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Abstract 

I. Abstract 
This master thesis research has been conducted in collaboration with ASML in Veldhoven. ASML, same 

as other capital goods manufacturers, continuously seek for better stock allocation methods for their 

spare parts in order to reduce inventories while still guaranteeing certain service levels to their 

customers. This thesis contributes by investigating whether inventory in the spare part network can be 

reduced by decreasing total replenishment lead time of spare parts, through keeping components 

required in the production and repair of spare parts on stock. Hereto, we developed an integrated 

planning model that decides on target stock values of spare part and its components. Within the 

developed integrated planning model the new production as well as repair flow is incorporated, which is 

to our best knowledge unique in literature. The obtained results provide important insights in the 

potential value of keeping component stock. For the selected business case of ASML we found that 

31.67% of the inventory value can be reduced by decreasing total replenishment lead time of spare 

parts through keeping component stock.    
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Executive summary 

II. Executive Summary 
This report is the result of a master thesis project conducted at ASML in Veldhoven. ASML is one of the 

world’s leading manufacturers of chip-making equipment and a key to the chip industry. Their highly 

complex machines are used in the primary processes of their customers which makes system uptime 

highly important. Therefore, ASML offers same as many other capital goods manufacturers after sales 

service. After sales service requires a global network of warehouses in which spare parts are stocked to 

immediately react after a system failure at the customer. High spare part availability is thus important. 

ASML continuously invest in seeking better stock allocation methods for their spare parts in the global 

network of warehouses in order to reduce inventories while still guaranteeing certain service levels to 

their customers.  

 

The global warehouse is a key in the spare part network as it is responsible for the replenishment of 

spare parts to the field consisting of several warehouses (e.g. local warehouses). An important factor in 

the determination of spare part stock levels in the global warehouse is lead time in which spare parts 

are produced or repaired and dispatched to the global warehouse. Large replenishment lead times 

result in higher target stock levels whereas shorter replenishment lead times result in lower target stock 

levels. In this thesis we examined whether inventory can be reduced by decreasing replenishment lead 

time through keeping components required in the production and repair of spare parts on stock. This is 

motivated by the fact that for ASML it was found that a large part of replenishment lead time consists of 

supplier lead time (i.e. time waiting for components to be arrived from suppliers). By keeping 

component stock, time waiting for components will decrease which results in drastically shorter 

replenishment lead times as the majority of the current lead time consists of supplier lead time.  

 

In this thesis we developed a planning model that integrates the planning of spare parts (newly 

produced or repaired) and components from which the spare part is constructed. This model is referred 

as integrated planning model in this thesis. With the integrated planning model we investigated whether 

by investment in components replenishment lead time can be reduced to such an extent that expensive 

spare part stock in the global warehouse decreases and total inventory value also reduces. We thus 

bring a new perspective on the allocation of inventories within the spare part network. Rather than only 

allocating stock to expensive spare parts, stock is allocated to less expensive components. As spare parts 

in the capital goods industry are very expensive, a potential reduction in stock level at the global 

warehouse is interesting. The integrated planning model is an alternative to the current planning model 

(referred as non-integrated planning model) for the reason that currently no components are kept on 

stock; components are only ordered after a demand arrival of a spare part.  

 

The thesis contributes to literature and the capital goods manufacturing industry with a planning model 

that incorporates both the new production and repair flow of spare parts, which is to our best 

knowledge unique in literature. Furthermore, we relaxed the assumption that within the repair of a 

spare part only one single component has to be replaced in order to turn the failed part into a ready to 

use part.  
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Model formulation 
The integrated-planning model that has been developed, aims at minimizing investment costs while a 

constraint with respect to the expected waiting time is taken into account. Expected waiting time is 

defined as the maximum number of days that the field has to wait in case a spare part is not directly 

available in the global warehouse. The heuristic solution method determines the target stock levels for a 

particular spare part and its components, is constituted based on a basic greedy algorithm and contains 

four additional building blocks. The extra building blocks are (for selected business case of ASML) 

responsible for almost six times as much inventory reduction as only having the original greedy 

algorithm as solution method.  

