are several ways to measure product availability, the P1, the P2 and the P3, 

the P1 and P2 are preferred by retailers and therefore used (The P3 is not useful in a situation of a 

wholesaler since the inventory level cannot influence the customer). Following the theory drawbacks 

of using the P1 are that it does not always reflect the perceived product availability by customers, it 

does not take into account MOQ or IOQ, which can have a positive influence on the product availability 

since the lot-size is larger and it does not take large review period into account, which can influence 

the product availability as well. Especially in situations where SKUs have a high MOQ, the fill rate P2 is 

larger than P1, since the inventory due to MOQ takes over the role of safety stock. 

Since the products at PLUS all have a MOQ this is expected to influence the calculated service 

measures. When looking at slow movers the influence of a MOQ is bigger than for a fast mover, since 

for fast moving products the ideal number of ordered products is often bigger than the MOQ, while 
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for slow movers this is not the case. Therefore, having a MOQ for a slow mover can take over the role 

of the safety stock, which will lead to a lower P1 value and a higher P2 value. Therefore, it is expected 

that the P1 value especially for slow movers will be lower than the P2 value. 

When using the P1for a service rate of 0.99 (k=2.33), there is an inventory level calculated of 11601 

pallets, with a value of 20.03 million euro, and 8346 expected order lines per week.  When making 

calculations with this safety factor the target service rate is not always reached, the lowest value of a 

service rate is as low as 0.662, while the average service rate of 0.984, the target service rate is higher 

than the actual service rate when using this calculation method.  

Figure 24 shows the spread of the service rate, by comparing the calculated service to the mean 

demand. The average overall demand of all SKUs is equal to 124.18 case packs/week, while the 

average demand of SKUs with a lower service rate than 0.80 give an equal overall mean demand of 

27.14. Hence, the slow-moving items show a significantly lower service rate than the target service 

rate even when the target service rate is high, which can also be seen in Figure 24.  

 

Figure 24: Safety factor calculations: service rate against mean demand 

An alternative method to calculate the base is by using the fill rate with as a target value which is equal 

to β=0.99. The calculated inventory level is 11611, the inventory value is 16.38 and the expected order 

lines are 8346. Figure 25 shows the calculated service rate using the fill rate plotted against the mean 

demand. The lowest calculated service rate is 0.990, which is equal to the target service rate, while 

the average service rate of all SKUs is even above the target service rate, with a value of 0.991.   

 

Figure 25: Calculated service rate using the fill rate 
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The difference in total inventory value can be explained by the fact that when using the P2 measure 

the slow-movers also have a high service rate, which means there is more inventory of these specific 

items, which are often items with a higher value. The targeted service rate is always reached when 

using this calculation method, while when using the safety factor this is not the case. It can be 

discussed that slow movers do not need a service rate that high. However, the P1 considers the 

demand to follow a normal distribution, for slow movers this is not the case. Slow movers also have a 

high demand uncertainty, which causes a high standard deviation.  

When comparing the two calculation methods for the base scenario, the fill rate is also a better fit, 

since PLUS uses MOQs. The effect of the MOQ is not considered when calculating with the P1, 

therefore the calculated service level with the nearly the same inventory level will be calculated lower, 

while the inventory due to an MOQ can also function as safety stock.  

Due to these two reasons the scenarios will be compared to the base calculated with the fill rate. 

Table 5: Inventory level and value  

 

 

 

 

6.2.2 Inventory on hand 
The height of the inventory on hand is dependent of the moment it is measured. It will be the highest 

immediately after ordered goods are delivered, at this moment the inventory on hand is compared. 

Since the expected inventory on hand is calculated this can be compared to the actual installed 

number of pallet locations. Figure 26 shows that there is a high number of pallets which are lower 

than 1.5 meter, more than the installed pallet locations. This means that those pallets can only be 

stored in a bigger pallet location (1.95m or 2.30m). When comparing the installed number of locations 

to the calculated number of location it is clear that there is enough space to fit all the inventory. 

 

Figure 26: Chart pallet heights 

C A L C U L A T E D I N S T A L L E D

CHART PALLET HEIGHTS

1.50m 1.95m 2.3m

Project Inventory level 
(Pallets) 

Inventory value  
M€ 

E[OL] 

BASE: target fill rate= β=0.99 19722 34.05 14188 

Use P1 measure = k= 2.33 19739 27.85 14188 



50 
 

6.3 Scenario 2: L and R 
As discussed before, the lead time and review period are two of the variables which are decision 

variables. To estimate the effect changing these variables has on the KPIs, three different sub-

scenarios are calculated. Decreasing the lead time to 1, decreasing the review period to 1, decreasing 

the lead time and review period to 1.  

