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Abstract 
Order advancement is a solution strategy which shifts the orders placed by stores from peak days to 

non-peak days. This can result in a maximal smoothed workload for all processes in the internal retail 

supply chain. In this study, order advancement is applied by increasing the reorder levels of several 

products in the store on peak days, while considering the probability of overflow of the shelves and the 

product availability. During this research, it was assumed that each store can order every day of the 

week, the distribution center operates 6 days per week and all products are always available for 

ordering and order picking. To determine the effect of order advancement on the manual and 

automated order picking operations in a semi-mechanized distribution centrum, three models were 

developed and solved in sequence. First of all, an optimization model was created, which set the optimal 

pick location per product per store per day. Thereafter, another optimization model was established, 

which provides the optimal combination of store orders in a manual pick order. Lastly, an algorithm was 

developed that minimizes the minimum required number of order pickers, while ensuring that a batch 

of store orders is picked within a certain lead time, given the average and the variation of the manual 

order picking times. The application of these models to a subset of stores showed that order 

advancement results in a reduction in the required number of order pickers on peak days and in an 

increase of the utilization of pick robots on non-peak days. This led to a reduction of 38% for the 

required weekly manual order picking time and weekly manual order picking costs. 

 

  



 
vi 

Management summary 
The research presented in this thesis is conducted at PLUS Retail B.V. (PLUS) in Utrecht, which is a 

cooperation of several independent grocery stores. The supermarket chain has a market share of 6.24% 

in the Netherlands. The project is executed at the logistic department, which focusses on the logistic 

operations in the internal retail supply chain.   

Problem context 

The trigger of this research is the close of both the regional and national distribution centers (DC) and 

the opening of one new central located semi-mechanized DC in 2020. This new DC will consist of one 

automated order picking system (AOS), which consists of pick robots, and several different manual order 

picking systems. During the project, only the AOS and the manual order pick system with pick trucks 

(MOS) were considered. The AOS is characterized by its small and constant pick times per order line and 

its fixed pick capacity. The AOS can only handle a certain set of products that can only be picked by 

robots. In contrast, the MOS has longer and variable pick times per order line and variable capacity, 

which is dependent on the number of order pickers. The MOS can handle all types of products. 

The replacement of the regional and national DC’s with a semi-mechanized DC will change the due dates 

for the several processes in the internal retail supply chain, due to the changed logistic structure. 

However, the store managers do not want increase their order lead times, since this leads to a reduction 

in the product availability in the store and less responsiveness to external factors (i.e. weather, last 

minute orders). In addition, exceeding the set due dates results in problems in the alignment of 

operations downstream the internal retail supply chain. Furthermore, the current delivery scheme will 

be changed to a 6 day delivery scheme for all stores, which leads to an order pattern that will follow the 

customer demand. Therefore, the main research question is 

‘How can the due dates of the distribution center be met by considering a sufficient product availability 

in the store and all the relevant costs in the internal retail supply chain?’ 

Research approach 

To answer this research question, a solution was designed that maximizes the probability that a store 

order is picked in time, while minimizing the costs in the retail supply chain. These objectives were split 

in several sub goals (Figure 1), which each were optimized in sequence. During the design, only the costs 

for the needed pick capacity in the DC (i.e. pick robots and order pickers) and the inventory costs of the 

store were considered. 

Maximize the probability that an order is picked within the lead time
Minimize the cost in the internal retail supply chain

Smooth the 
workload over 

the week

Minimize the 
workload on the 

MOS

Minimize the 
number of order 

pickers

Maximize the 
probability that a pick 

wave is finished in time

 

Figure 1 Main objectives and sub goals of the problem 
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Based on the literature review, it was concluded that the workload on peak days can be reduced by 

shifting store orders from peak days to non-peak days. Therefore, first an order advancement model 

was created, which is based on the available excess shelf space in the store. This model minimized the 

surplus workload on peak days by increasing the reorder level of several products on non-peak days, 

which is restricted by the maximum probability of overflow of the shelves.  

The second goal was to minimize the number of products that are picked in the MOS, because a higher 

workload leads to a more required pick capacity. Therefore an allocation method was developed which 

minimized the number of products that are picked in the MOS, while considering the maximum pick 

capacity of the AOS and the product characteristics. From the literature review it was concluded that 

picking multiple store orders at the same time reduces the average pick time. Therefore, a batching 

method was created to combine several stores in a manual pick order (MPO), which is restricted by the 

capacity of a roll container (RC) and the maximum number of RC’s in a MPO. 

The last sub goal was to minimize the required pick capacity, while maximizing the probability that an 

order is picked in a certain lead time. Therefore an algorithm was developed, which determines the 

minimum required number of order pickers, given a certain on time delivery performance and the 

average and standard deviation of the pick time of a MPO. In addition, it was assumed that products are 

stored uniformly over the MOS.  

Results 

The different models where applied to a small, average and big store, which represents all the stores of 

PLUS. The order advancement model led to a reduction of the peak workload on Friday and Saturday, 

with 15% and 16% respectively. It turned out that the order advancement was not influenced by small 

stores, the probability of overflow of the shelves and products that are already stacked in the backroom. 

However, it increased the total inventory in the store with on average 8%, which results in a better 

product availability, and the expected backroom inventory of big stores with a maximum of 1.5%.   

Due to shift of workload to non-peak days, it was possible to pick more volume on the AOS, which 

utilization grew with 6% on Monday and 24% on Tuesday. As a consequence, the pick volume for the 

MOS reduced with 78% and 81% on Friday and Saturday respectively, which led to a maximal 

combination of stores in a MPO (i.e. four stores per MPO). This resulted in a decrease of the required 

weekly manual order pick time of 38%, while the probability that all stores of were picked in the lead 

time remained the same.  

From the sensitivity analysis it was concluded that with 20 pick robots, the current number of products 

and workload can both grow with 52% without an increase in the number of required order pickers. 

However, more pick waves with a smaller lead time did not lead to less order picking costs, due to the 

increase in the variation of pick times and the number of order pickers.  

Recommedations 

This research resulted in multiple recommendations for PLUS. The most important ones are summarized 

below. 

 Determine the optimal set of products and set of stores that have to apply order advancement 
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During the research, it was assumed that all products and stores can be advanced. However, a 

certain set of products and stores can be defined that minimize the workload in the MOS. 

 Implement the order advancement in the current replenishment method and review the order 

and delivery schedule  

Since order advancement results in a different workload on each day, all the (logistic) operations 

in the internal retail supply chain are affected. For example, the available capacity is used more 

efficiently and the peak workload in the week is reduced. Therefore, a new order and delivery 

schedule must be created in cooperation with the store managers, which considers the effect of 

order advancement and sets new lead times for the sub processes in the internal retail supply 

chain.  

 Determine an optimal picking, storage, routing, scheduling and batching strategy for the MOS 

that reduces the average and the standard deviation of the pick time 

In the solution approach, it was assumed that products were stored uniformly over the MOS, 

due to the lack of data. However, in practice, the manual order picking times can be further 

reduced by implementing several warehousing strategies, such as routing and storage policies. 

Additionally, all the sub picking systems in the new DC can be aligned, such that the inventory in 

the expedition area is reduced and an optimal transportation planning can be made. 

Furthermore, the requirements of the stores, such as the family grouping of products in a RC, 

can be incorporated. 

 Define an optimal personnel schedule 

The manual order picking is only based on the average and standard deviation of the manual 

pick time in the MOS. However, the  personnel schedule must incorporate the set up time of a 

MPO, travel time to the expedition area, the breaks, ergonomic factors and the timing of shifts. 

In addition, the mechanization of the order picking process can reduce the pick productivity of 

the order pickers.   

Academic relevance 

This research contributes to the academia, since this research provides a integrative approach for 

determining the workload in an internal retail supply chain with a semi-mechanized DC. Several research 

focus on reducing the travel time of the pick robots or order pickers. However, automated and manual 

order picking are not integrated with each other. In this research, products can be picked in a stable 

automated pick system or a variable manual pick system and can be stored in both systems 

simultaneously. The calculation of the workload in the DC considers the stochasticity of the consumer 

demand, the inventory replenishment of the stores and the capacity of the order picking systems. The 

required manual pick capacity is determined by incorporating the standard deviation of the manual 

order picking time, while most literature only focusses only on the average manual order pick times. 

Lastly, this research extends the integrative approach as described by Kuhn and Sternbeck (2014), by 

considering the shelf capacity, the automated order picking in the DC and the incorporation of the 

variation in the order pick times.  
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1 Introduction 
This master thesis project is the final part of the master Operations Management and Logistics at the 

University of Technology in Eindhoven. This project is conducted at the logistic department of PLUS 

Retail B.V. (PLUS) in Utrecht. PLUS provided a business problem which is solved during this project. In 

this section, a brief introduction about PLUS Retail B.V. will be given, which is followed by a first 

introduction of the problem and a brief description of the report structure. 

1.1 Company description 
PLUS Holding B.V. is an organization for independent supermarket entrepreneurs (store manager)  and 

distinguishes itself by an cooperative organization structure (see Appendix A for the organogram). Each 

store manager owns one or more supermarkets and can influence the decision making at PLUS.  

The supermarkets are focused on sustainability (i.e. organic and fair trade products), the customer and 

the local environment, which is reflected in their sponsoring of local events, activities and assortment. 

Their mission is to conduct sustainable business, where the customer is key, and to focus on good food, 

for everyone every day. Their ambition is to become the best supermarket chain in the Netherlands. In 

2016, PLUS consisted of 261 PLUS supermarkets, had a market share of 6.24% and had on average 2.5 

million customers per week. In ‘Het GFK Kerstrapport 2016’, PLUS was ranked 7th in the overall ranking 

and their customer appreciation grew, due to a better ‘low price’ image (GFK Nederland, 2016). To 

remain competitive, PLUS invests the coming three years around €200 million in store renovation, e-

commerce, information systems and a new semi-mechanized distribution center. More information 

about PLUS and the Dutch retail market can be found in Appendix B and Appendix C. 

PLUS is the service organization behind the supermarkets. Their main goal is to give maximal support to 

the store managers with their business, for example with category management and marketing 

campaigns. This is reflected in the mission of PLUS Retail B.V.: 

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

At this moment, PLUS owns four distribution centers (DC); three regional and one national. The national 

DC contains all the products which have a low demand (i.e. slow movers) and the regional DC contains 

all the products with a high demand (i.e. fast movers). The DC’s for fresh and frozen products (i.e. meat, 

fruits, ice cream) are owned by Hollander in Barendrecht and van Heezik in Utrecht. All the 

transportation activities for dry groceries are outsourced to the third party logistic providers Simon Loos 

B.V. and Franken Transport B.V.. More information about the current logistic structure is presented in 

Appendix D. 

1.1.1 Superunie 
PLUS is member of Superunie, which is the procurement organization of thirteen independent Dutch 

supermarket chains, which covers 1800 stores, and is owner of several (private) labels. Their mission is 

the procurement of goods and services with the best price versus quality ratio. With a market share of 

30%, Superunie can gain several procurement benefits. Most of the procurement of PLUS is done via 

Superunie except a part of the vegetable and fruit assortment and some exceptional products.  
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1.2 Problem background 
The competitive advantage of a supermarket is that customers can use a small number of their stores 

for weekly shopping and can buy many grocery categories, such as dairy products, alcoholic beverages, 

meat, bread, fruit and vegetables (Smith & Thomassen, 2012). Therefore, one of the main objectives of a 

supermarket is to create a high customer service level. This service level can be measured by customer 

response time, ability to respond to market changes, consistent order cycle time, accuracy of order 

fulfillment rate, short delivery time, flexibility in order quantity, flexibility in product specification and 

the accuracy of information systems (Chung et al., 2013). To increase this service level, the supermarket 

supply chain (Figure 2) can control the product supply in reaction to known or forecasted customer 

demand.  

 

Figure 2 Part of the stationary fast moving customer goods supply chain (Kuhn & Sternbeck, 2013) 

In the last years, several retailers have reduced their inventory and improved their efficiency in the DC, 

transport and the store by introducing new logistical systems in the whole supply chain, such as 

automated ordering systems (Fernie et al., 2010). At this moment, several big players in the Dutch 

grocery retail market are focusing on building mechanized DC’s. For example, both Albert Heijn B.V. and 

Jumbo Supermarket B.V. are replacing their DC’s by new mechanized DC’s for non-perishable products 

(de Weerd, 2016 & Dijkhuizen, 2017).  

To remain competitive, PLUS decided to close both the regional and national DC’s and to open one new 

central located DC in 2020. This new DC will consist of one automated order picking system (AOS), which 

consists of pick robots, and several different manual order picking systems. An extensive description of 

this new DC can be found in Appendix E. In this project, only the AOS and manual order picking system 

that uses pick trucks (MOS) will be considered.  

The AOS is characterized by its small and constant pick times and stable pick capacity, which is limited by 

the number of pick robots. In contrast, the MOS has longer and variable pick times and variable pick 

capacity, which is dependent on the number of order pickers. A product has  to be picked by the MOS, 

when it cannot be handled by the AOS (i.e. diapers, barbecue coals) or when the AOS has not sufficient 

pick capacity to process all the incoming store orders within a certain lead time. All products that are 

stored in the AOS can also be stored in the MOS at the same time. Consequently, for those products it 

can be decided per store per day in which picking system it will be picked. This can result in manpower 

and cost savings for both the MOS and the AOS.  
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1.3 Report structure 
The aim of this thesis is to make a contribution to the academic literature and solving the business 

problem of PLUS. Therefore, this master thesis project will follow the regulative problem solving process 

as defined by Van Strien (1997) (Figure 3). The problem definition and the analysis and diagnosis steps 

are discussed in Chapter 2. This chapter contains the scope of the research and an extensive problem 

definition and problem analysis. Based on this problem definition, research questions are defined and a 

summary of some solutions found in the preliminary literature review is given. In chapter 3 (conceptual 

design), 4 (detailed design), 5 (application of the design and sensitivity analysis) and 6 (implementation), 

the design phase is conducted. In the conceptual design, the main idea for solving the problem, the 

functional requirements, design constraints and design parameters are defined. In the detailed design 

several quantitative models are developed, which are based on the conceptual design, and applied to 

PLUS. Thereafter, the sensitivity analysis is done, from which the results will be used in the 

implementation part. In this last part, the effect on the operations in the internal retail supply chain will 

be discussed and recommendations will be given. The intervention and evaluation steps are outside the 

scope of this project and therefore will not be discussed here. 

 

Figure 3 Regulative problem solving process (Van Strien, 1997) 
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2 Problem statement 
This chapter gives an extensive description about the business problem, which is solved in this thesis. In 

the first paragraph, the scope of the research area is defined, using the demand and supply chain 

framework of Hübner et al. (2013). Thereafter, the business problem is described, followed by the main 

research questions. At the end of this chapter, a summary of the literature review, that was done 

preliminary to this project, is given, which describes possible solutions for the business problem.  

2.1 Research area  
Using the retail demand and supply chain framework of Hübner et al. (2013) (Figure 4), the problem can 

be divided in different research areas. The lighter green areas define the research area of the business 

problem and the darker green areas define constraints of the problem. Decisions made on strategic level 

requires large investments and will impact the whole supply chain and therefore are not considered 

here.  

 

Figure 4 Retail demand and supply chain framework (Hübner et al. (2013)) 

The production planning area deals with a master production plan, given the capacity of the AOS and 

the MOS, forecasted demand and seasonal fluctuations. Based on the production plan, tactical decisions 

can be made, such as capacity expansion decisions to handle days with a high amount of workload. In 

the production scheduling area, the focus lies on the release of orders to the AOS and the MOS. The 

amount of released orders to the MOS will have the highest impact on the personnel scheduling 

problem, due to the high amount of manual work.  

The distribution planning problem makes a trade-off between inventory management policies in the 

store and delivery policies from the central warehouse to the store by focusing on order management. 

Therefore, optimizing the ordering or delivery schedule directly influences the order picking schedule of 

the DC.  

It is assumed that products are always available for order picking at the DC, that enough trucks are 

available to transport all the orders to the stores within a certain time and that each store can receive 

their order each moment of the day. This assumptions will be substantiated in chapter 3.  
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Thus it can be concluded that any research area which might be related to the inbound planning, order 

planning, transportation, instore planning or instore fulfillment are not considered whereas the 

production planning, production scheduling and the distribution planning are in scope of the research 

area. 

2.2 Problem description 
The workload in the DC depends on the customer demand and the order pattern of the store. As can be 

seen in Figure 5, this pattern leads to higher workload on Friday and Saturday, which will referred 

further in this thesis as the peak days.  

 

Figure 5 Distribution of sales over the week for regular and promotional demand 

The lead time of a store order is the time between an order is placed and the delivery moment of the 

order and depends on the cycle time of all the different (logistic) operations in the internal retail supply 

chain. As a consequence, ensuring a small lead time requires small order pick times, sufficient available 

pick and transportation capacity and aligned processes in the internal retail supply chain. In contrast, a 

larger lead time leads to a higher flexibility in the transportation and order picking operations, but 

requires sufficient staging capacity in the DC. The delivery moments of stores are fixed and are 

determined by several factors, such as the opening hours of the store, the available handling capacity, 

accessibility of the store and local delivery regulations (i.e. noise restrictions).  

The replacement of the regional and national DC’s with a semi-mechanized DC will change the logistic 

structure of PLUS. Consequently, the cycle time and due dates for several operations in the internal 

retail supply chain will change. For example, the average transportation time will increase. However, 

interviews with store managers revealed that they expect the same delivery performance and a just-in-

time delivery of each order placed and that they do not want to increase the lead time, since this results 

in less product availability. In addition, they want to remain to be able to react to unexpected changes in 

the customer demand, which can be caused by weather changes, local activities and festivities, last 

minute orders from business customers and self-initiated promotions. These changes cannot be 

accumulated by an automated order system and require a fast delivery. 
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Since PLUS has a cooperative organization structure and each store manager is an independent member 

of this cooperation, a store manager can decide to leave the cooperation when disappointing 

performance of PLUS occurs persistently. 