 

Analysis 
A business case with real-life data of ASML has been investigated in which the investment costs using 

the current non-integrated planning model have been compared to the investment costs that result 

from using the integrated planning model developed in this thesis research. This comparison indicates 

the potential value, in terms of inventory reduction, of keeping components required for production and 

repair of spare parts on stock. The quality of the developed heuristic is, for spare parts consisting of a 

small number of components (<10), evaluated by comparing the heuristic solutions with the optimal 

solutions found by complete enumeration.  Additionally a full-factorial ANOVA analysis is conducted in 

which it has been investigated for which type of spare parts an integrated planning model is beneficial.    

 

Conclusions 
From the business case, we found that by keeping components on stock, spare part lead times can be 

reduced to such an extent that stock of expensive spare parts in the global warehouse can decrease. As 

components are usually less expensive than complete spare parts, inventory is reduced. For the selected 

sample of 26 spare parts of ASML,  21 spare parts are found to be worthwhile to invest in components.  

For those spare parts a total inventory reduction of 31.67% can be achieved by using the integrated 

planning model instead of the non-integrated planning model. By comparing the stock allocation 

solutions determined by the developed integrated planning model with the optimal solutions found 

through complete enumeration, we concluded that the developed planning model generates high 

qualitative solutions.  

 

The full-factorial ANOVA analysis has indicated that an integrated planning model is mostly of value for 

spare parts with a high cost price, high expected yearly demand rate, and a high scrap rate. Also for 

spare parts that contain the components with large supplier times an integrated planning is an outcome. 

The integrated planning is less or not beneficial if expected yearly demand for the spare part is low (e.g. 

0.2 per year). Furthermore, we found that an integrated planning model is less beneficial in case in-

house processing times, such as assembly time, are quite large. 

 

Recommendations 
An integrated planning model is promising for ASML in terms of inventory reduction. Before considering 

an implementation it should be investigated what an integrated planning  process wise means for ASML. 

Hereto, additional operational expenses should be indicated after which it can be examined whether 
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inventory reductions exceed the extra operational expenses. Once ASML want to implement the 

developed planning model, we recommend ASML to pool component inventory with the Factory 

department (responsible for production new machines) only in case a critical situation occurs in the 

Factory department. This is motivated for the reason that this could prevent (usually expensive) delays 

in the production schedule of new machines. Note that it is import that conditions of a “critical” 

situation are strictly formulated and agreed between the Service department and Factory department.  
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Introduction 

1. Introduction 
This document contains the results of a master thesis project carried out at ASML in Veldhoven, The 

Netherlands. In this chapter, first the research area for this project is given in section 1.1. Thereafter 

section 1.2 provides a general introduction to ASML and their spare parts. This chapter ends with 

section 1.3 in which the thesis is positioned in literature and motivated by means of its contributions to 

literature and the capital goods manufacturing industry.  

1.1. Research area 

In today’s business, capital goods manufacturers are experiencing the importance of not only developing 

and integrating their highly complex systems at customers but also servicing them. After-sales service 

has become important for capital good manufactures as their systems are used in the primary processes 

of their customers. After-sales service concerns maintenance either scheduled in advance or carried out 

upon a failure of the system (Kranenburg, 2006). Because systems are used in the primary processes of 

customers, system availability is important and thus downtime has to be minimized. Downtime consists 

of time for diagnosis and time for maintenance, however sometimes there is a certain delay due to the 

unavailability of required resources for the diagnosis or maintenance (Driessen, Arts, van Houtum, 

Rustenburg, & Huisman, 2015). A delay can for example occur if an engineer (repair man) is not on time, 

or if the proper spare part required for repair is unavailable. High spare part availability is thus 

important (Driessen et al., 2015). However, as spare parts within the systems have low failure rates 

excessively high spare parts stocks will result in unnecessary inventory holding costs (van Houtum, 

2010). Companies within this spare part environment are thus continuously facing the challenge of a 

good inventory control for their spare parts.  