The lead time and review period both influence the fill rate, see equation 12. The expected inventory 

on hand is measure at τ+ L, so just after delivery of the ordered products, when there was an order 

placed at τ. At moment τ+ L compared to moment τ the difference in inventory is the received order 

quantity minus the demand of the product during the lead time. When the lead time is shorter, this 

means that the demand occurred during the lead time is less, which causes a higher inventory level at 

τ+ L. However, this would be the case if there was the possibility to order at any moment in time. In 

the real situation this is not the case since suppliers deliver only on certain days, according to the 

delivery schedule the supplier and PLUS agreed on. Hence, it is expected that changing the lead time 

does not have a huge impact on the inventory system.  

For the review period holds the same. However, if a product is reviewed more often the time between 

a review moment and a potential order moment can be decreased, which results in a more accurate 

order quantity for that moment in time. This can lead to an increase of the inventory position and 

therefore a decrease in order lines. 

It is expected that the lead time and review period changing them does not have a big influence if 

trucks cannot deliver more often, it is not useful to monitor the inventory level more often than there 

is a possibility to order.  

Table 6 gives an overview of the decision variable changes, compared to the base scenario and Figure 

27 shows the change per sub-scenario per KPI. 

 Table 6: Overview of the decision variable changes 

 

 

 

 

 

Project Inventory level 
(Pallets) 

Inventory value  
M€ 

E[OL] 

BASE: target fill rate= 0.99 19722 34.05 14188 

Reduce lead time to 1 day 18964 32.98 14188 

Reduce review period to 1 day 15582 30.46 10897 

Reduce lead time and review period to 1 day 14646 29.24 10897 
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Figure 27: Change per sub-scenario per KPI 

When reducing the lead time to 1 day for all the SKUs, the calculated inventory level is 18964 pallets, 

the inventory value 32.98 million euro and the expected order lines are 14188. In comparison to the 

base a slight decrease in the inventory level and inventory value is shown, while the expected order 

lines stay the same.  

When reducing the review period to 1 day for all SKUs the calculated inventory level is 15582 pallets, 

the inventory value 30.46 million euro and the expected order lines are 10897.  In comparison to the 

base a decrease in the inventory level and inventory value is shown, while the expected order lines 

show a significant decrease.  

When combining the two changes, as well the lead time as the review period is set to 1, the calculated 

inventory level is 14646 the inventory value 29.24 million euro and the expected order lines are 10897.  

The decrease in inventory level is due to reducing both variables, but reducing the review period 

seems to have a bigger impact. The same holds for the inventory value, where the reduction of the 

review period have a bigger impact on reducing the inventory value. The decrease in order lines is only 

due to reducing the review period, since reducing the lead time has no effect on the number of order 

lines.  

The expectation is that changing the review period and the lead time does not have a huge impact on 

the inventory level, inventory value or expected orderliness, since the supplier only delivers at certain 

moments in time, a delivery schedule agreed upon by as well PLUS as the supplier. When looking at 

the outcomes decreasing the review period has the most influence especially on the order lines, this 

can be due to a better understanding of what PLUS should order when there is an order moment. 

However, for PLUS it is important to renegotiate the delivery schedule with the supplier, since they go 

from 4 DCs, to one DC, more order moments can possibility bring benefits. 

6.4 Scenario 3: MOQ/IOQ 
Two other decision variables are the MOQ and the IOQ. In the base scenario those two have the same 

value, but when considering this scenario, they possibly have different values. There are three sub-

scenarios calculated: reducing the IOQ to 1 case pack, reducing the IOQ to 1 pallet layer, and reducing 

the MOQ to 1 pallet layer. 

As discussed before the MOQ and IOQ influence the fill rate, and therefore the reorder level. If 

products have a high MOQ, this minimum order quantity needs to be at least ordered when placing 

an order, an order is placed at a possible order moment is the inventory level drops belong the reorder 

PltEq Inventory value x1000€ E[OL]

Lead time / Review period

L=1 R=1 L&R=1
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level. The inventory on hand at moment τ+L is the inventory on hand just before the delivery plus the 

delivered quantity. When the MOQ is big (bigger than needed to initially increase the inventory level 

above the reorder level) the inventory on hand at will be bigger than if there is a small MOQ. Hence, 

it is expected that lowering the MOQ will lead to a lower expected inventory on hand. 

For the IOQ this same logic applies, when the inventory level drops under the reorder level, an order 

is made to increase the inventory level above the re-order level. When one MOQ is not enough to 

reach this level, the order quantity will be 2 times the MOQ, while if there was an IOQ lower than the 

MOQ, the order quantity could be the MOQ plus n times the IOQ. In this case the IOQ being lower 

than the MOQ, results in a lower expected inventory on hand. Therefore, it is expected that decreasing 

the value of the IOQ will result in a lower inventory level. 

Lowering the MOQ mostly effects slow movers, since for fast movers the ideal order quantity is often 

bigger than the MOQ anyway. Lowering the MOQ means that the inventory level of these slow movers 

will decrease significantly, often these slow movers are products which have a high product price, like 

for example razorblades. Therefore, it is expected, that the total inventory value will drop since there 

will be less inventory held on these types of products. Changing only the IOQ does not affect this, since 

for the slow movers the order quantity will not be multiples of the MOQ, since one MOQ is sufficient. 