Additionally, PLUS sees an growth opportunity for their turnover up to 10% in the next years and 3.2% in 

sales every year. PLUS wants to extend the product assortment with on average 200 products per year 

and change to a 6 times a week delivery pattern for all stores.  Furthermore, it is recommended that in 

the first 4 years after the DC is opened no extra investments in robots need to be done.  

Based on this analysis, it can be concluded that the lead time is an important indicator to ensure product 

availability in the store. The lead time can increase due to longer transportation times, which is caused 

by the centralization of the DC’s, and more workload, which is caused by the expected growth. 

Exceeding the set due times can lead to several problems, because of the fixed delivery moments of the 

stores (i.e. transportation problems, harming local regulations, shelf stackers without work). Therefore, 

a trade off must be made between the probability that the due dates of the DC are met and the relevant 

costs in the internal retail supply chain. This leads to the following problem statement; 

Longer lead times leads to less product availability and harming due dates leads to delivery problems and 

handling problems in the store, which results in dissatisfied store managers 

2.3 Research questions 
The main goal of PLUS is to satisfy the store managers, which can be done by a timely delivery of store 

orders and ensuring customer satisfaction at minimum costs. The order picking time in the DC is 

dependent on several factors, such as the order size of a store order and the available pick capacity in 

the DC. This leads to the following research question;  

How can the due dates of the distribution center be met by considering a sufficient product availability in 

the store and all the relevant costs in the internal retail supply chain? 

To ensure a certain delivery performance to the stores, the average order pick time and the variability of 

this order pick time needs to be reduced. The processing time of a store order in the DC depends on the 

number of store orders that arrive at the same time, the available pick capacity to process all store 

orders and the composition of each store order. This leads to the following sub questions; 

1. How can the average order pick time and the variability of the order pick time be reduced? 

2. What is the required order picking capacity to ensure a certain delivery performance? 

3. What is the optimal expected order size per product per store per day to maximize the delivery 

performance and ensuring customer satisfaction? 

2.4 Literature review 
In this section, a short literature review is given, which is based on the literature review of Merx (2017) 

done preliminary to this master thesis project. This literature review provides the answer of the first sub 

question of this thesis;  

1. How can the average order pick time and the variability of the order picking time be reduced? 
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As stated by Goetschalckx and Ashayeri (1989), the design choices in a DC are influenced by external 

factors, such as the customer demand pattern and the overall demand of a product, and internal factors, 

which are related to the organization and operation of the order picking. For example, Figure 6 shows 

that an increase in mechanization and picking dimensions and the batching of stores in a pick route 

increases the complexity of the design.  

 

Figure 6 Complexity of an order picking system design (Goetschalckx and Ashayeri, 1989) 

According to Dolgui & Proth (2010), one of the main goals of a DC is to connect upstream and 

downstream activities in the supply chain by reacting quickly to changing customer demand, which can 

be measured by the delivery performance. This measure is generally characterized by the factors order 

picking speed and order picking reliability (i.e. the ordered products are available in the DC) and can be 

improved by establishing more pick capacity or by keeping more safety stock in the DC (Chung et al., 

2013). Blumenfeld et al. (1999) stated that a short lead time allows a company to be more responsive, 

flexible and competitive. Thus, a company with a consistently short lead times will have a competitive 

advantage as the customers perceive a better service. The costs associated with the reduction of the 

lead time consists mainly of administrative costs, transportation cost, as the item's transit time from the 

supplier is a major component of lead time, and the supplier's speed-up cost (Ben-Daya & Raouf, 1994). 

Much order picking research assumes that the picking time is constant (Gong & de Koster, 2011). 

However, the total cycle time of a DC is dependent on the variability of the arrival process, the order 

picking time, the variability in the order picking process and available pick capacity (Hopp & Spearman, 

2011). The cycle time of an order which is picked by automated order picking machinery is influenced by 

unreliability of machines, variability of the failure and repair times, variability of the processing time, 

which is caused by the number of robots and availability of operators, variability of product quality and 

the blocking and starvation of the machines (Smith & Tan, 2013). The pick time of an order that is picked 

manually depends on the product type (i.e. the pick time for large or heavy products can be longer than 

for small or light items), ergonomic factors (i.e. the pick time of laborers can become longer due to 

fatigue), operating procedures, product demand and the pick equipment (Chen et al, 2010, Petersen & 

Aase, 2004 and Kuhn & Sternbeck, 2013). The travel time of an order picker per order is highly 

dependent on the warehouse layout (i.e the corridor system), location of the products in the warehouse 

(i.e. fixed or flexible) and the order pick method (i.e. single or double sided collection) (Geldof, 1997). 
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An increase in the variability in the order picking operations degrades the performance of the DC, which 

can be buffered by some combination of inventory, pick capacity or longer lead times (Hopp & 

Spearman, 2011). For example, there exists several solutions to increase the throughput of the pick 

robots in the storage and retrieval zone of automated warehouses (Gu et al. 2010, Gong & De Koster, 

2011), but these solutions are not integrated with the manual order picking. The efficiency of manual 

order picking in a warehouse can be improved by implementing a new picking policy, storage policy or 

routing policy (Dekker et al., 2004, De Koster et al,  1999 and de Koster et al., 2007). In addition, the 

batching of orders (Hopp & Spearman, 2011), the sharing of capacity (Iyer & Jain, 2003) and the 

allocation of products among several production facilities (Benjaafar, 2004) leads to less variable process 

times of individual orders. Priority scheduling can reduce the average waiting time for high-priority units 

at the costs of longer waiting times for jobs with a lower priority (Bramson, 2001, Goldberg, 1977 and 

Hopp & Spearman, 2011). Fisher et al. (1997) stated that during peak hours extra capacity can be used 

temporary (i.e. the reactive capacity), which leads to a more efficient planning and thus a reduction in 

lead times. Goetschalckx & Ratliff (1990) showed that shared storage policies led to a significant 

reduction in travel time.  

Moreover, as stated by Van Ooijen & Bertrand (2003), the control of the order arrival process in a 

production system is a powerful tool to achieve a high performance for low costs. Kuhn & Sternbeck 

(2014) found that the capacity utilization of the supply chain per weekday is highly influenced by the 

delivery pattern of stores and found that an integrative approach attempts to better coordination and 

synchronization of in store logistics and upstream operations processes. Lee et al. (1997) suggested 

when synchronizing the purchase, picking and delivery schedules of the DC and the store with each 

other, the DC and the store can both plan the handling activities more efficiently. In  the electricity 

market peak shaving is often applied by introducing dynamic pricing and penalties, which results in 

demand and cost reductions during peak hours (Dietrich et al., 2012).  

Additionally, the retailer order intervals can be balanced over a certain planning horizon by introducing 

an flexible order quantity strategy, which will maintain the retailers order frequency constant (Cachon, 

1999). Broekmeulen et al. (2004) found that there is a significant amount of unused space available on 

the shelf that can be used to shift store orders from peak to non-peak days. Kuhn & Sternbeck (2013) 

and Chung et al. (2013) identified main control levels that influences the planning in a  product supply 

chain, which are the order packaging unit, the store delivery pattern, the store replenishment lead time, 

the supermarket delivery arrival times, the arrival time windows and the roll-cage sequencing and 

loading carriers. Furthermore, determining the optimal product unpacking location (i.e. in the store or in 

the DC) (Broekmeulen et al., 2017), the optimal case pack size, replenishment lead time or shelf 

allocation to products (Kuhn & Sternbeck, 2013) can lead to significant cost reductions in both the store 

and the DC. Pahl et al. (2007) found that shifting production forward in time reduces the occurrence of 

backorders, due to smoothing utilization levels in the production planning process as well as to the 

coordination of production segments, which leads to a reduction of lead times and inventory.  

2.4.1 Conclusion 

The cycle time of a DC is dependent on, the average and the standard deviation of the pick times, the 

available pick capacity, the order arrival and the design of the warehouse. The variability in the order 
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pick times can be buffered by longer lead times or more pick capacity. However, longer lead times are 

not desirable, since this results in the exceeding of due dates and to less product availability. 

Additionally, more pick capacity leads to an increase in the order picking costs.  

There are several techniques that can reduce the average and standard deviation of the order picking 

times in the DC, for example by introducing optimal inventory, routing and storage policies. However, 

this still results in a high workload on the peak days. Therefore, the order arrival process at the DC can 

be adjusted, which can be done by shifting orders from peak days to non-peak days. This can be done by 

adjusting the customer demand by price setting or penalties, using the excess shelf space to change the 

order volumes or by changing the order and delivery scheme. However, this requires the integration of 

the store operations (i.e. ordering, product availability) and the order picking in the semi-mechanized 

DC, which has a lack of research. 

Therefore, it can be concluded that there does not exists a direct solution for the stated business 

problem. As a consequence, a new inventory replenishment strategy needs to be developed that 

balances the workload over the week and optimizes the required pick capacity in the semi-mechanized 

DC, while considering the cycle time and the order picking performance (i.e. not exceeding the due 

dates) of the DC.   
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3 Conceptual design 
Warehousing services and DC’s are important elements in the supply chain, since their efficiency and 

effectiveness is the key of success in the whole supply chain (Angerhofer & Angelides, 2006). Therefore, 

in this chapter, a conceptual design is created, which results in efficient and effective operations in the 

semi-mechanized DC. First of all, a description of the internal supply chain is given, which considers the 

good flow control, workload control and the decoupling points. This is followed by the definition of the 

scope. Thereafter, the design constraints are identified, which is followed by a capacity analysis of the 

DC and the determination of the need for order advancement. This chapter ends with a feasibility 

analysis of the conceptual design and an indication of the cost improvement.  

3.1 Internal supply chain description 
The internal supply chain of PLUS consists of the store ordering, order picking in the DC, the 

transportation of the goods to the store, which is outsourced to third party logistics providers, and shelf 

stacking in the store. A schematic view of the internal supply chain and the interrelation of the 

processes in the internal supply chain is given in Figure 8 on the next page. In this section, each part of 

the internal supply chain of PLUS will be described extensively. This section will follow the same 

sequence as a store order through the supply chain, starting with the consumer demand in the store and 

ending with the shelf stacking in the store. 

3.1.1 Consumer demand 

The customer demand is expressed in the amount of sold consumer units (CU). It is assumed that the 

consumer demand follows a discrete distribution. Based on the sales data of 2016, 16.08% was a 

promotional sale. As stated in the problem description, this demand follows a week pattern, which is 

repeated every week. In Appendix F, the seasonality factors for each day of the week are calculated, 

which shows a peak in sales on Friday and Saturday.   

At this moment, 190 stores are opened on Sunday, which covers around 6% of the weekly sales. As can 

be seen in Figure 7, the fraction of sales on Sunday shows a linear trend upwards, which is caused by 

more store openings on Sundays. Another important trend is the grow of e-commerce, due to the 

growing demand of customers for online and flexible shopping. Between 2015 and 2016, the amount of 

sales via e-commerce grew with 350% and the number of customers grew with 360%. At this moment, it 

is possible to shop online at 240 stores, which collect the placed order in the store. The online order will 

be delivered home or can be picked up in the store.  

 

Figure 7 Distribution of the total sales per day between 2009 and 2016 
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3.1.2 Store order and delivery pattern 
An order proposal is generated by the SAP Forecasting and Replenishment system1 in the night (i.e. due 

to the available server capacity) and is based on the turnover class of a product, the sales history, the 

service level and promotional activities. Several unpredictable influences, such as the weather and 

(promotional) behavior of competitors, can influence the demand of the customers and thus the order 

behavior of the store manager. However, 98% of all order proposals are not adjusted by the store 

managers, so it is assumed that the order proposal reflects the actual placed order. An order is sent to 

the DC when the order deadlines is elapsed, which is based on the delivery moment of the store. Given 

that the DC is closed on Sunday, orders on Sunday, will be picked and delivered on Monday.  

Every day a store clerk checks the inventory on the shelves that have less than its minimum inventory 

and some random chosen shelves. When the inventory, as stated on the handheld, does not match the 

inventory on the shelf, the inventory in the system is adjusted manually. Therefore, it is assumed that 

the inventory levels in the automated store ordering system are always up to date. 

At this moment, the amount of deliveries per store depends on the turnover. However, in special weeks, 

such as Christmas and Easter or during special promotional events, more deliveries can take place. It is 

assumed that when the new DC opens, each store can be delivered every day. The delivery time of a 

store is determined together with the store manager and is dependent on several factors, such as local 

regulations and availability of workforce 

Order batch number Time window order 
proposal generation 

Order time window 
store 

Order arrival DC Delivery time window 
store 

1 00:00-05:00 05:00-09:59 10:00 06:00-10:00  (next day) 
2 00:00-05:00 05:00-23:59 00:00 (next day) 10:00-14:00 
3 00:00-05:00 05:00-08:59 09:00 14:00-18:00 
Table 1 Current order and delivery scheme 

3.1.3 Handling in the distribution center 
The main design criterion of a DC is the maximization of the throughput, which has to be reached at 

minimum investment and operational costs (Rouwenhorst et al., 2000). The main performance measure 

is the delivery performance, which is the fraction of orders that can be delivered on time. This measure 

is generally characterized by the factors order picking speed and order picking reliability. In 2016, the 

average delivery performance (i.e. complete orders delivered in time) of the three regional DC’s was 

98.59%. Furthermore, 78.65% of the manufacturers arrived on time at the DC. Therefore, it assumed 

that all products are always available in the DC.  

The main objective of order picking is to maximize the probability that stores are picked on time, which 

is constrained by the available pick capacity. This probability is composed of several factors, such as the 

average and variation of the order delivery time (Goetschalckx & Ashayeri, 1989). 

The handling entity in both the AOS and the MOS is a case pack and it depends on the product how 

many CU’s fit in a case pack. Based on the current order and delivery scheme, orders arrive at the DC 

                                                           
1
 At this moment, PLUS has its own information system (SPerwer Informatie systeem), which will totally be 

replaced by SAP Forecasting and Replenishment in 2 years. 
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three times a day. The number of incoming store orders corresponds with the number of pick orders. 

The sum of the order quantities of all stores orders (in case packs) determines the workload and thus 

the required pick capacity in the DC. When there is an imbalance between the available picking capacity 

and required pick capacity, temporary order pickers are hired. Based on interviews with several 

managers of the DC’s, it is assumed that administrative time in the DC for an order can be neglected, 

which means that as soon as an order is placed by a store, it becomes available for order picking.  

After the arrival of a store order, it allocated to one of the pick systems in the DC. In the AOS, picking 

and storing products takes place at the same time; when a product is picked, a new storage location in 

the AOS warehouse comes available, which is filled with new product that can be picked. In the MOS, a 

store order can be split or combined with other store orders, with a maximum of 4 roll containers (RC), 

due to restrictions of the picking system. In the remaining part of this thesis, this split or combined store 

order of maximum 4 RC’s will be referred as a manual pick order (MPO). Each MPO is assigned on a first 

come first serve basis to an order picker, which receives picking tasks, such as the next pick location or 

the number of case packs to pick, by a voice terminal. Each time the order picker completes a certain 

task, he sends a confirmation with his voice. In the current situation, when the MPO is finished, the 

order picker will place the RC’s at the right place in the expedition area. However, in the new DC, the 

RC’s are placed on a conveyer, which brings a RC to the right location in the expedition area. 

3.1.4 Transportation 
The transportation of the store orders is done by third party logistic service providers, which are 

completely responsible for the route planning. The standard truck fleet is not owned by PLUS and 

contains approximately 60 trucks. For each truck that is assigned to PLUS beyond the standard truck 

fleet, an extra fee needs to be paid to the logistics providers. The maximum capacity of normal truck is 

54 RC and for a double decker truck is 83 RC. At this moment, the order picking system in the regional 

DC’s does not consider this capacity. As a consequence, truck drivers sometimes repack RC’s, because 

the amount of RC’s does not fit in the truck. Furthermore, the truck driver is responsible for loading full 

RC’s to his truck and unloading empty RC’s, pallets and totes to the empty handling area of the DC. 

Based on the locations of the stores, it is assumed that it is possible for a truck to do a maximum of 

three deliveries per day. 

3.1.5 Handling in the store 

The personnel and work planning in the store is done by the store managers. After the delivery of a 

store order in the store, the first shelf replenishment activity takes place. Products that do not fit on the 

shelf immediately, have to be stored in the backroom area. When there is inventory in the backroom, 

shelves are stacked again after a certain amount of time. From several interviews with store managers, 

it can be concluded that stores want to minimize the amount of inventory in the backroom, which is 

caused by the bad product storage possibilities in the backroom and the increase in handling for the 

store. These conclusions are in line with findings of Raman et al. (2001).  

The shelves are mostly stacked by high school students, which have a restrictions on their working 

hours. In addition, during the opening hours of the store, it is not possible to fill all the shelves at the 

same time, because this will harm the shopping experience of the customers.  



 

 
14 

3.1.6 Decoupling points 

Based on the supply chain of PLUS, several decoupling points (i.e. inventory locations) can be defined. 

These points are placed due to non-synchronized processes, differences in the used resources (i.e. pick 

truck, transportation truck), differences in commonality (i.e. case packs, roll containers , consumer units) 

and differences in the available information. The first decoupling point is placed before the order picking 

process and contains the inventory of all the products, which are packed in case packs and stored on 

pallets at one or more locations in the DC. The second decoupling point is set between order picking and 

transportation and contains the picked store orders on RC’s in the expedition area. This decoupling point 

is implemented due to the misalignment of the order picking and transportation process. For example, 

the capacity of a truck contains a whole store order, while an order picker can only handle a maximum 

of 4 RC’s and a pick robot 1 RC at the same time. In addition, since multiple trucks can depart at the 

same time, it is impossible to align the whole order picking process with the transportation process. The 

third decoupling point is set between the transportation and the shelf filling and contains the temporary 

inventory in the backroom of the store. The last decoupling point contains the inventory on the shelf, 

which is the presentation location of the CU’s to the customers.    