The global warehouse is a key in a spare part network for the reason that it is responsible for the 

replenishment of spare parts to the field consisting of several warehouses (e.g. local warehouses). 

Global warehouse planning models determine stock levels for each spare part in order to fulfill a certain 

service level to the field. Time required to replenish the global warehouse (total replenishment lead 

time) is a major factor within the determination of these target stock levels. Large replenishment lead 

times result in higher target stock levels whereas shorter replenishment lead times result in lower target 

stock levels. An explanation for this is that the shorter the replenishment lead times, the faster the 

global warehouse can be replenished and thus the less inventory is required in order to fulfill demand 

during lead time. This implies that inventory in the global warehouse can be reduced if lead times are 

decreased (van der Heijden, Alvarez, & Schutten, 2013). There are several ways in which replenishment 

lead time can be reduced. One way is to accelerate the internal lead times at the capital goods 

manufacturer, such as spare part production or administration time. An alternative is decreasing the 

time waiting for materials required in the production (or repair) process of spare parts to become 

available. These materials, in the bill of material of a spare part, are referred in this thesis as 

components. ASML, same as other capital goods manufactures orders currently only after a spare part 

demand arrival all the required components for the production at an external supplier. No components 

are prior on stock, wherefore the production process cannot start before all components have arrived at 

the capital goods manufacturer. Time waiting for components to become available equals thus the 

largest supplier lead time of all components in the bill of material of the spare part. This time is included 
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in the total replenishment lead time for the spare part. Decreasing the time waiting for components to 

become available contributes thus to a shorter replenishment lead time for the spare part; the global 

warehouse can be replenished more quickly. Note that decreasing time waiting for components is 

especially beneficial if a large part of the lead time to replenish the global warehouse consists of supplier 

lead time (i.e. time waiting for the delivery of components required in production process of spare 

parts). For the case of ASML it was found that time waiting for the delivery of components can vary from 

29 days till 371 days and is on average 100 days1. This equals more than half of the total replenishment 

lead time of the spare part; on average 54%1 of the total replenishment lead time consists of supplier 

lead time.  Components with such a large supplier lead time impact the time to replenish the global 

warehouse, and thus the target stock within the global warehouse. Shortening these supplier lead times 

may thus result in a decrease of the usually expensive stock in the global warehouse. As spare parts in 

the capital goods industry are usually very expensive, a potential reduction in stock at the global 

warehouse is interesting. Waiting time for components can be reduced by accelerating the supplier lead 

times, however suppliers cannot always accede to shorter supplier lead times. An alternative, in which a 

capital goods manufacturer is less dependent on the supplier, is keeping stock of components. When 

components are on stock, they can immediately be used in the production process upon a demand 

arrival of a spare part. By keeping stock of components with large supplier lead times, time waiting till all 

components are available is decreased and so the total replenishment lead time of the spare part. The 

same holds for repairable spare parts. If components that are frequently required in the repair process 

of a failed spare part are kept on stock, repair lead time and thus total replenishment lead time 

decreases. Consequently, less spare part stock is required in the global warehouse to cover demand 

during lead time. This leads to an inventory reduction on the one hand side and an inventory increase on 

the other hand, as an investment in components is required. If the reduction in spare part inventory 

exceeds the required investment in components, total inventory within the spare part network is 

reduced. There is thus a certain trade-off between stocking spare parts and stocking components. As 

components are usually less expensive than the complete spare part this trade-off is interesting for 

ASML as well as other capital goods manufacturers. This motivates that this way of reducing 

replenishment lead time is covered in this thesis. Another motivation for capital goods manufactures to 

keep components on stock is to be more in control of their replenishment lead times. If capital goods 

manufactures face high variance in supplier lead times of their components, this variance can be 

reduced by keeping component stock. Whereas normally supplier lead time can vary for example from 

80 till 110 days, now the component is (with certain probability) on stock. In case this is the component 

with the largest supplier lead time, keeping the component on stock avoids the lead time of the spare 

part to be increased (with some probability) by 30 days. Note that not all uncertainty is covered by 

keeping component stock, for the reason that the component can also be in the pipeline rather than on 

stock. A consequence of a reduction of lead time uncertainty is that replenishment lead times will be 

more in control which can lead to a reduction in spare part stock for the reason that less uncertainty has 

to be covered. As capital goods manufactures continuously seek for better stock allocation methods in 

order to reduce inventories within their spare part network, it is interesting to examine whether 

inventory can be reduced through keeping component stock.  