The expected order lines are influenced by the inventory position and the demand occurring between 

two order moments. When the MOQ is lower the inventory position will be lower. The expected order 

lines are equal to the probability that the inventory position (IP) at time τ minus the demand occurred 

between two possible order moments is lower than the re-order level. The demand occurred between 

two possible order moments stays in both cases the same. Therefore, it is expected that reducing the 

MOQ and IOQ will lead to more order lines. 

Table 7 gives an overview of the decision variable changes, compared to the base scenario and Figure 

28 shows the difference between decreasing the MOQ to 1 pallet layer and the IOQ to 1 pallet layer 

per KPI. 

Table 7: Overview of the decision variable changes 

 

 

 

 

Project Inventory level 
(Pallets) 

Inventory value  
M€ 

E[OL] 

BASE: target fill rate= 0.99 19722 34.05 14188 

Reduce IOQ to 1 case pack 20006 34.51 12286 

Reduce IOQ to 1 pallet layer 19773 34.09 12541 

Reduce MOQ to 1 pallet layer 18241 31.18 27577 
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Figure 28: The difference between decreasing the MOQ to 1 pallet layer and the IOQ 1 pallet layer per KPI  

When reducing the IOQ to 1 case pack the calculated inventory level is 20006, the inventory value is 

34.51 million euro and the expected order lines are 10897. When comparing this sub-scenario to the 

base there can be seen a difference in expected order lines. 

When reducing the IOQ to 1 pallet layer the calculated inventory level is 19773, the inventory value is 

34.09 million euro and the expected order lines are 12541. When comparing this sub-scenario to the 

base there can be seen a difference in expected order lines, which is slightly less than the decrease 

seen when reducing the IOQ to 1 case pack instead of 1 pallet layer. 

 When reducing the MOQ to 1 pallet layer the calculated inventory level is 18241, the inventory value 

is 31.18 million euro and the expected order lines are 27577. While the inventory level decreases in 

comparison to the base scenarios, the number of order lines became almost twice as big, which is a 

huge increase. The decrease of the inventory level and value is relatively small in comparison to the 

increase in order lines. 

The expectation is that when reducing the IOQ the expected inventory on hand will decrease, while 

there is no significant effect on the inventory value and a small increase in the expected order lines. It 

is indeed the case that the expected inventory on hand is decreasing. The inventory level when 

reducing to an IOQ of one case pack has a higher inventory then when the IOQ is reduced to 1 pallet 

layer. Possibility this is due to the fact the ordering extra case packs instead of extra pallet layers can 

be really inefficient, since one case pack increases the pallet height, but does not use the space of the 

whole layer (there can be more case packs stored on a pallet layer). As expected there is not much of 

a change in the inventory value. The number of order lines decrease, this was not what was expected. 

However, it can be explained by the effect of combining the (R,s,nQ) policy with the (R,s,S) policy. 

When considering the (R,s,S) policy an order is placed when the inventory on hand is lower than the 

order-up-to level S. If the IOQ becomes smaller, the probability of having an inventory on hand which 

is closer to the S is bigger. The inventory position has in case of a (R,s,S) policy is no uniform 

distribution. Since the (R,s,nQ) and (R,s,S) are combined the inventory position of the (R,s,nQ,S) model 

is also not uniform distributed. This causes a decrease in the order lines, see formula (19), since the 

probability of a low inventory position increases the P[IP(τ)] decreases, which leads to less order lines. 

When decreasing the MOQ the inventory level is expected to drop, which is indeed the case, 

accordingly the inventory value is also lower. But when looking at the order lines there is almost a 

doubling of the number of order lines. There was an increase in the number of order lines expected, 

PltEq Inventory value x1000€ E[OL]

MOQ/IOQ = 1 pallet layer

MOQ=1 PlltLayer IOQ=1 PlltLayer
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however this is a really big increase. Since each order line has replenishment costs, these 

replenishment costs will increase a lot, probably that much that it outweighs other advantages. So this 

option does not seem to be a good option for PLUS, since the capacity in sufficient without lowering 

the MOQ. 

6.5 Scenario 4: Target fill rate  
To provide insight in the sensitivity of fill rate on the inventory level and inventory value, they will be 

calculated according to different target fill rates. The target fill rates used are: 0.99 as base scenario, 

0.98, 0.97, 0.96, 0.95, 0.90, 0.85, and 0.80. 

The fourth scenario changes the target fill rate. Since the fill rate is used as a target the reorder level 

is calculated using this fill rate, the reorder level increases if the fill rate increases. If the inventory 

level drops below the reorder level a replenishment order is made at a possible order moment. The 

inventory between τ and τ +L drops the demand during lead time. If the reorder level is high and this 

demand is subtracted, the inventory is still higher than when in reorder level was set lower. Therefore, 

the demand can be more often satisfied by the inventory by hand, which will lead to a higher fill rate. 