The store order decoupling point is the point from which the processes in the supply chain are store 

driven. The least complexity of the supply chain will occur when this point is at the end of the supply 

chain, but this is not possible due to the unique characteristics (i.e. demand, delivery time) of each 

store. Therefore, the store order decoupling point lies at the decoupling point before the order picking. 

3.1.7 Supply chain costs 

In Figure 9, an overview of the costs in the internal retail supply chain of PLUS is given. The 

transportation costs are contractually recorded with the third party logistic providers and are based on 

the amount of driven kilometers, number of drops per tour and the number of RC’s. The inventory costs 

of the store depends on the invoicing of PLUS to the store and the average number of days inventory is 

in the store. The invoicing of the deliveries to the store is done once a week and depends on the amount 

of delivered amount of goods per week. The handling costs in the store is determined by the number full 

time jobs in the store. The inventory costs of the DC is based on the invoicing of the manufacturers and 

the average number of days inventory. Lastly, the current handling costs of the DC are calculated by 

considering the order picking costs, which is determined by the number of full time jobs in the 

warehouse area and the expedition area.   

 

Figure 9 Supply chain costs PLUS in 2016 

29%

27%

3%

35%

6%

Costs in the supply chain

Transport

Handling DC

InventoryDC

Handling store

Inventory store



 

 
15 

3.2 Supply chain scope 

Based on the internal retail supply chain description, the scope of this conceptual design can be defined. 

The scope consists of the order picking process in the DC, the order process of the stores, the inventory 

in the expedition area of the DC and the inventory in the store (i.e. backroom and the shelves) and is 

marked with the green block in Figure 8. Not included in this problem scope is the order process of the 

DC, the delivery of DC orders, transportation from the DC to the store and the shelf stacking in the store. 

The order placed by a store has a maximum lead time, which needs to be as short as possible.  

3.3 Design constraints 

The main objective of the problem is to maximize the number of orders which are delivered on time in 

the store by minimizing the overall costs of the internal retail supply chain. Therefore, several deadlines 

in the DC, such as the departure time of a truck from the DC to the store, must be met. However, there 

exists several constraints, which are caused both by the internal retail supply chain as by the decisions 

that are made by PLUS before the start of this project. These constraints are described in this section.  

3.3.1 Design year 

It is recommended that in the first 4 years after the DC is opened no extra investments in robots need to 

be done. Therefore, the initial investment must meet all the capacity restrictions till 2024. It is assumed 

that the sales between 2016 and 2024 will grow constantly with 3.2% per year. Since the orders are 

based on the customer demand in CU, the expected growth in turnover is not considered when 

determining the expected order size of the store in 2024. 

3.3.2 Planning horizon 

Due to seasonality in a year, the demand pattern for certain products can differ over the weeks. 

Therefore, a large planning horizon can lead to worse decision making for those products. In addition, 

planning for multiple weeks does increase the complexity of the model. Therefore, the planning horizon 

will be set to one week. Because the DC is closed on Sunday, a week consists of 6 days, starting with 

Monday. Since each day is equal to one planning period, the planning week of the DC consists of 6 

planning periods. 

3.3.3 Product scope 

As stated before, PLUS outsources the warehousing of fresh and frozen food to other parties. Therefore, 

advancing those products will not impact the handling in the new DC, which limits the product scope to 

the dry grocery assortment. Each product in this dry grocery assortment is qualified for a certain picking 

system, which is based on its unique characteristics, such as dimension, weight and demand. For 

example, toilet paper and barbecue coals cannot be handled by the AOS and therefore need to be 

picked in another picking system. It is assumed that AOS products can be stored and picked in both the 

AOS and the MOS. Since no data is available about the expected assortment growth of 200 products per 

year (i.e. kind of products, expected shift of demand), the growth of the assortment will be kept out of 

scope. 
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3.3.4 Promotional and regular orders 

Since stores have to order promotions four weeks in advance, the DC can plan the picking activities of 

the promotional items based on the available pick capacity, for example by pre-picking promotional 

orders. Moreover, promotional orders will be picked in a special aisle in the MOS. Therefore, it is 

decided to keep the promotional demand out of scope.  

In addition, interviews with the store managers revealed that it can occur that an extra order is placed 

by a store with a really short lead time. Based on the data of the first 36 weeks of 2016, it can be 

concluded that on a daily basis this happens for 11 stores, which account for 430 case packs. Some 

reasons for this extra orders are delivery problems, the breakage of products and promotions. Due to 

the small impact of these orders, they will be ignored in design. 

3.3.5 Store replenishment policy 

The store replenishment follows a         -inventory policy. In an         -inventory policy the   

denotes the review period, which is the time between two order moments,   denotes the (dynamic) 

reorder level,   the case pack size and   is the number of case packs that have to be ordered to bring 

the inventory position at or above the reorder level (Silver et al, 1998). Every review period, an order of 

size     is placed when the inventory position is equal or below the reorder level  , which is placed on 

the shelves after the lead time period  . Each product can be ordered every review period. The reorder 

level is dependent on the expected demand during the lead time, the review period and the safety 

stock. The safety stock is based on the service level of the stores (i.e. the probability that consumer 

demand can be fulfilled from the shelf), which is required to be at least 97%. The case pack size is set by 

the manufacturer and applies for each store.  

3.3.6 Review period and lead time 

It is assumed that the review period is constant and deterministic. In addition, it can only be assumed 

that the lead time is constant and deterministic when the probability that the processes in the DC, the 

transportation and the shelf stacking meet their scheduled due times is approaching 100%.  

In Figure 10, a time line of a store order for a random store on a random day in 2016 is given. Based on 

this time line, it assumed that an order is completely presented to the customers in the store after 24 

hours. Since a 6-day order and delivery schedule will be applied before the new DC opens, it is assumed 

that each store has the same order and delivery scheme every day, except for Sunday. Therefore, both 

the lead time and the review period of a store order is one day except for orders placed on Sunday, 

which will have a lead time of 2 days. 

00:00 00:00

01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

21:00

Closing store

18:00 - 22:00

Shelf stacking store

08:00

Opening store

04:00

Opening DC

09:00 - 15:00

Order picking in DC

00:00

Closing DC

15:00 - 18:00

Transportation to 
the store

00:00 - 05:00

Order proposal generation

09:00

Order arrival in DC

05:00 - 09:00

Order time window store

 

Figure 10 Example of the time line of a store order 
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3.3.7 Inventory replenishment strategy 

Ordering can be done using a full service strategy, which orders at a review period if either a case pack 

fits onto the shelves or the minimum reorder level is reached, or efficient full service strategy, which 

only orders when the inventory position drops below the minimum reorder level (van Donselaar & 

Broekmeulen, 2008). Both strategies will lead to another effect on the expected number of order lines 

and the expected order size. 

Based on the regular orders placed in week 3, 4, 5 and 6 in 2016, it can be concluded that 92,3% of the 

orders contained on average less than 2 case packs (Figure 11). Reasons for a larger average number of 

ordered case packs is because of the number of CU in a case pack (i.e. beer crates, coca-cola 4-packs and 

potting soil have a case pack size of 1), the high amount of sales, which is also reflected in the number of 

orders placed per week, and temporary products. Therefore, it can be assumed that a full service 

inventory replenishment strategy is applied. As a result, it can be assumed that the expected order size 

when an order is placed is equal to one case pack, which reduces the complexity of the calculation of the 

number of order lines.  

 

Figure 11 Average number of case packs per order line 
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3.4 Capacity analysis of the distribution center 

In this section, a capacity analysis is done, which identifies the design constraints of the DC and the need 

for order advancement from the perspective of the DC. First of all, a brief description about the 

workload in the DC is given, followed by a description of the pick capacity of the AOS and MOS. 

Thereafter, the decision for a weekly or a daily product storage planning is made and the maximum lead 

time in the MOS is determined, which is followed by the determination of the number of order and 

delivery waves. Using the results of this capacity analysis, the constraints of the order picking system 

and the need for order advancement are described.  

3.4.1 Workload of the distribution center 
Based on the Pareto analysis in Figure 12, it can be stated that approximately 20% of the products 

account for 70% of the total workload in the DC and that this is independent of the product 

characterestics (i.e. MOS or AOS). 

 

Figure 12 Workload distribution over the products based on the total sales of 2016 

As can be seen in Figure 47 in Appendix H, the total workload for the DC is not stable over the weeks in a 

year, which is influenced by seasonal characteristics, such as Christmas, Easter and the summer holiday 

period. To analyze the workload deviations in a week, the regular sales of the first 12 weeks of 2016 

were analyzed. As shown in Figure 13, the coefficient of variation for the workload that has to picked in 

the MOS is higher than for the products picked in the AOS, which results in more uncertainty in for the 

workload expectations for the MOS. In addition, the variation of the workload is the highest on the peak 

days. 

 

Figure 13 Coefficient of variation for the expected workload in the DC based on the sales data of the first twelve weeks in 2016 

Workload 
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3.4.2 Capacity distribution center 

The new DC operates 6 days a week and 20 hours per day (i.e. from 04:00 to 23:59). The AOS can have a 

maximum inventory of 1.5 day and each robot has a guaranteed pick capacity of 500 case packs per 

hour. It is assumed that each robot does not experience any breakdowns during the order picking. More 

information about the order picking process of the pick robots is not made available by the 

manufacturer of the robots.  

Manual order picking is done by pick trucks which can handle a maximum of four RC’s. The MOS consists 

of 800 pallet pick slots and it is assumed that products are stored uniformly in the aisle and over the 

aisles. Since the MOS is located under the high bay warehouse, each pick slot can be refilled 

automatically by the cranes of the warehouse. To avoid an intersection of the routes of two order 

pickers, each aisle can only be entered at one side, which means that a traversal heuristic is used to visit 

all the aisles. The order pick performance of the MOS is between the 240 and 276 case packs per hour 

and orders are picked in order of arrival (i.e. first come first serve). The expedition area consists of a 

maximum capacity of 5376 RC’s and has 52 truck docks. Furthermore, it is assumed that there are no 

restrictions in the number of case packs or products that an order picker can handle per day or per MPO 

and that no order picking tools are used.  

Since strategic decisions were already made before the start of this project, a minimum of 20 pick robots 

have to be operational. It is assumed that there are no restrictions on the maximum number of order 

pickers and pick robots, because order pickers can be hired on a temporary basis and extra robots can 

be bought and there are no limitations in the available space to place a robot. However, increasing the 

amount of order pickers, leads to an increase in the labor costs and can increase the pick time per MPO 

due to congestion in the picking area (Pan & Wu, 2012). In addition, expanding the number of pick 

robots leads to extra investment costs. Therefore, the number of order pickers and pick robots must be 

minimized.  

As can be seen in Figure 48 in Appendix H, only a small part of the total demand must be picked 

manually. Therefore, increasing the amount of pick robots and order pickers will have the highest 

impact on the workload in the MOS on peak days. When a daily decision is made about the pick system 

of a product, it can be concluded from Figure 14 that this leads to a significant increase of the usage of 

the AOS. Therefore, it is recommend to decide every day in which pick system a product is picked.  

 

Figure 14 Utilization of the AOS in 2024 based on order data of all stores in week 4 in 2016 and the usage of 20 robots 
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To determine the maximum cycle time of the MOS, the cycle time of regular orders placed in the 

regional DC’s are analyzed. Here, the cycle time consists of the time between order placement at the DC 

and the finish of the order picking. In Figure 15, the average cycle time per day for 1234 regular orders, 

which are placed in week 8 of 2016, with a lead time to the store of less than 24 hours is given. As can 

be seen, the average cycle time for orders placed in the night is higher, because the DC is closed in the 

night. Since in this design it is assumed that the administration time of an order after it is placed in the 

DC is neglected and given that the DC opens at 04:00 and, the maximum cycle time of the order picking 

in the DC is set to 6 hours for each day.  

 

Figure 15 Average cycle time of 1234 regular orders placed in week 8 in 2016 with a maximum lead time with less than 24 hours 

3.4.3 Number of delivery waves 

A delivery wave is a set of store orders that will leave the DC in the same time window. Since the 

delivery pattern and the order pattern are strongly related, a small number of delivery waves leads to a 

high number of store order arrivals at the DC at the same time. In contrast, a large number of delivery 

waves leads to a more equal spread of store order arrivals over the day. As stated before, the expedition 

area has a maximum capacity of 5376 RC’s. Given the average amount of RC’s in the expedition area in 

2016 and the expected growth, it can be concluded that a minimum of two delivery waves is needed to 

temporary store the RC’s in the expedition area (Figure 16). In addition, less delivery waves leads to 

more temporary inventory in the staging area, which can lead to unclear situations, such as the loss of 

RC’s or RC’s stored at the wrong locations. Since it is assumed a truck can have a maximum of three 

deliveries per day, three delivery waves will be used for further analysis in the new DC.  

 

Figure 16 Usage of the expedition area  
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3.4.4 The need for order advancement 

Since an unlimited amount of order pickers can be hired and an unlimited amount of pick robots can be 

bought, there are no restrictions in the available pick capacity. However, increasing the number of pick 

robots leads to a lower utilization of the AOS on non-peak days and to an increase in the order picking 

costs. Shifting pick volume from automated order picking to manual order picking results in a higher 

need for order pickers and pick locations, which are limited by the warehouse layout.  

From a transport perspective, a high workload has as a consequence that the available truck fleet has 

not enough capacity to deliver all the stores, for example when stores cannot be combined in a route. As 

a result, extra trucks and truck drivers need to be hired, which leads to an increase in the transportation 

costs, due to the extra fee that has to be paid.  

Based on the operations in the store, a large delivery volume leads to a high required number of shelf 

stackers. Since shelf stacking takes (partly) place during store opening hours, this can reduce customer 

shopping experience, due to a high number of RC’s in the store and the reduced accessibility of the 

shelves. In addition, sufficient temporary storage capacity needs to be available in the backroom, which 

is caused by the high number of RC’s that need to be stored before products are stacked in the shelves. 

This reduces the amount of potential sales space in the store. 

Therefore, it can be concluded that a high workload requires an increase in the required handling and 

storage capacity in all the parts of the internal supply chain. 

As stated in the literature review, the store order pattern and the handling in the DC can be 

synchronized to efficiently plan the handling activities in the supply chain. This can be done by shifting 

the peak workload to non-peak days. First of all, the customer demand pattern can be changed by using 

several pricing strategies. However, in the grocery retail environment, customers appear more price 

sensitive, due to the high density of stores and the product substitution possibilities. Therefore, stores 

and manufacturers decrease their price during peak periods (Chevalier et al., 2003). In addition, the 

store managers often have a monopoly position in their sales area and do not want to decrease their 

turnover. So it can be concluded that the demand pattern of the customers is very difficult to influence.   

Secondly, Van Donselaar (2010) identified that store managers apply order advancement to balance the 

workload in the store. In addition, Van Dun (2013) created a model that was based on the hierarchical 

planning framework of Schneeweiss (2003), which led to a better match of supply of capacity and 

demand in RC’s. Moreover, Kuijvenhoven (2016) showed that order advancement resulted in a 

reduction of the transportation costs, which was caused by a reduction in the number of stops per 

delivery route and a higher stacking efficiency of the RC’s. Therefore, it can be concluded that applying 

order advancement can lead to a more balanced workload in the DC, transportation and store by 

shifting order volumes from peak days to non-peak days.  

3.5 Conceptual design for order advancement 

Order advancement leads to a more balanced workload in the DC by changing the order policy and 

considering the available excess shelf space (Broekmeulen et al., 2004). In this section, the possibility of 
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applying order advancement by changing the reorder level, considering the maximum inventory in the 

backroom and on the shelf and the product availability, is discussed.  

3.5.1 Maximum inventory on the shelf and in the backroom 

The maximum inventory on the shelf is dependent on the shelf capacity. The allocation of facings to a 

product depends on the customer demand, the size of the product and the available store space and 

must be sufficient to store a minimum of 1.2 case packs. All product groups placed on the shelf based on 

family grouping (i.e. category grouping). Dependent on the product category, the shelf plan is changed 2 

to 5 times a year and presented to the store managers. However, they are not obliged to fully 

implement this plan. 

At this moment, the minimum amount of presentation stock per facing is equal to 2 consumer units. 

However, the presentation stock reduces the amount of excess shelf space. Therefore, it will be 

assumed that no minimum presentation stock is needed.  

When a product does not fit on the shelf, it is temporarily placed in the backroom. The size of the 

backroom is partly dependent on the turnover class of the store. However, the exact available space in 

the backroom is hard to measure, since a backroom is also used for the temporarily storage of empty 

RC’s and for the retouring process of empty bottles and beer crates. In addition, each store manager 

tries to minimize the size of the backroom, because it limits the space of making the actual sales. 

Therefore, in this design it will be assumed that the size of the backroom is sufficient to temporarily 

store all the RC’s in a store order till the products are stacked in the shelves (i.e. cross dock function).  

Visits to stores and interviews with store managers revealed that it is not practical to store products in 

the backroom, because the main function of the backroom is to temporarily store RC’s, but it is possible 

to store promotional, bulk products and fast movers. Therefore, order advancement must be applied to 

products that do not increase the expected backroom inventory.  

3.5.2 Changing the reorder Level 

Based on Mattsson (2010), it is not possible to use a fixed demand during the lead time, because there 

exists change ratio’s (i.e. the percentual change in the weekly seasonality factor from day to day) higher 

than 1.3 and size ratio’s (i.e. the percentual difference between the lowest and the highest weekly 

seasonality factor) which are higher than 1.4 (Appendix F). However, it can be stated that seasonal 

adjustments to the standard deviations when calculating the safety stock is not needed, because the 

change ratios are smaller than 2 and the size ratio is smaller than 3 in the case when the stores are split 

in two categories (i.e. open on Sunday and not open on Sunday). Therefore, it can be assumed that the 

safety stock will not be adjusted every day due to the seasonal pattern over the week, and thus will have 

the same value every day, which is based on the target service level and the peak day. In addition, the 

reorder level is limited by the maximum probability of overflow (i.e. the probability that an order cannot 

be placed fully on the shelf). In Figure 17 on the next page, the structure of the reorder level of a certain 

item is given with a service level of 97% and a maximum probability of overflow of 2%. As can be seen, 

for this item the reorder level can be increased every day and thus orders can be advanced to every day. 
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Figure 17 Example of the structure of the reorder levels on several days for a random product 

When the reorder level on a certain day increases, the probability that an order is placed on that day 

increases as well, which is equal to the expected number of order lines. This results in an increase of the 

expected workload on that day, given that the expected order size is always equal to one case pack. 