                                                           
1
 Based on 275 spare parts for which a waiting time constraint is formulated 
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In this thesis we examined whether inventory can be reduced by decreasing total replenishment lead 

time through keeping components required in production and repair of spare parts on stock. Hereto an 

alternative to the current planning model is developed, as in the current planning zero components are 

kept on stock. Currently only after a spare part demand arrival all components are ordered at the 

external supplier. Therefore the production or repair process of spare parts has to wait until all 

components have been arrived, which results in large replenishment lead times. This current planning 

model is referred in this thesis as non-integrated planning model. In contrast, the in this thesis 

developed alternative has the opportunity to keep component stock. Therefore in the determination of 

target stock levels in the global warehouse, component stock is taken into account; the planning of 

spare parts and components should be integrated. Therefore this alternative is referred in this thesis as 

integrated planning model.  

1.2. ASML 

ASML, founded in 1984 and headquartered in Veldhoven, the Netherlands, is one of the world’s leading 

manufacturers of chip-making equipment and a key supplier to the chip industry. ASML, invents, 

designs, develops, integrates and services lithography systems for the semiconductor industry. 

Customers of ASML use these complex lithography systems in their production process of electronic 

chips. Customers of ASML include all of the world’s leading chip makers, such as the world’s largest 

memory company Samsung, the world’s largest microprocessor company Intel and the world’s largest 

foundry TSMC2.  

ASML employs 14,000 people worldwide, which include more than 5,000 R&D employees3. These 

engineers focus on what they do best: designing the system and integrating the different modules into a 

finely-tuned machine4. The design manufacturing of the majority of components and subassemblies that 

make up the lithography systems is outsourced. This means that ASML has several hundred suppliers 

including many leading high tech companies, such as Carl Zeiss SMT, VDL, Trumpf, Berliner Glas, Kyocera 

and MCubed1.  

This thesis is conducted in the Customer Logistics (CL) department, which is part of the Global Logistics 

Services (GLS) department. Within ASML, the Global Logistics Services department secures material 

availability now and in the future for new product introduction, manufacturing and customer services. 

The Customer Logistics department is related to customer services and is among others responsible for 

the spare parts (referred by ASML as service part) planning. Spare parts are planned for the global 

network of warehouses in order to guarantee the service level agreements contracted with ASML 

customers.  

1.2.1. Spare part value chain 
Figure 1 gives an overview of the value chain of spare parts produced by ASML. Raw materials bought 

from different suppliers enter the ASML factory. Within work centers in the factory (referred by ASML as 

ASSY), these components are assembled and after packaging this assembly turns into a spare part 

                                                           
2
 ASML Corporate Fact Sheet, October, 2015 https://www.asml.com/asml/show.do?ctx=226   

3
 ASML website https://www.asml.com/asml/show.do?lang=EN&ctx=277&rid=51978   

4
 ASML website https://www.asml.com/asml/show.do?ctx=427   
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referred by ASML as service part. Once the spare part is produced, it is shipped to the central warehouse 

referred by ASML as Global Distribution Center (GDC). From the GDC parts are dispatched to the field 

consisting of several warehouses, e.g. local warehouses, continental warehouses and emergency hubs, 

from which customers can be served. 