Hence, it is expected that having a lower target fill rate will results in a lower reorder level, which will 

result in a lower inventory on hand and therefore a lower inventory value. The expected order lines 

are not expected to change since the cycle will be similar since the demand stays the same, the only 

difference is that the average inventory level will be higher when the reorder level is higher, and 

corresponding fill rate. 

Table 8: Inventory levels and values of each target fill rate 

 

 

 

 

Figure 29: Inventory level plotted against target fill rate        Figure 30: Inventory value plotted against target fill rate 

Table 8 shows the calculated inventory levels and inventory values of each target fill rate. Figure 29 

shows a graph of the inventory level plotted against the target fill rate, while figure 30 shows a graph 

of the inventory value plotted against the target fill rate. In the figure is shown that the slope is 

decreasing when the target fill rates decreases further. Hence, the inventory level and inventory value 
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Target fill rate Inventory level 
(Pallets) 

Inventory value  
M€ 

0.99 19722 34.05 

0.98 17685 29.75 

0.97 16414 27.18 

0.96 15468 25.31 

0.95 14705 23.83 

0.9 12186 19.06 

0.85 10557 16.07 

0.8 9311 13.84 
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are for example relatively decreasing more when the target fill rate goes from 0.99 to 0.98, than from 

0.96 to 0.95.  

It was expected that a lower target fill rate will lead to a lower reorder level and therefore a lower 

inventory on hand and a lower inventory value. This is indeed the case, while also as expected the 

number of order lines do not change. In this scenario the fill rate of all SKUs is reduced, which is up for 

discussion, since reducing the fill rate of only slow movers can prevent holding a lot of safety stock for 

products with a really low demand. Since slow mover have a high standard deviation, when combined 

with a high service level, this can cause unnecessarily big safety stocks, while this is not the case with 

fast movers since they are usually more stable (lower standard deviation), and the demand is bigger. 

Therefore, reducing the fill rate can be a good idea if PLUS wants to have a lower inventory level and 

less orderliness, especially the fill rate of the slow movers. 

6.6 Scenario 5: Increase MOQ 
The outcomes of scenario 3 show the effects of decreasing the MOQ or IOQ. Scenario 5 is based on 

increasing the MOQ, if the capacity was sufficient, which is the case. 

As discussed before the MOQ and IOQ influence the fill rate, and therefore the reorder level. If 

products have a higher MOQ, this minimum order quantity needs to be at least ordered when placing 

an order, an order is placed at a possible order moment is the inventory level drops belong the reorder 

level. The inventory on hand at moment τ+L is the inventory on hand just before the delivery plus the 

delivered quantity. When the MOQ is big (bigger than needed to initially increase the inventory level 

above the reorder level) the inventory on hand at will be bigger than if there is a small MOQ. Hence, 

it is expected that increasing the MOQ will lead to a higher expected inventory on hand. 

Increasing the MOQ mostly effects slow movers, to prevent holding inventory for slow movers for 

more than 12 weeks, this is included as a constraint. Increasing the MOQ, will cause a significant 

increase in the inventory value, because the products affected the most (most increase in expected 

inventory on hand) are often slow movers which have a high product price, like for example 

razorblades. Hence, the expected inventory on hand is expected to increase, and the inventory value 

is expected to increase a lot. Since there will be more products ordered per order line, the order lines 

are expected to decrease 

Table 9: Calculated KPIs for scenario 5 

 

 

 

Since there is sufficient capacity the fifth scenario could also be executed, increasing the MOQ to 1 

pallet, for the SKUs where this is possible according to the constraints (maximum 12 weeks of 

inventory in stock). Increasing the MOQ is expected to increase the inventory level and also the 

inventory value while decreasing the number of order lines. When the MOQ is set to 1 supplier pallet 

the calculated inventory level is 21151, the inventory value is 34.05 million euro and the expected 

order lines are 9649.  The number of order lines is relatively decreasing more than the inventory level 

is increasing. 

When increasing the MOQ the inventory level is expected to increase, which is indeed the case, 

accordingly the inventory value is also higher, and the number of order lines decrease. In comparison 

the inventory value increases more than the inventory level. This can be explained by the fact that 

Project Inventory level 
(Pallets) 

Inventory value  
M€ 

E[OL] 

BASE: target fill rate= 0.99 19722 34.05 14188 

Increase MOQ to 1 pallet 21151 51.92 9649 
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when fast movers are ordered they MOQ is usually always reached and even ordered multiple times, 

which means that increasing the MOQ does not affect the order quantities of the SKUs. However, the 

order quantities of slow movers will be more often exactly the MOQ, since that is the minimum 

amount what can be ordered. When increasing the MOQ, this will immediately affect the order size 

of the slow movers. Since these slow movers are often products with a higher inventory value, for 

example the razors, the inventory value will increase in comparison more than the inventory level. 

Increasing the MOQ can be a good idea, especially for fast movers, since this can give economies of 

scale, without increasing the stock to much and having the products in stock for a long time (which 

would be the case if the slow movers get a really high MOQ). 