3.6 Feasibility of the conceptual design 

The feasibility of the conceptual design can be determined by considering the capacity of each part of 

the inner retail supply chain. Since an unlimited amount of order pickers can be hired and an unlimited 

amount of pick robots can be bought, there are no restrictions in the available pick capacity. In addition, 

the storage capacity in the AOS and in the MOS are sufficient to store all the AOS and MOS products. In 

addition, the truck fleet of PLUS can be extended temporary for an additional fee. Thus there exists 

enough capacity to always deliver in a three wave delivery scheme.  

There is no restriction on the number of shelf stackers in each store and the personnel schedule in the 

store can change per day. Since sales  space  can be changed to backroom space, there is always 

sufficient temporary storage space available to receive an order in the store and to temporary store 

products in the backroom.  

Based on this feasibility analysis, it can be concluded that there is always sufficient capacity available to 

process a store order in the internal retail supply chain using the current order policy. Therefore, order 

advancement also leads to a feasible design, because it will reduce the peak in workload and thus 

reduces the maximum required storage and handling capacity in the internal retail supply chain. 

3.7 Cost savings 
Order advancement leads to a decrease in the required capacity in the internal retail supply chain on 

peak days and thus to a decrease in the labor and investment costs for the DC. The transportation costs 

can be reduced, due to the  decrease in the number of required (extra) trucks. Since the total order size 

in a week remains the same and stores are invoiced once a week, order advancement does not increase 

the inventory costs of the store. However, the handling costs in the store can change, because more 

restacking activities will be conducted in the beginning of the week (i.e. placing backroom inventory on 

the shelves) and less at the end of the week. 
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3.8 Conceptual design summary 
Based on this extensive analysis of each part of the supply chain, the following conceptual design can be 

made 

Overall objective 

 Maximize the probability that store orders are picked and delivered within the lead time 

 Minimize the total cost in the internal retail supply chain 
 
Scope 

 Only dry-grocery products 

 Only AOS and MOS classified products 

 Only regular demand and orders, no promotional and last-minute demand and orders  

 The planning year is 2024, the planning horizon is one week and the planning period is 1 day 
 
Constraints order picking in the distribution center 

 Orders arrive in the DC in three different waves. Each wave has the same amount  and types of 
stores 

 The DC is open 6 days a week, 20 hours a day 

 Products are always available for picking in the DC 

 All AOS products can be stored and picked in both the AOS and the MOS 

 The AOS has a pick capacity of 500 case packs per pick robot per hour without any breakdowns  

 There is a minimum of 20 pick robots 

 No investments in robots before 2024 

 A manual pick order contains a maximum of 4 RC’s  

 The pick productivity is between the 240 and 276 case packs per hour 

 Order picking has a maximum lead time of 6 hours 

 Expedition area has enough capacity to temporary store all the roll containers of a delivery wave 

 The manual order picking time and the capacity of one RC is set in the detailed design 
 

Material coordination 
Minimize the order picking costs 

Distribution center capacity monitoring 
To determine the required manual handling capacity within a week for guaranteeing a certain 

probability that a store order is picked within the lead time, it is important to know the expected 

demand for the next week 

Order acceptance 
There is no costs incurred with an store order delay or rejection. However, it is assumed that each store 

order needs to be delivered and thus all store order should be accepted. In case of insufficient capacity, 

the order picking of a store order could be delayed. 

Constraints store ordering 

 Consumer demand follows a discrete distribution and is based on the demand in 2024, given the 
constant growth of 3.2% per year between 2016 and 2024. 

         -inventory policy using a full service inventory replenishment strategy 

 The review period is constant and equal to one day 
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 The store order lead time is assumed to be constant and equal to one day, due to required 
probability that a store order is finished within the order picking lead time. 

 Minimum service level of 97% 

 All order proposals are generated at the same time, which are not adjusted  by the store 
managers 

 Orders are placed and delivered  6 days in a week (not on Sunday) at the same time every day 

 Each product can be ordered every day 

 Constant safety stock 

 The shelf capacity of each product must be at least 1.2 times the case packs size 

 There is sufficient shelf capacity and/or backroom capacity to receive all the ordered products 

 The expected order size is always equal to one case pack 
 
Design parameters 

 The number of RC’s per manual pick order  

 The number of stores per manual pick order 

 Number of order pickers per pick wave  

 Number of pick robots  

 Maximum probability of overflow  

 Expected order size per product per store per day  

 Expected number of order lines per product per store per day 
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4 Detailed design 
This chapter contains the second step of the design phase by translating the conceptual design into a 

detailed design. The detailed design contains decision functions for the several design parameters and 

will answer the second and third research question; 

2. What is the required order picking capacity to ensure a certain delivery performance? 

3. What is the optimal expected order size per product per store per day to maximize the delivery 

performance and ensuring customer satisfaction? 

As described in the conceptual design, the two main objectives are to maximize the probability that a 

store is picked and delivered in time, while minimizing the costs in the internal retail supply chain. These 

overall objectives are split in several sub goals, which are optimized in sequence (Figure 18). The first 

sub goal is to smooth the workload over the week, which results in less order volume on peak days and 

more order volume on non-peak days. The second sub goal is to minimize the workload on the MOS, 

which can be done by picking as much as possible products on the AOS. The last two goals are to 

minimize the required pick capacity in the MOS, while ensuring that all the orders are picked in time.  

Maximize the probability that an order is picked within the lead time
Minimize the cost in the internal retail supply chain

Smooth the 
workload over 

the week

Minimize the 
workload on the 

MOS

Minimize the 
number of order 

pickers

Maximize the 
probability that a pick 

wave is finished in time

 
 

Figure 18 Main objectives and sub goals of the problem 

To optimize each sub goal, a hierarchical solution approach is developed, which is shown in Figure 19 on 

the next page and described in this chapter. To achieve a smooth workload over the week, an order 

advancement model is used for each store, which minimizes the workload surplus on peak workload 

days. Using the workload volumes for each product and each store, the pick location (i.e. AOS or MOS) 

for each product per store can be determined to minimize the workload in the MOS, which is followed 

by an optimal combination of orders that can be picked in one MPO. Thereafter, a model for the manual 

order picking time is created, which is based on the current pick times in a DC of PLUS. Using this model, 

the manual order pick time per MPO and per pick wave can be determined, which can be used to 

optimize the required pick capacity to guarantee a that a pick wave is finished on time. 

 

In the next chapter, these models will be applied to three different stores to determine the optimal 

configuration of order picking before and after order advancement and the expected cost savings in the 

DC for PLUS Retail B.V.. The transportation and handling costs in the store are not in scope of the 

detailed design and thus will not be discussed in here. 
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Model 1
Order advancement

Model 2
Allocation pick system

Capacity AOS
Product characterestics

Sales data per product per store per day
Maximum probability of overflow

Minimum service level

Model 5
Pick capacity MOS

Minimum delivery performance
Maximum lead time per pick wave

Number of stores per pick wave

Regression analysis

Expected order size per 
product per store per day

Expected workload MOS 
per product per store per 

day

Average pick time per MPO
Standard deviation per MPO

Number of order pickers
Average total pick time pick wave

Standard deviation total pick time pick wave
Probability of on time delivery

Order pick data DC

Model

Outcome

External input model

Model 4 
Manual order pick time

Model 3
Combination of 
stores in a MPO

Capacity per RC

Expected workload 
per MPO

 
Figure 19 A schematic view of the hierarchical solution approach 

4.1 Order advancement 
The goal of order advancement is to get an equal spread of the expected store order sizes, which is 

equal to the workload, over the week. As described in the conceptual design, this can be achieved by 

using the excess shelf space, that allows to increase the reorder levels at days with a low expected lead 

time demand. In this section, a linear programming model is created which uses the sales data of the 

stores to calculate the optimal reorder levels that are required for order advancement per product per 

store per day. 

First of all, a relationship between the average and the standard deviation of the customer demand is 

established, since it is hard to determine the actual standard deviation when demand is not stationary 

(Matsson, 2010). Using the customer demand data, the safety stock and the maximum reorder level per 

product per store per day are calculated, which determine the lower and upper level of the reorder 

level. Based on these restrictions, the optimal reorder level is established, which minimizes the 

workload surplus on peak days. Based on this new reorder level, the impact on the store is determined 

by calculating the new expected backroom inventory. An presentation of the used indices, parameters, 

variables and formulas in this section can be found in Appendix I. 
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4.1.1 Consumer demand 
Mattsson (2010) stated that it is only important to consider seasonal variations, when calculating 

standard deviations, when there is a large seasonal pattern. This is the case if the demand more than 

doubles between the seasonal periods and when the demand during the highest season is more than 

three times higher than during the lowest season. Therefore, based on Appendix F, it can be concluded 

that seasonal variations do not have to be considered here.  

To get an accurate approximation of the standard deviation of the customer demand, much customer 

demand data is needed. However, at PLUS this is not the case due to new product introductions and 

product replacements and the limitation of the available data in the information system. Therefore, the 

customer demand cannot be statistically forecasted. Silver et al. (1998) stated that there exists an 

empirical relationship between the average customer demand and the standard deviation of the 

customer demand, which results in decent approximations for the standard deviation. Therefore, it is 

decided to use this relationship here. Silver et al. (1998) described the relationship between the average 

demand and the standard deviation per product ( ) per day ( ) and per store ( ) as;  

                  (    )       (      ) 

Here, both      and      are store dependent constants that can be determined using linear regression on 

the available sales data. 

4.1.2 Reorder level  

As stated in the conceptual design, the reorder level after order advancement is determined by the 

safety stock, the lead time demand and the reorder level increase (      ). The increase of the reorder 

level is limited by the maximum reorder level, which depends on the maximum probability of overflow. 

The safety stock is equal to the net stock before a new order arrives (Silver, 1998). The safety stock must 

be set in such a way that the fill rate (i.e. the fraction of demand which can be satisfied directly from the 

shelf) is at least above the target fill rate, which is set at 97% (       ). The safety stock is dependent on 

the probabilistic distribution of the customer demand during the lead time. However, as stated in the 

conceptual design, it can be assumed that the safety stock is constant over the whole week. Therefore, 

the safety stock depends on the peak day, since they have the highest average and standard deviation of 

the demand, which results in the highest safety stock (       ). The safety stock for the peak day can be 

determined using the DoBr-tool (Broekmeulen & van Donselaar, 2017) and the decisions rules specified 

by Silver (1998).  

The probability of overflow is the probability that the available capacity on the shelf (  ) is not sufficient 

to store the delivered products. When this is the case, a part of the store orders has to be stacked in the 

backroom. Therefore, the probability of overflow is dependent on several product and store 

characteristics, such as the shelf capacity, the case pack size and the order policy. The probability of 

overflow is calculated using the formula stated in Broekmeulen et al. (2017), which calculates the 

probability that the inventory position just after a potential order moment minus the demand during the 

lead time is greater than the shelf capacity; 

              
        

  [       
  ∑       

   
    ]  
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To avoid that a product has to be constantly stored in the backroom, a maximum probability of overflow 

can be set ( ). This determines the upper bound of the reorder level (      
   ) and thus the maximum 

possible increase of the reorder level (      ). The maximum reorder level can be determined using the 

model as described in Appendix I, which iteratively increases the reorder level and determines the new 

probability of overflow. When the new probability of overflow is higher than the maximum probability 

of overflow, the iteration stops. This model can be solved by using the DoBr-tool (Broekmeulen & van 

Donselaar, 2017). 

Given the safety stock and the reorder level increment caused by the order advancement, the new 

reorder level can be determined as follows; 

                       ∑              
       
      

  

4.1.3 A model for order advancement 

The goal of the order advancement model is to minimize the surplus workload on peak days for the DC. 

The expected workload for the DC (      ) is dependent on the expected order size and expected number 

of order lines of the stores. As stated in the conceptual design, the expected order size is always equal 

to one case pack and thus the expected workload depends on the number of order lines. Before order 

advancement, the long run supplied demand should be equal to the customer demand during the 

review period (Van Donselaar & Broekmeulen, 2014). Consequently, the workload in the DC is also equal 

to the customer demand during the review period.   

To determine the order advancement, first of all a target workload for each store is set, which is equal 

to the average workload per week per store. Given this target workload, the objective is to minimize all 

the workload above the target workload (    
 ) by increasing the reorder levels and thus the expected 

number of order lines. However, when the number of order lines on the day before already increased, 

these orders do not have to be sent again. Thus, the expected number of order lines on a certain day 

must be reduced with the expected number of order lines increase of the day before. Therefore, the 

expected workload on a certain day is equal to the expected workload before order advancement plus 

the advancement on that day minus the advancement of the day before; 

                                      

 

This leads to a linear programming model as described in Appendix I, which can be solved using Gurobi 

Optimizer 7.0.2 in AIMMS V4.37.3. However, there do not exists models which can give a good 

approximation of the standard deviation of the workload after order advancement. Therefore, the 

variation in workload will not be considered here. 

The impact of the order advancement on the handling in the store can be measured by comparing the 

expected backroom inventory (         ) before and after the order advancement. A part of or a whole 

store order is placed in the backroom when there is not enough shelf capacity available after delivery in 

the store. Therefore, the expected inventory stored in the backroom is equal to the expected overflow 

of the shelves directly after an order delivery, which is equal to the expected inventory on hand directly 

after the delivery of a store order minus the shelf capacity.  
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4.2 Allocation to a pick system  

Each product is classified if it can be picked in the AOS or not. Based on the workload and the pick 

system of each product and the available capacity of the AOS ( ), which is dependent on the number of 

pick robots and the pick capacity, the decision if a product is picked by the AOS or not (      ) can be 

made. As stated in the conceptual design, it is assumed that the pick robots have guaranteed pick 

capacity of 500 case packs per robot per hour and that there is an unlimited amount of robots that can 

be used. As can be seen in Figure 20, the manual order pick time depends on several subtasks and is 

mostly an increasing function of the travel distance. Therefore, the number of order lines (i.e. the 

number of pick locations to be visited) must be minimized.   

 

Figure 20 Distribution of an order picker’s time as described by Tompkins et al. 2003 

Based on the conceptual design, it was decided that deciding each day about the pick location led to the 

best utilization of the AOS. Since cranes will refill the pick locations in the MOS, it is assumed that there 

are no extra handling costs for storing a product at two locations. 

The decision in which pick system a product is picked can be determined by solving a mixed integer 

model, which can be solved using the Gurobi Optimizer 7.0.2 in AIMMS V4.37.3. The used notation is 

elaborated in Appendix I. 

4.3 Order picking in the distribution center 
Since only a rough estimate is available for the manual handling time in the new DC, an analysis is done 

on the current manual pick times. Therefore, multiple linear regression is applied to determine the 

factors that influence the manual handling in the DC. To get a good approximation, it was decided to 

analyze the data of  only one DC, since each DC has another size and layout, which influences the order 

pick times.  

Data was collected from 20 different order pickers, who picked 314 manual pick orders (MPO) on the 

23th of July in the dry grocery section in the regional DC ‘Oost’. Each manual pick order consists of 

several order lines, which each contain information about the pick time, the number of case pack 

picked, the used RC’s, pick location, order picker and store. The effect of the order picker on the average 

manual pick time will not be examined, because it is assumed that each order picker has the same 

performance characteristics, which is also confirmed by the correlation matrix in Appendix J. 

Furthermore, a first analysis of the data revealed that each order picker picked only one store per MPO. 

Additionally, it was discovered that there exist some pick orders with a high pick time (Figure 21). 

Therefore, the order lines with a pick time larger than 10 minutes were investigated. It turned out that 
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all these individual pick times where influenced by (lunch) breaks and thus were deleted from the data 

set. An analysis of the pick times between the 5 and 10 minutes revealed that in approximately half of 

the cases the pick times were influenced by the high number of case packs and therefore it was decided 

to keep them in the data set.  

 

Figure 21 The pick time per picked order line in DC ‘Oost’ 

The aisles in the analyzed DC have a width of approximately 2,5 meters, which means that it is 

impossible for the order pickers to turn inside an aisle. Therefore, it is assumed that each order picker 

can only turn at the begin or the end of an aisle. An analysis of the pick locations in a manual pick order 

confirmed this assumption. In addition, it is assumed that each aisle has the same length and thus the 

number of visited aisles gives a good indication of the total travel distance of a manual pick order.  

As can be seen in Appendix J, each MPO in the analyzed DC consists of at least 1 RC and a maximum of 6 

RC’s. However, due to the lack of data, an analysis is only done for MPO’s with 3 RC’s. In addition, 

outliers were removed by setting the total pick time of a MPO to a maximum of 60 minutes, the number 

of case packs to a maximum of 280, the number of aisles to a maximum of 8, the minimum number of 

order lines to 2 and the average number of case packs per order line to a maximum of 5, which leads to 

a dataset of 186 manual pick orders. Furthermore, both the standard deviation and the number of case 

packs per order line were LN-transformed to meet the assumption of normal distributed variables. A 

summary of the data can be found in Table 2. Based on this table and Adan & Resing (2015), it can be 

concluded that the total manual order pick time per pick order is Erlang-2 distributed, with an average 

of 27.23 minutes, which leads to a pick capacity of 270.35 case packs per hour. The models for the 

current DC can be used to predict the manual pick time per order in the new DC, since the calculations 

are based on a pick capacity that falls in the rough estimates of the pick capacity in the new DC (i.e. 240 

till 276 case packs per hour).  