 

Figure 1: Spare part value chain of ASML 

Spare parts of the lithography systems of ASML are quite expensive. Therefore for repairable spare parts 

it is often more economical to repair failures rather than to discard the spare parts or in terms of ASML 

to scrap them. Once a defect spare part is detected, the defect spare part, referred by ASML as Field 

Service Defect (FSD), is shipped back to Veldhoven where it is stocked until there is a certain demand for 

the part. In this case, the FSD is allocated from stock and shipped into the factory after which diagnosing 

reveals which components have to be replaced or repaired in order to turn the FSD into a ready for use 

spare part. In case components directly bought from the supplier have failed, they are sent back to the 

supplier for repair. ASML thus does not repair components bought from a supplier. It can however 

repair assemblies of different components. After diagnosing the factory estimates which components 

are required for repair. These components will then be ordered. In case a not ordered component is 

required, repair delays and the right component is ordered. In case an overestimation of required 

components is made, the not used components are allocated back to stock. After reparation, the spare 

part is tested and if approved packed and shipped to the central warehouse (GDC). If results from the 

test indicate that the spare part does not meet the requirements, the spare part will go back into repair. 

Note that not all spare parts can technically be repaired or are economical to repair. In this case, a scrap 

form will be prepared and after an approval the part is scrapped. These spare parts can also be scrapped 

in locations within the spare part network of ASML other than factory. In this case it is already approved 

after the detection of a FSD that the part will not be, or cannot be, repaired and thus not has to be 

shipped back to the factory.  
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1.3. Positioning in and contribution to literature and capital goods manufacturing industry 

This section positions this thesis research in literature in section 1.3.1, and motivates the research by 

means of the contributions to literature and the capital goods manufacturing industry in respectively 

section 1.3.1 and 1.3.2.  

1.3.1. Positioning in and contribution to literature 
Literature confirms the importance of a good inventory control in the spare part environment as a large 

part of support costs in the environment of capital goods consists of spare part costs (Adan, Sleptchenko, 

& van Houtum, 2009). Cohen, Zheng, & Agrawal (1997) found in their benchmark study that service parts 

inventories equal on average 8.75% of the value of product sales. Note that this is an insight of a 

benchmark study conducted 19 years ago. This percentage has probably increased as service has become 

much more important during recent years. 

A wide range of literature is available on how to allocate stock in the network. Most of this literature is 

however focusing on how to allocate stock in several warehouses in order to minimize costs or expected 

backorders while a service level constraint is satisfied. Less attention is payed to the allocation of stock of 

components required for the production and repair of service parts. As the supply of spare parts to the 

several warehouses is dependent on production and repair of these service parts it is important to 

control the total replenishment times and thus pay attention to components. This is referred to in 

literature as the multi-indentured structure of spare parts. 

Van Jaarsveld, Dollevoet, & Dekker (2015) recognize the importance of component availability in 

particular for the repair shop, as unavailability of a component can cause a delay in the repair process. 

The importance of availability is noted by Van der Heijden et al. (2013) and other authors as well. Several 

authors came up with an article in which they propose a multi-indenture model. One of the pioneers was 

Muckstadt (1973), who came up with the MOD-METRIC model which permits two indenture levels within 

spare parts, i.e. an assembly and its components in a two-echelon configuration (Muckstadt, 1973; 

Costantino, Di Gravio, & Tronci, 2013). Thereafter several authors have followed, for example 

Sherbrooke (1986) extended the VARI-METRIC to a variant of two-indenture product levels. Note that 

most of these models focus on component availability in order to reduce disturbances and delays in the 

repair process. Their focus is thus purely on repair lead time. Cohen et al. (1997) found in their 

benchmark study that approximately 27.2% of the spare parts is repairable, probably nowadays this 

percentage is somewhat increased. However, still a large portion of spare parts is newly produced for the 

reason that some reparations are technically not possible or economically not profitable. It is therefore 

valuable to shift the focus of component availability for reparations into a broader view and also keep 

components on stock for the production of new spare parts. 