Table 10 shows an overview of all the scenarios discussed before. 

Table 10: Overview of all the scenarios 

 

 

 

 

 

 

 

  

Project Inventory level 
(Pallets) 

Inventory value  
M€ 

E[OL] 

BASE: target fill rate= 0.99 19722 34.05 14188 

Use P1 measure = 19739 27.85 14188 

Reduce lead time to 1 day 18964 32.98 14188 

Reduce review period to 1 day 15582 30.46 10897 

Reduce lead time and review period to 1 day 14646 29.24 10897 

Reduce IOQ to 1 20006 34.51 12286 

Reduce IOQ to 1 pallet layer 19773 34.09 12541 

Reduce MOQ to 1 pallet layer 18241 31.18 27577 

Increase MOQ to 1 pallet 21151 51.92 9649 

Reduce target p2 to 0.95 14705 23.83 18027 
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6.7 Multiple choice multiple knapsack problem 
The multiple choice multiple knapsack problem is conducted in two steps as discussed before in 

section 5.9. In the first step is determined if the capacity is a good fit for the pallets PLUS needs to 

store as inventory per SKU, when they are delivered in the standard supplier pallet heights. While the 

second step is to determine how much the handling costs, in inventory holding costs and 

replenishment costs, can be reduced by increasing the height of a supplier pallet. 

In the first step the costs which should be minimized are the overage space per location in cm. Each 

storage location has a set capacity, in figure 31, visualized in blue. When pallets would arrive in the 

size of a supplier pallet, the ideal location without taking into account the capacity, is shown in orange. 

As can be seen there are more pallets which would have the best fit in a location of 1.50m than there 

is capacity in the locations of 1.50m. Therefore, these products need to be stored in a different 

location. For incoming pallets which would fit best in a storage location of 1.95m or 2.30 m there is 

sufficient capacity available.  

When minimizing the total costs (in overage cm) the pallets will be stored in the ideal location when 

there is sufficient capacity. If there is not sufficient capacity, which is the case for the pallets smaller 

than 1.50m, the SKUs with the lowest costs in a pallet location of 1.50m, will be allocated to a pallet 

location of 1.95m. In figure 31 the grey bars represent the optimal allocation of the SKUs when 

minimizing the costs in cm.   

 

Figure 31: Usage of space per storage type 

There are still a lot of bigger storage locations available, especially the largest location which is 2.30m. 

Figure 32 shows the average costs per single pallet location. The costs of the pallet location with a 

height of 1.50m is the largest, followed by the costs of the pallet location of 1.95m, followed by the 

location of 2.30m. Hence, the SKUs allocated to a pallet location of 1.50 do not have a good fit. Which 

can be explained by the incoming supplier pallets being relatively low. This is probably due to slow 

movers with a low MOQ. In conclusion, it is important for the optimal storage allocation that the 

incoming pallets fit the available capacity better, one of the possibilities is to increase the MOQ, such 

that incoming pallets become higher. 

 

1.50 m

1.95 m

2.30 m

Usage of space per storage type

optimal allocation ideal location capacity
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Figure 32: Average costs in cm per location 

The second step is to determine how much the handling costs, in inventory holding costs and 

replenishment costs, can be reduced by increasing the height of a supplier pallet (possibly increase 

the MOQ). When the pallets are higher, the corresponding costs per centimeter pallet will be lower, 

because the replenishment costs are made per pallet (e.g.  a higher pallet, means lower replenishment 

costs per cm pallet). 

The inventory of a SKU should only become bigger if it saves replenishment costs. The replenishment 

costs are according to PLUS 1.52 euro per pallet. With this the savings per cm can be calculated when 

the pallet, goes from a low pallet location to a middle pallet location and if it goes from a middle pallet 

location to a high pallet location. The inventory of an SKU can only grow if it not becomes more than 

12 weeks, this is one of the assumed constraints. And the maximum weight on an EURO pallet can also 

not be crossed, which is 1200kg per pallet. Keeping this in mind, Figure 33 shows two examples of 

SKUs which show costs in euro per cm pallet. The costs per cm are decreasing when the height of the 

pallet is increase, which is expected since the replenishment costs are per order line. However, the 

savings for replacement from low to middle are relatively bigger than from middle to high. 

 

Figure 33: Cost savings per CM 
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Since the aim of this step is to allocate storage in such a way that the costs are minimized. Figure 34 

shows the results of the calculations, on the bottom the capacity of each pallet location is showed, in 

the middle is shown how the pallets would be allocated if there was a constraint of maximum 12 

weeks of inventory and a weight constraint, but no capacity constraint. In this case there would be a 

lot of products coming in on pallets which would fit the location of 2.30 meter the best, even more 

than the capacity can hold. If the capacity constraint is taken into consideration the SKUs with the 

least profit made by allocating it to a bigger pallet location in euro/cm is allocated to a smaller pallet 

height and therefore the supplier pallet height for this SKU is not changed. 