 Time in minutes Case packs Order lines 

Average (μ) 27.2288 122.6900 70.6500 
Standard deviation (σ) 11.6335 47.1480 28.2820 
Variance (σ

2
) 135.3383 2222.9339 799.8715 

σ/μ 0.4272 0.3843 0.4003 
σ

2
/ μ

2
 0.1825 0.1477 0.1602 

1/(σ/μ) 2.3406 2.6022 2.4981 
Table 2 Manual pick order characteristic based on 3 roll containers per picked store order 
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Based on the correlation matrix in Appendix J, the number of order lines has the highest impact on the 

total pick time and thus will be included first. Based on the results in Appendix J, it can be concluded 

that the number of order lines provide a significant attribution to the prediction of the total pick time 

with an adjusted R2 of 0.583. The second variable to be included in the model is the number of case 

packs, due to the high correlation between the total time and the number of case packs. The partial 

added variable plot shows a linear relationship, thus no transformation is needed. Based on 0, it can be 

concluded that both the number of order lines and the number of case packs are significant and lead to 

a better prediction of the total pick time with an adjusted R2 of 0.625. It seemed that adding the number 

of aisles or the case packs per order line are both insignificant. 

For the prediction of the natural log of the standard deviation of the pick time per MPO, it turned out 

that the total time per pick order has the highest correlation. Therefore, first a model with the total time 

is made, which leads to an adjusted R2 of 0.656. Adding extra variables, such as the number of order 

lines or the number of case packs leads to an insignificant contribution of this variables and to a reduced 

adjusted R2.  

Using the models derived from the regression analysis, the average and the standard deviation of the 

pick time of a store order can be calculated given the number of order lines and the number of case 

packs in a MPO; 

              (            ∑                   ∑            

       )  

                                      

 

Since small breaks (i.e. smaller than 10 minutes) where included in the analysis, these are covered by 

this model for the pick time. However, the set up time for a store order, the time to store a manual pick 

order in the expedition area (i.e. travel time, search time) and longer breaks are neglected for the 

manual handling time calculations 

To apply this model in the new DC, it must be known how many case packs and order lines there must 

be picked in a MPO. To reduce the picking time and increase the handling efficiency, stores can be 

combined in a MPO. The combination of stores in a MPO depends on the capacity of the RC’s (   ), 

workload per store order (      ) and the combination of stores in a MPO ( ). The allocation of stores to 

a MPO (      ) can be determined by a mixed integer model, which maximizes the workload per MPO, 

given that the maximum number of RC’s in a MPO is   (i.e.            ) and the capacity of the RC. It is 

assumed that when an initial store order does not fit on 4 RC’s it is split in two equal sub store orders. 

This model is described in Appendix I and can be solved using the Gurobi Optimizer 7.0.2 in AIMMS 

V4.37.3.  

The average and variance of the pick time of a MPO when combining stores in a pick route can be 

calculated by determining the number of pick locations and the number of case packs of the (sub) store 

orders in a MPO. The number of pick locations is dependent on the products per store order in the MPO. 

When several store orders contain (partly) the same products, those pick locations require only one visit 
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in a MPO, since several stores can be picked at the same time per pick location. This leads to a travel 

time reduction per MPO. The determination of the order pick times per MPO are given in Appendix I. 

4.4 Order pickers 

Since the on time delivery is an important performance indicator, the probability that stores are 

delivered in time needs to be maximized. In the previous section, it was shown that the manual pick 

time per MPO is Erlang-2 distributed and a model was developed that calculates the average and the 

standard deviation of the manual pick time in a MPO.  

To determine the average and the standard deviation of the total pick time of a pick wave, the 

approximation of the first unemployed order picker as described by Geldof (1997) is used. This 

approximation is chosen because the results from this approximation came close to the results of an 

exact Markov-chain calculation. This approximation assumes that all orders arrive at the same time and 

calculates the average and standard deviation of the time till all these orders are picked. Using the 

average and the standard deviation of the manual order pick time (      and      ) and given the 

number of order pickers (  ) and the number of MPO’s (  ), the time till the first order picker is 

unemployed (      and      ), the time that the rest of the order pickers are busy (      and      ) 

and the on time delivery probability (  ) can be calculated. The optimal number of order pickers can be 

determined using an iterative approach, which is described Figure 22 and in Appendix I.  

Model

Outcome

Outcome previous model

Initial number of 
order pickers

C=0

Initial on time 
delivery

α=0 

α < minimum 
performance 

Stop

No

C+1
Calculate pick 

time pick wave
Calculate α Yes

Average pick 
time per MPO

Standard deviation 
pick time per MPO

Case packs per 
MPO

Orderlines per 
MPO

Number of 
MPO’s

Average pick 
time pick wave

Standard deviation 
pick time pick wave

Number of order 
pickers per pick 

wave

Probability of on 
time delivery

 

Figure 22 Schematic view of the used algorithm, which is based on the approximation of the first unemployed order picker as 
described by Geldof (1997) 
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4.5 Cost function for order picking 
The order picking costs consists of the costs for the pick robots and the costs for manual order picking. 

The costs for a pick robot consists of the yearly depreciation of the investment for the pick robot and the 

belonging conveyors, IT and racking and the yearly energy, service and maintenance costs. Given that 

the cost of capital is 5% per year, the yearly cost for a pick robot in 2024 is assumed to be €171980.  

The costs for manual order picking is based on the total amount of order picking hours per pick wave 

(  ), which is calculated by multiplying the number of order pickers in a pick wave with the average 

order picking time per pick wave. Since it is assumed that in each pick wave the same workload arrives 

in the MOS, the needed production hours for each pick waves on the same day is equal; 

          ∑                

Based on the average hourly order picking costs of the DC’s in 2016 and the assumption that the salary 

will grow 1.5% per year, the manual order picking costs for 2024 are assumed to be €23.76 per order 

picker per hour.  

4.6 Data selection 
In this section, a description of the store selection process is given, which is followed by the data 

selection process.  

4.6.1 Store selection 

A Pareto analysis of the sales in 2016 (Figure 23) determines that each store is important in terms of 

sales. Therefore, the stores that are selected for analysis are representing a small, average and big store 

and are chosen based on their fraction of regular sales in 2016. These stores are scaled in such a way, 

that this leads to a fraction of regular sales for all stores of 83.74% and representation of 60% of the 

sales on Sunday. Given that the real fraction of regular sales of all stores was 83.92%, this 

representation of stores gives a good indication of the total sales of PLUS.  

 

Figure 23 Cumulative sales in CU of PLUS in 2016 
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As can be seen in Figure 24, Figure 25 and Figure 26, the consumer demand pattern of a small store 

shows a more equal spread over the week than the demand pattern of an average and a big store, 

which is caused by the limited assortment and the less frequent delivery.  

 

4.6.2 Sales data selection 

In Appendix G, an ANOVA-analysis is conducted for the regular, promotional and total consumer 

demand of 10 weeks for the three different stores. Based on this analysis, it can be concluded that the 

total and the regular demand are equal over the weeks when considering a period of 10 weeks. 

Additionally, it can be stated that the promotional demand differs each week, but is stable on an 

aggregate level. Furthermore, ten weeks of customer demand data excludes the effect of demand 

seasonality for seasonally bound products, such as split pea soup. Therefore, for the application of the 

models, the scanning data of regular sales in week 1 till 10 are obtained, because during these weeks, no 

special events or holidays which can influence the customer demand and the store order pattern, such 

as Christmas and Easter, took place. After the data selection, the demand data for fresh and frozen 

products was removed and the demand data was filtered based on the initial allocation of each product 

to a pick system, which is made in May 2017. Some products do not have an initial pick location, 

because they were excluded from the assortment during 2016. In addition, products that cannot be 

picked in the MOS and the AOS are excluded from the analysis, because they are out of scope. 

Furthermore, the temporary seasonal assortment (i.e. Christmas and Easter) is excluded, because there 

is a lack of demand data available due to the yearly changing assortment. This leads to an analysis of 

55,45% of all products that were in the stores in the first ten weeks of 2016. 

Furthermore, the calculated shelf capacity was checked with the two store visits and the planograms of 

three stores. Based on these findings, it can be concluded that the used calculations are a good 

indication of the actual shelf capacity (Appendix K).  

  

 

Figure 24 Sales pattern small store 

 

Figure 25 Sales pattern average 
store 

 

Figure 26 Sales pattern big store 
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5 Application of the design 
Before the models from the detailed design can be applied to the stores, first the standard deviation of 

the customer demand per store is calculated. Using the average and the standard deviation of the 

customer demand, the required pick capacity and pick time can be calculated, given that a manual order 

consists of maximum 4 RC’s. Thereafter, order advancement is applied and the required pick capacity 

and pick time is calculated again and compared with the order picking before order advancement. 

5.1 Consumer demand 
To calculate the standard deviation of the demand, for each store a linear regression model was 

established (Appendix L), which determines the constants of the model provided by Silver (1998), as 

described in the detailed design. All the derived relationship where significant with an adjusted R2 of 

0.88, 0.87 and 0.86 respectively. As can be seen, the relationships differ between the different stores, 

but are quite stable over the week. Therefore, for each store the average values for c1 and c2 will be 

calculated and used for each day in the week. 

5.2 Order picking before order advancement 
Assuming that all promotional orders are picked in the MOS, before order advancement 22 pick robots 

are required to pick all the AOS classified products on the AOS. When using 20 robots, at least 3 RC’s are 

required to pick the regular orders for a big store on the peak days in the MOS. In the case of 21 robots 

and 22 robots, a minimum of 2 RC’s and 1 RC respectively is required for picking the regular orders in a 

MPO. As can be seen in Figure 27, the lowest costs are achieved at 20 robots. When using 4 RC’s per 

MPO, this results in a longer average pick time per pick wave and a higher coefficient of variation 

compared to when using 3 RC’s (Appendix N, Figure 57). For 3 RC’s per MPO, 6 order pickers per pick 

wave are required on Monday till Thursday and 15 on Friday and Saturday to ensure a minimum 

probability of 95% that the orders are picked within the lead time. In contrast, using 4 RC’s per MPO 

requires 4 order pickers per pick wave on Monday till Thursday, 7 order pickers per pick wave on Friday 

and 9 order pickers per pick wave on Saturday. This reduction in order pickers results in the best cost 

solution and a probability that all the regular orders of all stores are picked within the 6 hour lead time 

which is approaching 100%.  

 

Figure 27 Total order picking costs before order advancement  for different number of robots and roll containers per MPO  
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Figure 28 Order volume after order advancement with and 
without the inclusion of the small stores 

 

 

Figure 29 Order size before and after order advancement for 
different maximum probabilities of overflow  

 

5.3 Order advancement  
As can be seen in Figure 29, order advancement results in a reduction of the expected workload on 

Friday and Saturday and to an increase of the expected workload on Monday, Tuesday, Wednesday and 

Thursday. Based on this figure, it can be concluded that for low probabilities of overflow (i.e. 2% and 3%) 

the expected order volume per day after order advancement does rarely increase when the probability 

of overflow increases. Therefore, the maximum probability of overflow is set to 2%, since this creates a 

bit more flexibility in the order and delivery scheduling than setting the maximum probability of 

overflow to 1%. This means that a product only can be advanced to another day if this does not lead to a 

placement in the backroom at that day more than once per year. 

When setting the probability of overflow to 2%, Figure 49 in Appendix M shows that the percentage of 

products that can be advanced at the beginning of the week is approximately 68% for each type of store. 

The excess shelf space that can be used for order advancement for these products is around 23% of the 

total shelf space on non-peak days (Figure 50, Appendix M). Therefore, increasing the shelf space for 

those products results in a higher maximum increase of the reorder level on non-peak days and thus a 

more smoothed workload. Additionally, Figure 51 (Appendix M) shows that for each store 

approximately 80% of the products have an average demand level that is lower than 10% of the shelf 

capacity. This indicates that those products will have only a small influence on the workload smoothing, 

since only a small fraction of the demand can be advanced to another day.  

In Figure 54 and Figure 56 (Appendix M), the effect on the expected number of order lines and the 

backroom inventory is shown. It can be seen that the expected number of order lines increases in the 

beginning of the week and decreases at the end of the week. The total expected overflow inventory 

placed in the backroom increases every day, which is only caused by the inventory increase of the big 

stores. This indicates that for the small and average stores the excess shelf space is used more efficiently 

as an inventory location. Figure 29 shows the effect of order advancement per store type. Based on this 

figure, it can be concluded that order advancement for small stores does only has a small influence on 

the workload decrease on the peak days (and increase on non-peak day). Therefore it is not profitable to 

incorporate small stores in the order advancement.  
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Figure 30 Utilization of the pick robots before and after order 
advancement for regular orders 

 

Figure 31 Manual pick time per pick wave for regular orders 

5.4 Order picking after order advancement 
After order advancement, a maximum of 20 pick robots is needed to pick all the AOS classified products 

from the regular orders on the AOS. For each store and each day, the order volume fits on 1 RC. Figure 

30 shows a more equal spread of utilization of the pick robots over the week after order advancement, 

which is caused by the shift of ordering AOS products at the end of the week to the beginning of the 

week. This results in a reduction in the needed pick capacity on Friday and Saturday. As a consequence, 

4 order pickers are needed on each day and the production hours in the MOS decreases on the peak 

days (Figure 31). This leads to the probability that all pick orders are finished in the 6 hours lead time of 

approximately 100% and a cost reduction in manual order picking costs of € 3476,72 per week, due to 

the decrease in order pickers and pick time per pick wave. 

5.5 Sensitivity analysis 
In this section, a sensitivity analysis is conducted on several input parameters. Since it was stated in the 

detailed design that only products which have excess shelf space can be advanced, the first sensitivity 

analysis incorporates products that are already stored in the backroom. In addition, the effect of the 

number of stores that apply order advancement is investigated. Furthermore, it was assumed that at 

least 95% of the stores had to be delivered in the lead time of 6 hours, which leads to a second 

sensitivity analysis which explores the effect of the number of order pickers, the lead time and the 

workload on the delivery performance and the average and standard deviation of the manual order pick 

time. In addition, the effect of the number of pick waves in one delivery wave on the order picking in the 

DC is determined. Lastly, the effect of the number of pick robots on the manual order picking is 

investigated 

5.5.1 Incorporating backroom products 
Some products, such as diapers and beer crates, do have a fixed storage location in the backroom, due 

to their product size and the available shelf space in the store. During the detailed design, such products 

were excluded from order advancement, since they do not have excess shelf space or have an initial 

probability of overflow higher than 2%. In Figure 32, the effect of incorporating products in the order 

advancement for average and big stores, which have an certain minimum initial probability of overflow, 

is shown. From the figure it can be concluded that incorporating those products in the order 

advancement leads to more equal spread of order volume over the week, but that this effect is minimal. 
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Additionally, decreasing the required minimum initial probability of overflow leads to more products 

that needs a storage location in the backroom. Therefore, it can be concluded that incorporation of 

products that already are stored in the backroom does not lead to a significant performance 

improvement. 

 

Figure 32 The effect of incorporating products with a certain minimum probability of overflow in the order advancement 

5.5.2 Store selection for order advancement 
In the detailed design, it was stated that order advancement of small stores does not have a big 

influence on the peak reduction on Friday and Saturday. In this sensitivity analysis, the effect of the 

number of stores that apply order advancement is explored. As can be seen in Figure 60 (Appendix N), 

the total order pick time per week decreases when order advancement is applied to more stores. 

However, as shown in Figure 33, the average pick time per pick wave decreases slightly and the 

coefficient of variation does fluctuate, which is caused by the stepwise decrease of the minimum 

required number of order pickers to guarantee a minimum probability of 95% that order picking in a  

pick wave takes less than 6 hours (Appendix N, Figure 61). Consequently, the required order pickers 

have less work to do in the available 6 hours.  

 

Figure 33 Manual order picking time per pick wave on Saturday for different fractions of stores that apply order advancement 

5.5.3 On time delivery performance 
Increasing the probability that a pick wave is finished within the set lead time requires more pick 

capacity, which will increase the order picking costs. Therefore, the effect of number of order pickers, 
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the lead time and workload in number of case packs and number of products is investigated in this 

sensitivity analysis.  

During the application of the models, it was assumed that at least 95% of the stores had to be delivered 

on time. As can be seen in Figure 59 (Appendix N), decreasing the number of order pickers results in that 

there is no possibility that the whole pick wave will be finished in 6 hours, which is caused by the 

increase in average pick time per pick wave. Consequently, it is possible that a part of the stores will not 

be able to meet their due dates. However, increasing the number of order pickers won’t give an increase 

in performance, since with 4 order pickers, the probability that the pick wave is finished in 6 hours is 

already approaching 100%. As shown in Figure 34, the increase in the number of order pickers, leads to 

a decrease in the average order pick time and to an increase in the standard deviation of the total order 

pick time in a pick wave.  

 

Figure 34 Effect of the number of order pickers on the average and standard deviation of the pick time per pick wave 

In addition, the lead time of a delivery wave can increase or decrease due to a change in the supply 

chain configurations. In Figure 35, the average order pick time per pick wave is calculated for different 

lead times, given that at the probability that the pick wave is finished within the lead time is 95%. For a 

lead time of 4 hours, 5 order pickers are required on each day to guarantee the minimum on time 

delivery probability, because this reduces the average pick time for the pick wave and to cope for the 

increased standard deviation. For the rest of the lead times, a minimum of 4 order pickers is required. 

Therefore, it can be concluded that an increase of the maximum lead time does not result in a decrease 

in the needed number of order pickers, and thus to an decrease of the manual pick time per pick wave.  

 

Figure 35 Impact of the lead time on the manual order picking time 
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As can be seen in Figure 36, the growth of case packs (i.e. order volume per product), the growth of 

products (i.e. assortment growth) and the growth of both case packs and products picked in the MOS 

results in an increase in total order pick time per week. This figure shows that the effect of the growth in 

products is higher than the growth in case packs, which is caused by several effects, such as the walking 

time. Both the number of case packs and the number of products can grow with 52% till an extra order 

picker is needed (on Saturday) to ensure a minimum delivery performance of 95%. Consequently, this 

grow leads to more work in the MOS and thus a higher utilization of the MOS per pick wave (Figure 62, 

Appendix N) but the coefficient of variation remains almost the same, which indicates that the standard 

deviation of the pick time grows with the same fraction as the average pick time. 

 

Figure 36 Effect of the growth of the number of case packs and the number of products picked in the MOS on the manual pick 
time 

5.5.4 Number of pick waves 
Since it is assumed that orders arrive in three waves, the number of pick waves in the detailed design 

was set to three with a maximum lead time of 6 hours. However, not all stores in an delivery wave leave 

the DC at the same moment, which leads to a difference in the maximum lead time for each store. 

Therefore, in this sensitivity analysis the split of an delivery wave in two pick waves, which both have a 

lead time of 3 hours is explored. The number of required order pickers to ensure a minimum delivery 

performance of 95% decreases to 3 order pickers for each day. However, the total pick time per day 

increases and the coefficient of variation increases (Figure 37). Consequently, the total order pick time 

per week increased, which led to an increase in the total order picking costs.  

 

Figure 37 Average production time in the MOS per day for different pick waves 
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5.5.5 Number of pick robots 
Since only the MOS classified products need to be picked in the MOS when using 20 robots, the effect of 

the number of robots is determined by decreasing the number of pick robots. As can be seen in Figure 

38, the increase in the number of pick robots leads to an exponential decrease in the total required 

order picking time per week. This is caused by the decrease in the number of order pickers (i.e. 17 order 

pickers in the case of 16 robots and 4 order pickers for 20 robots) and the slight decrease in the average 

manual order pick time per pick wave (Figure 39). The increase of pick robots does not lead to a 

decrease in the coefficient of variation of the order pick times. However, the utilization of the AOS 

decreases when investing in more pick robots  

 

Figure 38 Total manual order pick time per week for different number of pick robots 

 

Figure 39 Average manual order picking time and coefficient of variation of the order picking time for different number of robots 

 

Figure 40 Utilization the AOS for different number of pick robots  
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6 Implementation 
In this section, the last step of the design phase is discussed. First, a summary of the most important 

findings is given. This is followed by a discussion of the effect of order advancement on the inventory 

and order picking in the DC, inventory and handling in the store, the transportation process and the 

order picker. Thereafter, the limitations of the design are discussed.  

6.1 Store ordering and order picking process 
The weekly demand pattern of customers in the store leads to an unequal spread of order quantities of 

the stores over the week. As a consequence, the required pick capacity in the DC differs over the week, 

with a peak on Friday and Saturday, which leads to high handling costs in the DC. This project provided a 

model that contains decision rules for the order policy in the stores and capacity planning in the DC. First 

of all, the surplus workload was decreased by increasing the reorder levels of several products on non-

peak days. Secondly, the optimal pick location in the DC was determined by minimizing the number of 

products that had to be picked in the MOS, while considering the maximum pick capacity of the AOS. In 

addition, an optimal combination of stores in a MPO was identified. Lastly, the optimal number of order 

pickers was determined given a certain amount of stores that had to be delivered on time.  

The order advancement model, the pick location model and the store combination model were built in 

AIMMS 4.34.3.927 and solved with Gurobi 7.02. This resulted in a calculation time of only a few seconds 

per model per store. The calculation of the handling time and the needed number of order pickers was 

built in Microsoft Acces and required a few seconds per case per number of robots. Since the AIMMS 

and Gurobi software is not available at PLUS, it is necessary to rewrite the first models to another 

optimization software tool and integrate it with the automated store ordering system.  

Based on the results from order advancement, it can be concluded that small stores do have only a small 

effect on the total order advancement and thus do almost not influence the change in the required pick 

capacity in the DC. However, the order advancement of the average and the big stores reduced the 

needed pick capacity significantly. Since the total expected back room inventory for the small and 

average store remained the same and the grow in the expected backroom inventory for big stores is 

small, it is beneficial for PLUS to implement order advancement. Since this model can decide on a daily 

basis in a week, the model is insensitive for the planning week. 

6.2 Distribution center 
The optimization of manual handling in the DC is restricted by the maximum capacity of the AOS, the 

classification of each product (i.e. if it can be picked in the AOS or not), the probability that store orders 

are picked on time and the allocation of pick locations over the MOS. The required pick capacity of both 

the AOS and the MOS depends on the expected order size of the stores, which is based on the expected 

sales. To determine the manual order picking characteristics, the order picking process of the regional 

DC ‘Oost’ was analyzed.  

Since the investment costs for a new pick robot were significant higher than the reduction of manual 

order picking costs, it turned out that the minimum required number of pick robots leads to the best 

cost  solution. The optimal MPO consisted of a maximum of 4 stores per MPO, and a maximum of 4 RC’s. 

This resulted in the need for 4 order pickers on a non-peak day, 7 order pickers on Friday and 9 order 

pickers on Saturday to ensure an on time delivery performance of 95%. Due to the combinations of 

stores in a MPO and the high workload, on Friday and Saturday, the average utilization of an order 
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picker per pick wave is 79.2% and 80.5% respectively. Consequently, this leads to a complex personnel 

scheduling problem, and thus several part time or temporary contracts are needed.   

The effect of picking more stores in a MPO led to an increase in the average pick time per pick wave and 

to an increase in the standard deviation of the pick time. However, the reduction in the number of 

required order pickers resulted in a cost reduction. 

Order advancement leads to an increase in the number of order lines on non-peak days. These order 

lines are mainly picked in the AOS on non-peak days, which can be concluded from the utilization 

increase of the AOS on non-peak days. On Friday and Saturday, the amount of picked products in the 

MOS reduced with 39.9% and with 44.4% respectively and the number of case packs reduced with 

91.9% and 92.0%. The optimal MPO consisted of a maximum of 4 RC’s and 1 store per RC, which led to a 

reduction of 3 order pickers on Friday and 5 on Saturday. The number of order pickers on non-peak days 

remained the same. The utilization per order picker per pick wave on Saturday decreased to 57.9%. 

Therefore, the personnel scheduling becomes less complex and less variable. In addition, the average 

utilization of the AOS increased with 1.8%, which is caused by the increase of utilization of the AOS at 

the beginning of the week. Since the pick robots are not fully utilized, promotional orders eventually be 

picked in the AOS, which results in an extra reduction of the manual workload. 

The decrease in picked products in the MOS leads to a reduction in the number of storage location in 

the MOS. Consequently, the number of needed inventory on two locations reduces, which leads to a 

reduction in the inventory costs and less pallet location refilling activities are needed. Furthermore, a 

product can have several shelf life on the different locations in the DC. So it can occur that products are 

not delivered to stores on a FIFO-basis. Reducing the amount of products stored at two locations 

reduces the amount of different shelf life differences in the DC. 

The smoothing of the workload over the week leads to a reduction of temporary storage in the 

expedition area on peak days. This results in a better organized expedition area and less temporary 

space usage of the DC. In addition, this also leads to a more equal spread retouring process of RC’s in the 

DC, which also results in a better use of the capacity of this area, such as less temporary storage of RC’s, 

and less needed RC’s. 

Since the investment costs for a robot are significant higher than the costs for an extra employee, order 

advancement can lead to an delay in a new robot investment decisions, because the available pick 

capacity of both the robots and the order pickers are used more efficiently. 

6.3 Stores 
Order advancement leads to an increase in the inventory levels at the beginning of the week, which 

increases the availability of products on the shelf at the beginning of the week. This could stimulate the 

sales, since the probability that a customer faces an empty shelf at the beginning of the week decreases.  

Since the backroom has a limited space and to prevent the increase of extra handling activities for the 

store, the probability of overflow was set to 2%. It turned out that higher levels of the probability of 

overflow do not have a significant effect on the increase of the order size of stores at the beginning of 

the week. Order advancement resulted in an increase of the total backroom inventory, however this was 

only caused by the big stores. Incorporating the products that are already stored in the backroom did 

not lead to a more smoothed workload over the week.  
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Order advancement does not indicate that presentation stock is not needed anymore. For example, 

when it is decided that certain items are not smoothed, still a minimum amount of inventory on the 

shelves is needed to stimulate demand. Therefore, it can be decided to increase the inventory level with 

a certain amount of presentation stock. This can only be done when at each period sufficient shelf space 

is available after order advancement. 

Order advancement also results in workload smoothing for the store. Therefore, the personnel planning 

problem of stores becomes less complex and less variable. In addition, the shopping experience of 

customers increases, since on peak days less shelf filling activities take place. 

6.4 Transportation 
The time a store order is stored in the expedition area determines the time a truck driver can start to fill 

his truck and start his delivery route. Therefore, a good approximation of the finish time of order picking 

is needed to align the transportation processes with the handling in the DC, which can lead to an 

optimal order and delivery schedule of each store. 

In addition, as shown by Kuijvenhoven (2016) order advancement can leads to a reduction of the 

transportation costs, which is caused by a reduction in the number of stops per delivery route. As a 

consequence, the needed number of trucks decreases and the transportation schedule becomes less 

comsplicated which means that it is easier to include the requirements of the stores into schedule. In 

addition, the combinations of stores leads to a decrease in the travel distance and thus in the pollution, 

which is in line with the sustainable goals of PLUS. 

From the viewpoint of the truck driver, smoothing the workload leads to less loading and unloading 

activities on peak days, which is more responsible from ergonomic point of view.  

6.5 Order pickers 
The mechanization of the order picking process can have several impacts on the order pickers, since a 

part of their job will be replaced by an order picking robot and less order pickers are needed. As stated 

before, order advancement results in a less complex the personnel scheduling problem, due to a 

decrease in the needed number of order pickers and the better use of available production time in the 

MOS. This leads to more certainty for the order pickers (i.e. income), due to the increase in the available 

fixed contracts and the decrease in the number of temporary and flexible contracts. Consequently, this 

leads to a better bonding with and more loyality to PLUS, an increased motivation and a better work 

atmosphere, which are indirect indicators of productivity. In contrast, PLUS can show their trust in their 

employees by providing them a fixed contract.  

However, order advancement can harm the self-confidence of the order pickers, since their initial 

production hours are replaced by a robot and thus can have a disruptive effect on the motivation, 

bonding, loyality, motivation and work atmosphere.  

6.6 Limitations 
This research contains several limitations, which can affect the results and the implementation of the 

design. 
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6.6.1 Consumer demand 
As described in chapter 3, there is an upward trend of sales on Sunday, which is caused by more stores 

that are open on Sunday and an increase in the sales per store on Sunday. However, this leads to a 

decrease in the sales on Friday and Saturday. When the fraction of sales on Sunday grows, this 

automatically leads to some balancing in the order pattern of the store. In addition, the sales data is 

based on the scanning data in the stores and thus the sales for e-commerce are not incorporated, but 

the amount of sales in e-commerce grows. Since the grow in the fraction of Sunday sales and the grow 

of e-commerce is not incorporated in this design, this could harm the prediction of actual sales of the 

stores in 2024. In addition, the set of stores only corresponded for 60% of the total sales on Sunday. 

Therefore, in practice, less order advancement is needed, since sales on Sunday already lowers the 

influence of the weekly pattern. 

The used sample size is restricted to the first ten weeks in 2016. Consequently, the provided results will 

not reflect the case for other weeks during the year. 

6.6.2 Store order policy 
In the design, it was assumed that all products can be advanced and that there is no limitation on the 

amount of products that can be advanced. Due to the fast calculation time, this assumption was not 

changed. Excluding products from order advancement can lead to other products that will be advanced. 

Additionally, the consumer demand for promotional products was excluded from this analysis, because 

these orders will be picked in the MOS. However, the inclusion of promotional orders in the order 

advancement can influence the expected order sizes of the store and thus degree of order 

advancement.  

The order advancement is dependent on the maximum probability of overflow. An important indicator 

for the probability of overflow, and thus the inventory in the backroom, is the shelf capacity. At PLUS, no 

current data about the shelf capacities of calculated stores is available, so the shelf capacity was 

calculated using the parameters given by the space management department and verified with store 

visits and planograms of random stores. However, planograms of stores change frequently and store 

managers can decide partly on the extent to implement this planogram. Since each over estimation of 

the shelf capacity leads to extra backroom inventory, it is important that current information about the 

shelf capacity is retrieved, centrally stored and updated frequently, because this can improve the 

decision making process about order advancement and reduce the backroom inventory. Moreover, it 

was assumed that the shelf capacities for each store are equal. However, for several products, the shelf 

capacity can differ per store, based on the available sale space.  

Furthermore, it was assumed that stores follow a full-service replenishment strategy, which leads to an 

expected order size of one case pack. However, there are some products that not follow a full service 

replenishment strategy. Additionally, the resulting expected workload is used for calculations in the 

internal supply chain. However, this workload differs per product per week, but there is a lack of good 

approximations to consider these deviations over the weeks when order advancement is applied. 

Additionally, during the design it was assumed that store orders arrive in three different waves, which 

are equally spread over the opening hours in the DC. However, the order and delivery schedule can lead 

to another spread of stores over the pick waves. 
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Since the main objective of this project was to minimize the manual handling per day, first a model was 

developed that both incorporated the decision about the pick location and the order advancement. 

However, it turned out that this model couldn’t be solved optimally, which led to  the development of 

the hierarchical approach as described in the detailed design. Therefore, it could be the case that the 

order advancement will not result in the optimal solution in terms of manual handling.  

6.6.3 Manual order picking system 
For using the model of Geldof (1997), it is assumed that each pick wave contains the same amount and 

types of stores, which all have the same maximum lead time. In practice, each store has a different 

transportation time to the store and delivery time window, which leads to different maximum lead 

times for order picking. Incorporating priority scheduling in the MOS can lead to a higher amount of 

stores that are picked in time and thus to a reduction in the needed pick capacity. In addition, the 

calculations are based on the first unemployed order picker. However, in practice there will be a 

constant inflow of orders during the day, which does not lead to unemployed order pickers.  

The manual order picking characteristics are based on the order picking activities in the regional DC 

‘Oost’. Since the new DC has another layout, this will lead to another model for the average and the 

standard deviation of the order picking time per MPO. In addition, travel time to the expedition area, 

lunch breaks and the set up time for a MPO were excluded. Therefore, in practice, the utilization of the 

MOS will be higher. 

During the design, it was assumed that there are no restrictions on the number of case packs and the 

maximum weight an order picker is able to handle at one day. However, there exists several ergonomic 

and labor regulations (i.e. work time, number of breaks), which limits the maximum amount of work per 

order picker. In addition, it is assumed that each order picker has the same productivity, which in 

practice will differ among order pickers. When implementing this design, these factors must be included 

in the personnel scheduling process. 

Furthermore, it is assumed that products can be picked in each order and that each RC does not have a 

weight restriction. However, in practice this is not possible, since products needs to be stacked in a 

special order (i.e. heavy products at the botton, light products at the top, family grouping). In addition, 

RC’s need to be filled according to the store layout, which leads to handling efficiency in the stores 

Due to the unknown storage locations of the products in the MOS, it is assumed that products in a 

manual pick order are uniformly distributed over the pick locations in the DC. In addition, it is assumed 

that all MOS qualified products are stored in the MOS. However, some special products must be stored 

in a special bunker, due to their product characteristics . Therefore, incorporating the storage location in 

the determination of the optimal pick route can lead to significant time savings.  

6.6.4 Automated order picking system 
It is assumed that the pick robots does not experience any breakdowns. However, during operation 

breakdowns of a pick robot can occur, which influences the average and standard deviation of the cycle 

time of the automated order picking (Hopp  & Spearman, 2011). Therefore, an throughout analysis of 

the order picking time of the AOS can lead to a better alignment of the MOS and the AOS, and thus a 

better indication of the completion time of a whole store order. 
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For determining the used pick capacity of the AOS per store, the fraction of average sales per store in 

2016 was considered. However, other capacity allocations methods can influence the amount of 

products allocated to the AOS and so the need for manual pick capacity. 

In addition, it turned out that the calculated utilization of the AOS is lower than the utilization calculated 

by the supplier of the pick robots. Consequently, the actual manual handling can differ from the 

calculated manual handling. The deviation in utilization is caused by several reasons, since the 

calculations of the supplier are based on the utilization over all weeks (including peak weeks as Easter 

and Christmas), the actual order data of all stores in 2016 (not all stores have a 6 day order and delivery 

pattern), the picking of regular and promotional orders and a week pattern that is based on the sales in 

euro. 

Lastly, in the future PLUS wants to build an e-DC which will handle all the online orders. Thus, it is 

possible that this also leads to a reduction in the capacity needs for the semi-mechanized DC. 
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7 Conclusion and recommendations 
This last chapter summarizes the answers on the research questions. Thereafter, the potential 

performance improvement is discussed, followed by a short discussion of the academic relevance of this 

research. At the end, recommendations for future research and PLUS are given. 

7.1 Answer to research questions 
In this section, first each sub question will be discussed. Based on the answers of the sub questions, the 

final answer on the main research question will be defined.  

1. How can the average order pick time and the variability of the order pick time be reduced? 

The pick volume and picking, storage, routing and batching policies in the MOS determine the manual 

order pick time. Priority scheduling can reduce the average waiting time for high-priority units at the 

costs of longer waiting times for jobs with a lower priority. During peak hours extra capacity can be used 

which leads to an increase in the pick capacity, more efficient planning and thus a reduction in lead 

times. In addition, order arrival process can be controlled to increase the pick performance. The 

variability in the store order arrival process at the DC over the week can be reduced by balancing the 

retailer order intervals, introducing an flexible order quantity strategy, determining the optimal product 

unpacking location (i.e. store or DC), the optimal case pack size, replenishment lead time, shelf 

allocation to products or shifting the peak workload. 

2. What is the needed order picking capacity to ensure a certain delivery performance? 

To determine the optimal order pick capacity for a certain delivery performance, several models were 

developed. First, a mixed integer model optimizes the utilization of the pick robots, given the possible 

pick location of a product and minimizes the workload in the MOS by combining stores in a MPO. Given 

workload and number of pick locations that need to be visited, a heuristic is developed that optimizes 

the number of order pickers, given the average and the standard deviation of the pick time of a pick tour 

and the minimum delivery performance. 

 
3. What is the optimal expected order size per product per store per day to maximize the delivery 

performance and ensuring customer satisfaction? 