 

Figure 34: Optimal allocation 

Figure 35 gives insight in how much SKUs can benefit from increasing the height of the incoming 

pallets. Almost 60% of the pallets with a supplier pallet lower than 1.50 meter, give the most cost 

savings when increased to fit a pallet location of 2.30 meter. Only about 10% of the supplier pallets 

lower than 1.50 meter, give the most cost savings when increased to fit a pallet location of 1.95 meter. 

Almost 80% of the SKUs with supplier pallets between 1.50 and 1.95 meter, gives the most cost savings 

when increased to fit a pallet location of 2.30 meter. Apparently since the DCs are combined to one 

DC, the supplier pallets can be increased a lot. 

 

Figure 35:Options: optimal height incoming pallets 

In conclusion a lot of the arrangements PLUS has with suppliers per SKU need to be revised to assure 

the capacity is used as optimal as possible. Especially the SKUs with low MOQs and in comparison, 

not that low demand, are beneficial to receive as higher incoming pallets.  
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7. Conclusion & limitations 
In this chapter the conclusions are drawn according to the previous chapters, the limitations will be 

discussed, and some ideas will be given for future research. 

7.1 Conclusions  
The main research question of this report is: How can the inventory level be optimized given the 

storage capacity constraints in the new distribution center?  

For PLUS it is important to renegotiate the delivery schedule with the supplier, since they go from four 

DCs, to one DC, more order moments can possibility bring benefits. If PLUS would have more possible 

order moments decreasing the review period can also be a good idea. A decrease of lead time when 

having more order moments will also give benefits, since it allows PLUS to hold less inventory. 

Increasing the MOQ can be a good idea, especially for fast movers, since this can give economies of 

scale, without increasing the stock to much and having the products in stock for a long time (which 

would be the case if the slow movers get a really high MOQ), especially because the capacity is 

sufficient to hold the calculated inventory.  

Since slow mover have a high standard deviation, when combined with a high service level, this can 

cause unnecessarily big safety stocks, while this is not the case with fast movers since they are usually 

more stable (lower standard deviation), and the demand is bigger. Therefore, reducing the fill rate can 

be a good idea if PLUS wants to have a lower inventory level and less orderliness, especially the fill 

rate of the slow movers. When the target service rate is reduced with only 1% this has a significant 

influence on the inventory level. 

The results of this model show that the new CDC holds enough capacity to hold the needed inventory. 

Increasing the MOQ of SKUs and receiving more pallets at once bring costs benefits when it comes to 

replenishment costs. Increasing the MOQ is also recommended when considering the capacity of the 

pallet locations, PLUS receives a lot of smaller pallets, which have bigger costs than if they would come 

in on bigger pallets. Receive higher pallets first better with the realized inventory. Combined with the 

conclusion made in the scenario analysis, it can be beneficial on several aspects, it decreases the order 

lines and uses the capacity more optimal, which saves costs as well as handling.  

7.2 Limitations 
There are several assumptions made which led to limitations of this project 

• The CDC is in Tiel while the order data used are based on the NDC and RDC which are based 

elsewhere. This influences the distance between suppliers and the DC which can influence the 

lead times and MOQs 

• The seasonal assortment is not studied/included in detail 

• The promotion which is excluded will cause peaks in the inbound receiving process, especially 

on busy days. 

• Shelf life, there is no outdating assumed, this limits this research 

• There is a backorder system assumed, while it is actually a lost sales system. The DC does not 

deliver backorders to the stores, they are just considered as lost sales. 

• The demand is assumed to be stationary. 

• Promotional demand not considered in the model, also the effect of order advancement on 

promotional products is not determined, in reality this is not the case. 

• When calculating the potential cost reduction, a big tower is assumed. In actual DC pick 

locations are not one large tower but pallet locations next to each other 
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7.3 Future research 
Last there are some opportunities for future research which could not be included in this research. 

The number if trucks are not taken into account when looking at the expected order lines. When 

products are from the same supplier this can cause a saving, since a truck can deliver more difference 

SKUs at once. This can be done by looking at the number of deliveries per supplier per week and costs 

associated with this. Future research can also look into the promotion articles, since these are not 

included in the calculations. Also more detailed research should be done on the way the inventory 

need will develop over the years, when it is know for sure when the CDC is ready to take in use. 
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Figure 36: Typical distribution order picker’s   time 
(Tompkins et al. 2003) 

Appendix IV 

Additional background information on PLUS 
Since PLUS is member of Superunie, they take care of the procurement of goods and services for PLUS. 

Superunie is an organization which takes care of the procurement of thirteen independent Dutch 

supermarket chains, and has a market share of 30%. This provides Superunie with a strong position to 

gain advantages on procurement, what is beneficial for the 1800 affiliated stores. Superunie owns 

several labels with the mission to procure goods and services at the best price-quality ratio.  

To forecast the order quantities, PLUS uses the program SPIN. For promo items the forecast is ordered, 

independent of what the supermarkets ordered at the DCs. Suppliers deliver their products with their 

own transport to the distribution centers. The delivery performance of the DCs are evaluated using 

the total amount of ordered case packs. Although the desired delivery performance is 100%, this is 

hard to realize, due to manufacturing disruptions, delivery problems, delivery quota, bankruptcy on 

the side of the supplier, human mistakes due to communication and order mistakes. That is why the 

net order quantity is used to calculate the delivery completeness and the service rate. The targeted 

service rate of PLUS is 99%. 

In 2017, 35% of the orders were not on time, which means, more than 5 hours too early or more than 

1 hour too late2. On average there are 4 order moments a week per supplier. The weighted average 

lead-time is 24 hours (28 hours for NDC, 15 hours for RDC3). There is a minimum order quantity (MOQ) 

for some products, roughly 60% of the SKU’s are already ordered or can be ordered in a quantity of 

more than 1 full pallet4.  

Current situation DC’s 

The three RDCs and NDC combined have a footprint of 72,000m2, and replenish about 260 stores. If 

slow moving products are in promotion, they are temporarily stored at the RDCs instead of the NDC, 

in the promotion aisle. Following Tompkins et al. 2003, there are several functions in a warehouse: 

receiving, reserve, storage & pallet picking, case picking, broken case picking, accumulation, sortation, 

packing and shipping. Figure 4 shows these typical warehouse functions and flows. Receiving the 

ordered products from the suppliers is the initial warehouse flow.  

 

Figure 37: Warehouse functions and flows (Tompkins et al. 2003)   

At the NDC as well as the RDCs, employees responsible for ordering, place orders 4 times a week with 

the suppliers. Note that the NDC consists of a small mechanized part, however this is dated, so it is 

not delivering PLUS the efficiency it is looking for to save costs. When products arrive, it is decided if 

they need to go straight to the pick location or to the storage location, based on the current inventory 

                                                           
2 2017 10 11 levertijdigheid t/m week 40-2017 (tmp12) 
3 2016 SPIN 11 03 besteldata SPIN-EB 
4 TixHi info from the master data 
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levels. The NDC assigns products to an available bulk storage location independently of the product 

group of the product. The NDC is more cramped in space than, for example, the South RDC. In the 

South RDC, they store products depending on their product group, so in the same aisle above the pick 

locations, not based on optimal space allocation. 

The products stored at the picking locations can be picked for orders. Except for the mechanic and the 

pick by light part of the NDC, orders are picked by voice (MOS). Order pickers wear a headset, and a 

voice tells the picker where to pick the good. Order pickers drive around in the warehouse on a small 

truck with three available spaces for roll containers (RCs). Because of the use of the MOS in the current 

DCs a lot of the flows are handled manually, resulting in a lot of handling by pickers. Picking costs are 

a large part of the expenses of the DCs.     

According to Tompkins et al. (2003), travel time is the biggest percentage of the order picker’s time. 

Hence, it is important to optimize the travel time by minimizing the travel distance of the order picker. 

Pre-picking is used to smooth the workload at the DCs. Especially, promotional items are picked at the 

beginning of the week, however this can lead to pre-picked promo items occupying space all week. 

Products stored in the current RDCs, and the future MOS and AOS system, are picked per case pack 

and not per consumer unit (CU). One case pack consists of a variable number of products, depending 

on the size and weight of the SKU. Picking case packs instead of CUs is more efficient, because there 

are less handling cost per CU, and the package of the case pack helps against damage and 

administration errors (Van Donselaar & Broekmeulen, 2014). The slow-moving items are first 

unpacked before storage, because of the low volumes they are sold in it is not convenient to store and 

pick them in case packs. These items are handled in the DOS. 

Assortment and stores 
According to the products’ characteristics the assortment of PLUS is divided into groups and 

corresponding subgroups. Some product groups have a low variety of products, but a high margin and 

high sales, for example eggs. Assortments classes are based on the type of product and the 

characteristics of products. 

PLUS’ assortment grows continuously, but not all products in the assortment have high sales: 28% of 

the SKUs have a demand of less than one CU per week per store. In total there are 260 stores, which 

is equal to a market share of 6.4% in 20175.  

Stores have fixed order moments according to the order- and-delivery schedule. At these moments, 

the order needs to be send to the DC, depending on these orders PLUS delivers products to stores. 

The ordered products are picked at the DCs and then shipped to the stores, the frequency depends 

on the turnover-index of the store. Based on their turnover stores are classed, stores in a higher class 

get more deliveries from the DC. The outbound logistics, the delivery of products to the stores, are 

planned centrally. This makes it possible to consolidate certain shipments, which can lead to a 

reduction of costs, by using trucks more efficient.   

Promotions 
PLUS distributes a promotional flyer once a week. This flyer presents of the promotions for the coming 

week, starting on Sunday and ending at Saturday. The products in promotion presented as well on the 

regular shelf as well as on the ‘’promotion aisle’’. PLUS has several types of promotions: promotions 

based on discounts on products, promotions based on customer loyalty, such as saving campaigns for 

kitchen accessories or free goodie bags, and promotions catered to children, such as collectable coins 

                                                           
5 Jaarverslag PLUS 2017 
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of movie or game figures. These different types of promotions have all a different influence on the 

customer demand, however external factors have an influence here too. The pricing behavior of a 

competitor can be described at external influence.  