To determine the expected order size per store, a mixed integer model was developed, which smooth 

the expected workload over the week. This model minimizes the surplus workload by increasing the 

reorder level, which is restricted by the maximum advancement per day, given the probability of 

overflow of the shelves and the product availability. 

How can the due dates of the distribution center be met by considering a sufficient product availability in 

the store and all the relevant costs in the internal retail supply chain? 

Order picking in the DC can be improved by balancing the workload over the week. Since products that 

can be picked by a pick robot were picked manually on peak days, order advancement results in a shift 

of workload from the MOS on peak days to the AOS on non-peak days and to less required order pickers 

are. When considering the standard deviation of the manual order pick times, a better approximation of 

the number of order pickers can be made to increase the probability that orders are picked on time.  
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The decisions in the problem solving process are made using a hierarchical solution approach, which is 

based on the yearly order picking costs for automated and order picking and the inventory costs in the 

store.  

7.2 Performance improvement 
In this thesis, a design is presented that calculates the effects of order advancement on the order picking 

operations in a semi-mechanized DC. Using order advancement, less complex and cost efficient planning 

decisions can be made throughout the whole internal retail supply chain, while ensuring certain due 

dates. This leads to a better alignment of processes in the supply chain. The performance improvement 

for the DC is made on Friday and Saturday, since on those days the number of picked case packs are 

reduced with 58.8% and 56.8%, which resulted in a less complicated personnel and production planning 

schedule and cost reductions . 

7.3 Academic relevance 
In the literature review it was stated that there is a lack of research that considers an integrative 

approach in reducing the variability in both the store ordering process and order picking in the DC, while 

considering stochastic and seasonal demand, different order picking systems and the relevant costs for 

order picking. Compared to Kuhn and Sternbeck (2014) and research that focusses on the reduction of 

the manual order picking times in a DC, this research investigated several improvements. 

 Considering the standard deviation of the total pick time and the probability that the total 

manual order picking time is less than a maximum lead time, which has an influence on the 

required number of order pickers. 

 Determination of the pick location of products that can be picked in a manual order picking 

system with a variable order picking speed and with unlimited pick capacity or an automated 

order picking system with a constant order picking speed and a limited pick capacity. 

 Incorporation of the in store inventory replenishment system, such as in store product 

availability and shelf stacking. 

7.4 Recommendations for future research 
The recommendations for future research are based on the limitations of the design and are 

summarized in this section 

 The order and delivery schedule determines the arrival of store orders in the DC, where each 

store has a different lead time. Therefore an optimal arrival and order schedule must be 

determined, which aligns the store order moment, the order picking in the DC, the 

transportation and shelf stacking.  

 Since the departure of a truck is dependent on the completeness of a whole store order, it is 

recommended to align the order picking process of all the sub pick systems of the DC. 

Therefore, an optimal order release schedule for each sub pick system must be defined. 

Incorporating priority scheduling can increase the probability that a store order is delivered on 

time.  

 In the design, it is assumed that products are stored uniformly over the pick locations. However, 

defining an optimal picking, storage, routing and batching strategy can minimize the total travel 

distance, which minimizes the average and standard deviation of the total pick time.  



 

 
51 

 It was assumed that there is no order of products to be picked. However, incorporating the 

stacking order of a RC (i.e. weight of products, store layout) and family grouping in these 

decisions can improve the efficiency of the routing, batching and storage policies. 

 Order advancement leads to a reduction in the required number of employees. Since there are 

restrictions in manual order picking, which are caused by several regulations, the personnel 

scheduling can be incorporated in this optimization problem 

 Since for each day it is possible to decide on the pick location for several products, sufficient 

inventory must be available in both the MOS and the AOS, which leads to an increase in the 

inventory costs. In addition, the shelf life of the products needs to be incorporated, since storing 

products on multiple locations in the DC leads to a misalignment of the shelf life. Incorporating 

the inventory replenishment in the decision making will lead to an optimal decision in terms of 

inventory and handling costs.  

 Due to the change of workload on each day, the effect on handling in the store can be 

incorporated in future research  

 The mechanization of the order picking process can have an effect on the pick productivity of 

order pickers, therefore the new pick productivity must be determined. 

 The promotional demand is not incorporated in the design, the effect of order advancement on 

promotional products and on the order picking in the DC can be determined. 

 During the design, it is assumed that a full service inventory replenishment strategy is applied. 

However, for several fast moving products, this cannot be applied. Therefore, the expected 

number of order lines for those products need to be calculated with a new model. Additionally, 

the variation of workload over the weeks can be considered after the order advancement, which 

can be covered by a good approximation. 

 It was assumed that all products can be advanced. However, an optimal set of products can be 

defined for advancement that have the highest influence on the optimization of the manual 

order picking. 

7.5 Recommendations for PLUS Retail B.V. 
Based on this research, several recommendations for PLUS can be formulated. 

 Implement the order advancement in the current replenishment method and review the order 

and delivery schedule . 

 Define an optimal on time delivery probability and the optimal lead time per delivery wave by 

considering the costs in the whole internal supply chain. 

 Centrally store shelf capacity data in the ASO-system, update this data frequently, guarantee 

accuracy and incorporate it in the decision making processes to prevent for unexpected 

backroom inventory. 

 Determine an optimal picking, storage, routing and batching strategy for the MOS that reduces 

the average and the standard deviation of the pick time. 

 Align all the sub picking systems in the DC and the transportation with each other to reduce the 

inventory in the expedition area. 

 Define an optimal personnel schedule, which incorporates breaks, to reduce the average and 

standard deviation of the pick time per pick wave and to ensure an on time delivery. In addition, 
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incoporate the effect of mechanization on the order pickers in the determination of the pick 

productivity in the MOS. 

 Determine the optimal set of products and set of stores that have to apply order advancement.  
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Appendix A Organogram PLUS 
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45%

Figure 41 Organogram PLUS 
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Appendix B Company description 

History  

The history of PLUS started in the years ’20 of the last century, when there existed many co-operations 

of grocers. The demand for a national procurement policy grew and the co-operations searched for an 

own overarching trademark, which was found during a conflict with a soap powder manufacturer. The 

‘Coöperatieve Bond Kruideniers Inkoopvereniging Het Nederlands Sperwerverbond’ was founded on 

March 14, 1928 with its own brand ‘Sperwer’. Later, several store owners joined this growing and 

flourishing organization. During the years, the brand name changes several times, but is now called 

PLUS. At this moment, PLUS consists of 218 independent entrepreneurs, 262 supermarkets and 17.000 

employees. Each entrepreneur participates in the organization. For example, each entrepreneur is 

allowed to decide on 15% of their own assortment and is a shareholder of the organization (see 

Appendix A). Every year, they get a dividend which is based on the profit of PLUS and they have 

influence on important decisions.   

 

Figure 42 Timeline PLUS 2001 – 2015 

Brand values 

PLUS differentiates itself using their brand values. Therefore, all the activities of PLUS can be placed in 

the frame of one of their brand values, which are displayed in Table 2. 

Recent projects 

PLUS won’t grow by adding new stores, because at this moment PLUS has the perfect size for one 

mechanized distribution center and for being flexible to react risks, such as change easily to another 

supplier. To be competitive, PLUS invests the coming three years around €200 million in store 

renovation, e-commerce, information systems and the new mechanized DC.2  Furthermore, better 

supplier conditions and cost reductions in the logistics caused an improvement of the results in 2016.  

                                                           
2
 Financieel dagblad, 08-03-2017 
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Brand value Description Examples 

Attention PLUS focuses on the enterpreneurs 
and employees, by giving them 
much attention 

 ‘Beste PLUS van 
Nederland’-election 

 Education: PLUS academy 

 Satisfaction surveys 

Quality All (operational) processes are 
constantly monitored. 
PLUS focuses on improving the 
performance of fresh products 

 Best wine supermarket 
2015 

 Best customer friendly 
supermarket 2013 

 Best supermarket 2014 

Local Each entrepeneur is closely 
involved with the neighbourhood 

 Local assortment 

 Local promotional 
activities 

Responsible PLUS pursues a responsible origin 

of products, responsibility for a 

better climate and health, vitality 

of the employees and customers 

and gives attention to people and 

the society. 

 Most Fair-trade certified 

house brand products 

 Contract with the Max 

Havelaar foundation 

 Constantly extend fair 

trade-assortment 

 Most responsible 

supermarket  2015, 2016 

and 2017 

 Profitable waste 

operations 

Table 3 Brand values of PLUS 
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Development Description Outcomes 

E-commerce PLUS implemented a new online 
platform, which offers customers 
inspiration, benefits, discounts and 
online shopping possiblities. The 
goal of these activities is not to 
improve the profit but to increase 
the customer service. This makes 
PLUS distinctive and captures 
growth possibitilies. 

 New website 

 Online shopping with 
delivery at home or in the 
store (240 stores) 

 Delivery to the business 
market 

 Increased customer 
service 

 PLUS App and PLUS 
Express 

 

Briljant formula Since 2010, half of the PLUS 
supermarkets have the ‘Briljant’ 
layout, which leads customers 
from the breakfast part to the 
lunch and dining part of the store. 

 Redesign of stores 

 Better appearance and 
atmosphere in the store 

 Growth 

 At this moment 224 
winkels have the Briljant 
formula 

 Development of Briljant 
2.0 

Information systems Several information system will be 
replaced, because they are at the 
end of their lifecycle and cause 
operational restrictions 

 Implementation of SAP 
and other information 
systems for the 
distribution centers, stores 
and service office 

Sustainability PLUS is constantly increasing the 
assortment with certified 
sustainable and fairtrade products 

 Meat promotions only 
with ‘sustainable’ meat 

 Certified products, such as 
‘Beter leven’ meat and 
‘Max Havelaar’ fruit and 
coffee  

Table 4 PLUS recent projects 
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Appendix C Market description and position 
Every day, 4 million people go shopping in a supermarket in the Netherlands. With around 4300 

supermarkets, there is always one in the neighborhood. In 2015, the total turnover in the market grew 

to 35,9 billion euro3. The Dutch customer does not save on food and drinks and likes to choose for 

convenience. Therefore, many supermarkets offer delivery service, online shopping and special 

‘convenience’ products. Furthermore, the supermarkets are busy creating a sustainable food chain, for 

example by changing their production processes and setting up sustainable DC’s and stores. As a 

consequence, the customer is becoming more aware of fair-trade, animal and environment friendly 

products4. Lastly, the supermarket ensures that food and drinks stay affordable. The most important 

trends in the supermarket branch at the moment are given in Table 1 on the next page.  

The market shares of the biggest and the best supermarkets, as stated in the ‘GFK Kerstrapport 2016’, 

are given in Figure 2. In 2016, PLUS had a turnover of 2,26 billion euro, which was a grow of 1,5% 

(market grow 0,7%), a market share of 6,24% and an operational profit of 51, 2 million euro, which is a 

growth of 6,5%. In 2015, PLUS was the fastest growing supermarket in the Netherlands5, with every 

week 2,5 million customers. In ‘Het GFK Kerstrapport 2016’, PLUS ends at the 7th place in the overall 

ranking. In 2016, the customer appreciation grew, due to a better ‘low price’ image6. Due to the high  

amount of supermarkets on the Dutch food retail market, there exists much competition between the 

several supermarket chains. Each supermarket aims for the highest service level and the lowest prices 

for their customers, which is reflected in several price wars in the last years.  

 

 

Figure 43 Market shares biggest and best supermarkets
7
  

                                                           
3
 Retrieved from http://www.cbl.nl/de-supermarktbranche/feiten-en-cijfers on the 3

rd
 of March, 2017 

4
 Retrieved from http://www.cbl.nl/de-supermarktbranche/duurzaamheid on the 3

rd
 of March, 2017 

5
 Retrieved from ‘PLUS Jaarverslag 2015’ 

6
 Retrieved from ‘GFK Kerstrapport 2016’ 

7
 Retrieved from http://www.distrifood.nl/service/marktaandelen on the 3

rd
 of March, 2017 
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Figure 44 Positionmatrix based on prestation and appreciation
8
  

 

Trend Examples 

Food safety, convencience and health  Meal boxes and personalized food 

 Responsible and sustainable products 

 Small supermarkets at high-traffic locations 

 Decrease of klantloyality; the midsegment is 
under pressure 

Sustainable food chain  Make value of waste  

 Grow of the biologic segment 

Applying new technologies  Applying and making value of big data 

 Transparance due to ratings and quality marks 

 Supermarket without a cash desk; remove the 
queue by selfscanning 

Table 5 The latest market trends
9
  

  

  

                                                           
8
 Retrieved from ‘GFK Kerstrapport 2016’ 

9
 Retrieved from https://www.rabobankcijfersentrends.nl/index.cfm?action=branche&branche=Supermarkten on 

the 3
rd

 of March, 2017 

https://www.rabobankcijfersentrends.nl/index.cfm?action=branche&branche=Supermarkten
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Appendix D Current logistic structure 

 

Figure 45 Map of DC’s 

   

 

Figure 46 Distribution network of PLUS 
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Appendix E Semi-mechanized distribution center 

Automated order picking system 

OPM offers fully automated case handling. After registration in the receiving area, pallets are stored in 

the pallet warehouse and, when needed, transferred to an automated layer de-palletizer. Following the 

de-palletizing of the layers, cases are separated, automatically loaded onto trays, and buffered in the 

tray warehouse. The trays are automatically retrieved from the tray warehouse when required for an 

order. They are supplied in the optimal sequence, considering the pallet stability, flexibility, product 

group and the store layout. Thereafter, cases are automatically separated from their trays, and stacked 

onto roll containers. Once complete, the order pallet is automatically removed from the pack corner and 

shrink wrapped. 

Manual order picking system using pick trucks 

This picking system will be used for ‘ugli’s’ (i.e. products that cannot be handled by the OPM due to their 

product characteristics) and when the OPM is over capacitated. The CPS storage system is a manual 

order picking system for route-optimized picking of cases onto roll containers, which will be supported 

by pick-by-light technology. The order-related replenishment of the pick front is automated through the 

use of stacker cranes. The positioning of an article is performed in a systematically-controlled way based 

on the store layout. The slow movers will have dynamic pick locations, while the fast movers have a 

fixed pick location. According to the principle "person-to-goods" it is possible in CPS to pick several 

orders in parallel at one time by one picker. 

Manual order picking system using pick-by-light 

This system is used for all products with an extremely low demand (i.e. 0,2 case packs per store per day). 

First, each product will be unpacked and stored in a product assigned tote. The highly dynamic and 

automated picking in the DPS is supported by a pick-by-light system. The DPS works according to 

person-to-goods system. Based on the static and dynamic provision of the stored goods, picker walking 

distances are reduced. Each starting with the workstations for repacking the goods into totes through to 

the workstations for the order picking.  
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Appendix F Seasonality consumer demand 
The calculation of the seasonality of the consumer demand is based on the sales data in 2016 of 101 

stores. Since the demand pattern of a store that is open on Sunday differs from the demand pattern of a 

store that is not open on Sunday, also the seasonality factors for the set of stores with and without 

Sunday openings are calculated. The seasonal factors are calculated using the method as described in 

Nahmias & Olsen (2015). 

Day Weekly seasonality factor -  total Weekly seasonality factor -  
every Sunday opened 

Weekly seasonality factor -  
not opened on Sunday 

1 0,892034 0,884597337 0,783934149 
2 0,873037 0,866261004 0,766517236 
3 0,951067 0,942884892 0,836177709 
4 1,050265 1,021481785 0,951816522 
5 1,465221 1,392709091 1,374448186 
6 1,398945 1,347201952 1,287106198 
7 0,369431 0,544863939 -  

Table 6 Seasonality factors per day based on sales data of 2016 of 101 stores 
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Appendix G Demand analysis 

Total demand 

Tests of Normality 

 

Weeknummer 

Kolmogorov-Smirnova Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

Totaal 2 ,136 19 ,200* ,900 19 ,048 

3 ,129 19 ,200* ,914 19 ,088 

4 ,154 19 ,200* ,903 19 ,055 

5 ,112 19 ,200* ,907 19 ,066 

6 ,186 19 ,082 ,907 19 ,065 

7 ,141 19 ,200* ,912 19 ,081 

8 ,177 19 ,118 ,882 19 ,023 

9 ,157 19 ,200* ,890 19 ,032 

10 ,142 19 ,200* ,888 19 ,029 

11 ,149 19 ,200* ,901 19 ,051 

*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 

 
Test of Homogeneity of Variance 

 Levene Statistic df1 df2 Sig. 

Totaal Based on Mean ,046 9 180 1,000 

Based on Median ,034 9 180 1,000 

Based on Median and with 
adjusted df 

,034 9 179,118 1,000 

Based on trimmed mean ,045 9 180 1,000 

 
ANOVA 
Total demand   

 Sum of Squares df Mean Square F Sig. 

Between Groups 13025837,053 9 1447315,228 ,122 ,999 
Within Groups 2131171565,78

9 
180 11839842,032   

Total 2144197402,84
2 

189    

 
Based on the Kolmogorov-Smirnov test, it can be concluded that the data is normal distributed and thus 

an ANOVA analysis can be applied. The Levene’s test is not significant and thus homogeneity of 

variances can be assumed. The F-statitisic of the ANOVA is not significant, which indicates that the total 

sales do not differ over the weeks.  
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Regular demand 

Tests of Normality 

 

Weeknummer 

Kolmogorov-Smirnovb Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

Afzet (CE) 2 ,161 19 ,200* ,878 19 ,020 

3 ,184 19 ,090 ,874 19 ,017 

4 ,159 19 ,200* ,885 19 ,026 

5 ,153 19 ,200* ,876 19 ,018 

6 ,181 19 ,103 ,889 19 ,031 

7 ,159 19 ,200* ,901 19 ,050 

8 ,172 19 ,142 ,867 19 ,013 

9 ,183 19 ,093 ,879 19 ,020 

10 ,184 19 ,089 ,868 19 ,013 

11 ,165 19 ,186 ,882 19 ,023 

*. This is a lower bound of the true significance. 
b. Lilliefors Significance Correction 
 
Test of Homogeneity of Variance 

 Levene Statistic df1 df2 Sig. 

Afzet (CE) Based on Mean ,053 9 180 1,000 

Based on Median ,035 9 180 1,000 

Based on Median and with 
adjusted df 

,035 9 177,892 1,000 

Based on trimmed mean ,054 9 180 1,000 

 
ANOVA 
Regular demand   

 Sum of Squares df Mean Square F Sig. 

Between Groups 2687678,742 9 298630,971 ,033 1,000 
Within Groups 1640056163,05

3 
180 9111423,128   

Total 1642743841,79
5 

189    

 

 
Based on the Kolmogorov-Smirnov test, it can be concluded that the data is normal distributed and thus 

an ANOVA analysis can be applied. The Levene’s test is not significant and thus homogeneity of 

variances can be assumed. The F-statitisic of the ANOVA is not significant, which indicates that the 

regular sales do not differ over the weeks.  
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Promotional demand 

Tests of Normality 

 

Weeknummer 

Kolmogorov-Smirnovb Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

Afzet (CE) 2 ,142 19 ,200* ,943 19 ,296 

3 ,252 19 ,003 ,896 19 ,040 

4 ,215 19 ,021 ,908 19 ,067 

5 ,177 19 ,121 ,870 19 ,014 

6 ,151 19 ,200* ,953 19 ,442 

7 ,174 19 ,134 ,922 19 ,121 

8 ,181 19 ,104 ,923 19 ,129 

9 ,171 19 ,147 ,936 19 ,219 

10 ,172 19 ,140 ,907 19 ,064 

11 ,160 19 ,200* ,923 19 ,128 

*. This is a lower bound of the true significance. 
b. Lilliefors Significance Correction 
 
Test of Homogeneity of Variance 

 Levene Statistic df1 df2 Sig. 

Afzet (CE) Based on Mean 4,857 9 180 ,000 

Based on Median 2,881 9 180 ,003 

Based on Median and with 
adjusted df 

2,881 9 124,236 ,004 

Based on trimmed mean 5,008 9 180 ,000 

 
ANOVA 
Promotional demand   

 Sum of Squares df Mean Square F Sig. 

Between Groups 17110242,637 9 1901138,071 6,921 ,000 
Within Groups 49443989,474 180 274688,830   
Total 66554232,111 189    

 
Robust Tests of Equality of Meansa 
Promotional demand   

 Statisticb df1 df2 Sig. 

Welch 4,636 9 73,138 ,000 
Brown-Forsythe 6,921 9 132,020 ,000 

b. Asymptotically F distributed. 
 
Based on the Kolmogorov-Smirnov test, it can be concluded that the data is normal distributed and thus 

an ANOVA analysis can be applied. The Levene’s test is significant and thus homogeneity of variances 

cannot be assumed. Therefore, the F-statitisctic of the Welch and Brown-Forsythe test have to be 

interprested. Since these are significant, this indicates that promotional sales differ over the weeks.  
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Appendix H Workload distribution center 
 

 

Figure 47 Total workload for regular orders per week based on the sales data in 2016 for the different pick systems 

 

Figure 48 Allocation of products over the different pick systems based on the average sales of 2016 
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Appendix I Notation models detailed design 

Order advancement 

Notation 
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And thus the maximum possible increase of the reorder level at day t is equal to;  

                             
           

 

Linear programming model for order advancement 
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Expected backroom inventory 
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Allocation pick system 

Notation 
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Mixed integer model for determining the pick location 
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Allocation manual pick order 

Indices           
                       
        
             

Parameters                                                                 
                               
                             
                                                              

                                                             
                       

Variables                                              
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Mixed integer model for the allocation of stores to a manual pick order 
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Number of order pickers and on delivery performance 

Notation 

Parameters               
                                                                            
                                                       
                                                               
                                         

Variables                                              
                                                                      
     

                                                                           
                    
     

                                                                                   
                    
                                                                 
                                                                        
                                                                               
                    
     

                                                                                  
                    
                                      
                                              

  
                                                                    

                                                                           
                                                     

                              
                                                             

                                                                  

 

  



 

 
74 

Algorithm optimal number of order pickers 
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Appendix J Multiple linear regression for the manual handling time 

Exploration of the data  

Tests of Normality 

 
Kolmogorov-Smirnov

a
 Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 

totalTime ,054 314 ,028 ,971 314 ,000 
stdevTotaltime ,123 314 ,000 ,907 314 ,000 
Casepacks ,052 314 ,043 ,975 314 ,000 
Orderline ,091 314 ,000 ,954 314 ,000 
AantalRC ,410 314 ,000 ,691 314 ,000 
AantalAisles ,147 314 ,000 ,927 314 ,000 
CPOL ,336 314 ,000 ,340 314 ,000 

a. Lilliefors Significance Correction 

 
 

 
 

 
Based on the test of normality and the histograms it can be concluded that outliers need to be removed 
for the standard deviation of the total pick time, the number of case packs, the number of aisles and the 
case packs per order line. In additions, transformations needs to be made for the standard deviation and 
the case packs per order line. 
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Tests of Normality 

 
Kolmogorov-Smirnov

a
 Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 

totalTime ,051 186 ,200
*
 ,988 186 ,123 

lnStdevTotalTime ,061 186 ,089 ,980 186 ,009 
Casepacks ,054 186 ,200

*
 ,983 186 ,024 

Orderline ,062 186 ,081 ,983 186 ,025 
AantalAisles ,135 186 ,000 ,958 186 ,000 
lnCPOL ,119 186 ,000 ,946 186 ,000 

*. This is a lower bound of the true significance. 

a. Lilliefors Significance Correction 

 

 
 

 
 
After deletion of the outliers and transformation of several variables, each variables shows a good 
distribution over the possible values. Therefore, multi linear regression can be applied. 
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Correlations 

 totalTime lnStdevTotalTime Casepacks Orderline AantalAisles lnCPOL 

totalTime Pearson Correlation 1 ,811** ,603** ,765** ,259** -,214** 

Sig. (2-tailed)  ,000 ,000 ,000 ,000 ,003 

N 186 186 186 186 186 186 

lnStdevTotalTime Pearson Correlation ,811** 1 ,504** ,575** ,134 -,104 

Sig. (2-tailed) ,000  ,000 ,000 ,068 ,158 

N 186 186 186 186 186 186 

Casepacks Pearson Correlation ,603** ,504** 1 ,562** ,128 ,384** 

Sig. (2-tailed) ,000 ,000  ,000 ,082 ,000 

N 186 186 186 186 186 186 

Orderline Pearson Correlation ,765** ,575** ,562** 1 ,344** -,487** 

Sig. (2-tailed) ,000 ,000 ,000  ,000 ,000 

N 186 186 186 186 186 186 

AantalAisles Pearson Correlation ,259** ,134 ,128 ,344** 1 -,321** 

Sig. (2-tailed) ,000 ,068 ,082 ,000  ,000 

N 186 186 186 186 186 186 

lnCPOL Pearson Correlation -,214** -,104 ,384** -,487** -,321** 1 

Sig. (2-tailed) ,003 ,158 ,000 ,000 ,000  

N 186 186 186 186 186 186 

**. Correlation is significant at the 0.01 level (2-tailed). 

 
This correlation matrix reveals that there exists significant correlations between several variables. Based 
on the correlation coefficients, variables will be added to models.  
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The total pick time 

Model Summary
b
 

Model R R Square Adjusted R Square 

Std. Error of the 

Estimate Durbin-Watson 

1 ,765
a
 ,585 ,583 7,5140544 1,056 

a. Predictors: (Constant), Orderline 

b. Dependent Variable: totalTime 

Coefficients
a
 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. 

Collinearity Statistics 

B Std. Error Beta Tolerance VIF 

1 (Constant) 4,999 1,486  3,364 ,001   

Orderline ,315 ,020 ,765 16,108 ,000 1,000 1,000 

a. Dependent Variable: totalTime 

 

 
 
Based on the correlation matrix, the number of order lines has the highest correlation coefficient with 
the total pick time. The model reveals that the contribution of the number of order lines is significant for 
determine the pick time. The adjusted R2 is 0.583, which indicates that this model predicts 58,3% of the 
variance in the pick time. When looking at the scatter plot, there exists no structure and thus the 
assumption of heteroscedasticity is met.  
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Model Summary
b
 

Model R R Square Adjusted R Square 

Std. Error of the 

Estimate Durbin-Watson 

1 ,793
a
 ,629 ,625 7,1249214 1,142 

a. Predictors: (Constant), Casepacks, Orderline 

b. Dependent Variable: totalTime 

Coefficients
a
 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. 

Collinearity Statistics 

B Std. Error Beta Tolerance VIF 

1 (Constant) 1,467 1,601  ,917 ,361   

Orderline ,256 ,022 ,623 11,441 ,000 ,685 1,461 

Casepacks ,062 ,013 ,253 4,653 ,000 ,685 1,461 

a. Dependent Variable: totalTime 

 

 
 
Based on the added variable plot (i.e. the first plot), no transformation of variable ‘Casepacks’ has to be 
made. The model reveals that both the contribution of the number of order lines and the number of 
case packs is significant for determining the pick time. The adjusted R2 is 0.625, which indicates that this 
model predicts 62.5% of the variance in the pick time. When looking at the scatter plot, there exists no 
structure and thus the assumption of heteroscedasticity is met.  
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Model Summary
b
 

Model R R Square Adjusted R Square 

Std. Error of the 

Estimate Durbin-Watson 

1 ,793
a
 ,629 ,623 7,1427374 1,136 

a. Predictors: (Constant), AantalAisles, Casepacks, Orderline 

b. Dependent Variable: totalTime 

Coefficients
a
 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. 

Collinearity Statistics 

B Std. Error Beta Tolerance VIF 

1 (Constant) 1,126 1,973  ,571 ,569   

Orderline ,254 ,024 ,617 10,667 ,000 ,609 1,642 

Casepacks ,063 ,014 ,255 4,650 ,000 ,680 1,471 

AantalAisles ,108 ,362 ,014 ,297 ,767 ,875 1,143 

a. Dependent Variable: totalTime 

 

 
 
Based on the added variable plot (i.e. the first plot), no transformation of variable ‘AantalAisles’ has to 
be made. The model reveals that both the contribution of the number of aisles is insignificant for 
determining the pick time. The adjusted R2 is 0.623, which is worse than the previous model. Therefore, 
the variable ‘AantalAisles’ will not be added to the model.  
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Model Summary
b
 

Model R R Square Adjusted R Square 

Std. Error of the 

Estimate Durbin-Watson 

1 ,793
a
 ,629 ,623 7,1399823 1,145 

a. Predictors: (Constant), lnCPOL, Casepacks, Orderline 

b. Dependent Variable: totalTime 

Coefficients
a
 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. 

Collinearity Statistics 

B Std. Error Beta Tolerance VIF 

1 (Constant) 2,557 2,786  ,918 ,360   

Orderline ,231 ,057 ,561 4,031 ,000 ,105 9,528 

Casepacks ,077 ,032 ,311 2,358 ,019 ,117 8,518 

lnCPOL -1,853 3,873 -,060 -,478 ,633 ,131 7,648 

a. Dependent Variable: totalTime 

 

 
 
Based on the added variable plot (i.e. the first plot), no transformation of variable ‘lnCPOL’ has to be 
made. The model reveals that both the contribution of the number of the natural logarithm of the case 
packs per order line is insignificant for determining the pick time. The adjusted R2 is 0.623, which is 
worse than the previous model. Therefore, the variable ‘lnCPOL’ will not be added to the model.  
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Standard deviation of the total pick time 

Model Summary
b
 

Model R R Square Adjusted R Square 

Std. Error of the 

Estimate Durbin-Watson 

1 ,811
a
 ,658 ,656 ,40606 1,564 

a. Predictors: (Constant), totalTime 

b. Dependent Variable: lnStdevTotalTime 

 

Coefficients
a
 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. 

Collinearity Statistics 

B Std. Error Beta Tolerance VIF 

1 (Constant) 1,976 ,076  26,018 ,000   

totalTime ,048 ,003 ,811 18,815 ,000 1,000 1,000 

a. Dependent Variable: lnStdevTotalTime 

 

 
 
Based on the correlation matrix, the total pick time has the highest correlation coefficient with the 
standard deviation of the total pick time. The model reveals that the contribution of total time is 
significant for determining the standard deviation of the total pick time. The adjusted R2 is 0.656, which 
indicates that this model predicts 65,6% of the variance in standard deviation of the total pick time. 
When looking at the scatter plot, there exists no structure and thus the assumption of 
heteroscedasticity is met.  
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Model Summary
b
 

Model R R Square Adjusted R Square 

Std. Error of the 

Estimate Durbin-Watson 

1 ,814
a
 ,663 ,659 ,40418 1,530 

a. Predictors: (Constant), Orderline, totalTime 

b. Dependent Variable: lnStdevTotalTime 

Coefficients
a
 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. 

Collinearity Statistics 

B Std. Error Beta Tolerance VIF 

1 (Constant) 2,030 ,082  24,650 ,000   

totalTime ,053 ,004 ,895 13,438 ,000 ,415 2,410 

Orderline -,003 ,002 -,110 -1,649 ,101 ,415 2,410 

a. Dependent Variable: lnStdevTotalTime 

 

 

 
Based on the added variable plot (i.e. the first plot), no transformation of variable ‘Orderline’ has to be 
made. The model reveals that the contribution of the number of order lines is insignificant for 
determining the standard deviation of the total pick time. The adjusted R2 is 0.659, which is almost the 
same as the previous model. Therefore, it is decided to not incorporate the number of order lines in the 
model. 
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Appendix K Shelf capacity 
 

Store Number of 
products  

Number of 
products 
with lower 
amount of 
facings 

Average 
factor - 
lower 

Number of 
products 
with higher 
amount of 
facings 

Average 
factor -
higher 

Number of 
products 
correct 

Average 
factor - 
Total 

1 61 18 (30%) 0.62 23 (38%) 1.67 20 (32%) 1.14 
2 63 15 (24%) 0.62 32 (51%) 1.98 16 (25%) 1.41 
Table 7 Shelf capacity based on store visits 

Store Number of 
products 

Number of 
products 
with lower 
amount of 
facings 

Average 
factor - 
lower 

Number of 
products 
with higher 
amount of 
facings 

Average 
factor -
higher 

Number of 
products 
correct 

Average 
factor - 
Total 

3 68 15 (22%) 0.60 22 (32%) 1.97 31 (46%) 1.23 
4 74 14 (19%) 0.61 27 (36%) 2.12 33 (45%) 1.34 
5 71 18 (25%) 0.59 22 (31%) 2.21 31 (44%) 1.27 
Table 8 Shelf capacity based on the planogram of week 24 in 2017 

An explanation for the underestimation of the shelf capacity is that often products are not only stacked 

in a row, but also on each other, which leads to higher amount of facings in less space, which is often 

applied to products with high sales. In addition, the product characteristics have an important role. For 

example, for products packed in bags, such as candy, chips and popcorn, it is much easier to stack more 

on products on a shelf than, for example, products stored in cans. The main reason for overestimation of 

the shelf capacity is that some products have another kind of shelf, which is for example the case for 

herbs, luxury chocolate and packed sausages. Thus it can be concluded that, on average, the total shelf 

capacity is equal or higher than the calculated shelf capacity and therefore the outcomes will be a lower 

bound of the estimates.   
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Appendix L Linear regression model customer demand 
 

Weekday Constant Coefficient ln(μ) R-squared 

1 0.110 0.576 0.869 

2 0.136 0.593 0.877 

3 0.096 0.569 0.866 

4 0.108 0.578 0.850 

5 0.095 0.568 0.849 

6 0.051 0.547 0.867 

7 - - - 

Average 0.099 0.572 0.863 
Table 9 lineair regression, models are significant with a p-value of 0.00, small store, only regular demand.  

Weekday Constant Coefficient ln(μ) R-squared 

1 0.084 0.561 0.868 

2 0.095 0.566 0.876 

3 0.070 0.554 0.874 

4 0.052 0.548 0.878 

5 0.063 0.553 0.876 

6 0.044 0.541 0.877 

7 0.156 0.591 0.882 

Average 0.081 0.559 0.876 
Table 10 lineair regression, models are significant with a p-value of 0.00, average store, only regular demand.  

Weekday Constant Coefficient ln(μ) R-squared 

1 0.058 0.553 0.872 

2 0.083 0.567 0.875 

3 0.051 0.545 0.864 

4 0.046 0.546 0.870 

5 0.033 0.544 0.869 

6 0.029 0.540 0.870 

7 - - - 

Average 0.050 0.549 0.870 
Table 11 lineair regression, models are significant with a p-value of 0.00, big store, only regular demand.  
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Appendix M Order advancement 
 

 

Figure 49Percentage of products that can be advanced 

 

Figure 50Percentage of the total shelf capacity that can be used for order advancement 

 

Figure 51 Percentage of the shelf capacity per product that is equal to the lead time demand 
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Figure 52Workload for the DC before order advancement 

 

Figure 53Workload for the DC per product after order advancement 

 

Figure 54 Influence of order advancement on the number of order lines  
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Figure 55Change of the total inventory in the store 

 

 

Figure 56 Change of the number of placed overflow in the backroom of all stores 
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Appendix N Order picking 

 

Figure 57 Manual order picking time characteristics for Saturday when using 3 and 4 RC’s and 20 robots in the AOS before order 
advancement 

 

Figure 58 Utilization of the MOS per pick wave per order picker for a lead time of 6 hours 

Effect of the number of order pickers on the delivery performance 

 

Figure 59 Effect of the number of order pickers on the delivery performance 
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Effect of the percentage of stores that apply order advancement  

 

Figure 60 Total manual order pick time per week for different fractions of stores that apply order advancement 

 

Figure 61Minimum required number of order pickers for different fractions of order advancement  

Effect of the growth in case packs and order lines on order advancement 

 

Figure 62 Effect of the growth of the number of case packs and the number of products picked in the MOS on utilization per pick 
wave of 6 hours 