Six weeks in advance the store managers need to communicate to the DCs how much case packs of 

promotional products they wish to receive. Store managers can decide, depending on the forecast, 

how much they want to order of these product per delivery day. The amount ordered by the store 

managers is guaranteed to be delivered. For 70% of the SKU’s this method is followed: a pull ordering 

system. The other 30% of the SKU’s is following a push ordering system, hence it is determined 

centrally what the order quantity per store will be. By increasing the number of SKU’s in the push 

ordering system PLUS can increase their influence and organize it centrally. Store managers have the 

possibility to place extra orders until Friday in the week of the promotion for the promotional 

products.  
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Appendix V 
Brand Value Description  Examples 

Attention PLUS characterizes itself by genuine 
attention for each other, entrepreneurs, and 
best service. 

• ‘Beste PLUS van 
Nederland’ elections 

• PLUS Academy 

• Satisfaction surveys 

Quality All products, employees and stores are of 
high quality. 

• Most consumer friendly 
company (2013) 

• Best wine supermarket 
(2014-2017) 

• Best supermarket (2014) 

Local  PLUS stores keep a broad assortment of 
fresh and local products at a sharp price. 
Each entrepreneur is closely involved with 
the neighborhood. 

• Supermarket with the best 
fresh products (2016) 

• Local assortment 

• Local sponsoring and 
promotional activities 

Responsible For PLUS, animal and environmental friendly 
working comes first, which can be seen in 
the large number of biological and Fairtrade 
products in their assortment.  

• Sustainability award 
(2015-2017) 

• Most Fair-trade certified 
house brand products 

• Profitable waste 
operations 
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Appendix VI 
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Appendix VIII 

The semi-automated distribution center systems  
Written by Jorn Blom 

The new central distribution center consists of five interrelated picking areas the OPS, DOS, MOS, 

dangerous goods and the Fast-Moving area (for crates of beer and soda). Products are received at the 

inbound area and are stored after de-packing in the High Bay Warehouse for further processing.  

High bay Warehouse (HBWH) 

• Receive goods from the suppliers 

• Link between inbound and picking 

• Provides products for picking according to customers’ orders 

• Feeds the individual picking systems 

Manual order picking system (MOS)  

This semi-automated picking system is used for picking bulky and large cases (uglies) from pallets to 

roll containers. The system will be used for products that cannot be handled by the automated system 

(AOS) and when the automated systems are over capacitated. Products are provided directly from the 

HBWH and stacker cranes are used for automated pick front replenishment. The manual order picking 

system is supported by a pick-by-voice technology, for an optimized picking route of cases onto roll 

containers. The slow-moving products will have ‘dynamic pick’ locations and the fast-moving products 

will have ‘fixed pick’ locations.  

Automated order picking system (AOS) 

The AOS offers a fully-automated picking of a variety of different Trading Units (TU) using loading 

devices and all process steps from receiving to shipping are mechanized. The pallets received from the 

HBWH are de-packed and de-palletized to transport each case separately into the system. The tray-

merge process plays the cases on allocated trays to be stored in the system. When the orders are 

ready to be picked, the trays are retrieved from the AOS warehouse using a sequencing buffer to 

arrange, align and transport the cases to the loading devices. A computer-controlled sizing matrix 

determines the stacking sequence to guarantee store friendly picking, high packing quality and 

optimal use of the load carrier. When the roll container is loaded, it is transported via a conveyor belt 

to the Stretch Wrapper machine and thereafter it is transported to the staging area. This system 

promises the highest possible ergonomics and uses trays for cases to guarantee high system 

availability.  

Dynamic order picking system (DOS) 

The DOS is a semi-automated order picking system for small volume SKUs of high value with a very 

low demand and works according to a Pick-by-light system. The picking-principle is a combination of 

a goods-to-man and a man-to-goods system for replenishment and order picking, respectively. First, 

pallets are transported from the HBWH to the DOS, where each product is unpacked and stored is a 

specified tote. The permanent allocation of fast movers and the dynamic positioning of slow movers 

reduce the travel distance for employees to pick the order. Once the tote is filled, it is weighed to 

check if it matches the predetermined requirements. Finished totes are closed and provided with a 

label according to the customer requirements. Finally, all totes are strap wrapped and stacked on a 

roll container to be transported to the consolidation area.   
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Appendix IX 

 

 

The supermarket organization PLUS establishes its Central Distribution Center at the Business Park 

Medel. It concerns a sale of 17 hectares in total, divided over two phases. With the arrival of PLUS to 

Medel, the first sale on Medel expansion is a fact. At the start of 2018 the construction works of PLUS 

start. At Medel expansion, approximately 35 hectares of land that can be issued immediately are 

available. 
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