By integrating the planning of spare parts and components, and thus by keeping components on stock, 

the replenishment lead time is decreased by supplier lead times. Consequently, due to the shortened 

replenishment lead times, spare part stock levels in the network may decrease. This positive effect of 

decreasing throughput times on spare part inventories is already examined and demonstrated by Van 

der Heijden et al. (2013). Van der Heijden et al. (2013) mentioned a certain trade-off between stocking 

expensive Line Replaceable Units (LRUs) and stocking usually less expensive Shop Replaceable Units 
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(SRUs). Investing in extra SRUs, avoids the repair process to be interrupted or delayed due to missing 

materials which consequently decreases repair lead time. Less delay in repair process implies that due to 

shortened repair lead times, stock levels of LRUs in network may decrease which has the effect of 

decreased inventory holding costs of LRUs. If this decrease in inventory holding costs exceeds the 

increase in (inventory holding) costs for extra SRUs, costs can be saved. Van der Heijden et al. (2013) 

specifically look into situation in which throughput times for repair and transportation could be reduced 

at additional costs. Our situation description differs from this perspective however the idea behind show 

similarities; invest in components in order to reduce replenishment lead time. 

We can conclude that an integrated planning of service parts and their components is promising, 

however literature is scarce and not that expanded than for example literature on the allocation of 

service parts stock to different warehouses. Current available literature about multi-indenture models is 

only focusing on the repair of spare parts and thus does not incorporate the production of new spare 

parts. Furthermore, very often the assumption is made that failures of service parts are caused by 

failures of one single component. In practice however, multiple components have to be replaced in case 

of a repair of a failed service part (FSD). This follows also from data of ASML; in 75% of the repair orders 

more than one component is replaced5. Literature that is focusing on the production of new products, or 

in our situation on the production of new spare parts, is about Assemble-To-Order (ATO) systems (Van 

Jaarsveld et al., 2015). However they do not incorporate the repair flow. In our opinion, it is unknown 

why an integration of the repair and new production flow is not provided in literature. 

We can conclude that there is a gap in literature for models that allow an integrated planning of spare 

parts and components that incorporates the repair and new production flow. The project proposed in 

the document will contribute to this gap and will develop both a model and a heuristic solution method 

that incorporates both repair and production flow. In addition, the assumption that a failure of spare 

parts is caused by a single failed component is relaxed. This means that multiple components can be 

replaced during the repair process of a spare part. As there is to our best knowledge none existing 

literature, this project will analyze a new type model. From an academic perspective this project can thus 

give some fruitful insights. 

1.3.2. Contribution to capital good manufacturing industry 
An integrated planning of spare parts and components brings for the capital goods industry a new 

perspective on the allocation of inventories within their spare part network. Rather than only allocating 

stock to expensive spare parts, stock is allocated to less expensive components. As spare parts in the 

capital good industry are very expensive, a reduction in stock level at global warehouse is interesting. 

Furthermore, an integrated planning offers the opportunity to keep components on stock that are often 

required in the repair process on stock in order to reduce repair lead times. Additionally, an integrated 

planning of spare parts and components can offer several opportunities for ASML and other capital 

goods manufacturers. An interesting aspect related to an integrated planning is for example the 

opportunity to pool component inventory of the service department (Service) with the department 

responsible for the production of new machines (Factory). If there is overlap in the components, 

                                                           
5
 We assume that each component in repair order was required for the repair of the Field Service Defect (FSD). It is not taken into account that 

some component where not required for the repair but where used in order to change the FSD into a successor.  
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component inventory can be pooled which consequently reduces inventory. A second interesting aspect 

of an integrated planning is for ASML the opportunity in the future to change the way of handling failed 

service parts (FSDs). The Customer Logistics department faces much inefficiency in their repair flows. An 

alternative to the existing way of handling repairs will be to disassemble FSDs rather than to repair them. 

After disassembling components are tested and the not failed components are put on stock. In order for 

ASML to develop a business case on this concept the planning of spare parts and components has to be 

integrated. Note that contributions are formulated from ASMLs perspective, however these may also 

apply to other capital goods manufacturers as they may face the same challenge with their repair flows 

or also have some overlap in components required in production of spare parts and new machines. 
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2. Project design 
This chapter introduces the problem statement on which the master thesis project is based. 

Furthermore, the project approach and scope are given in sections 2.3 and section 2.4. 

2.1. Problem definition and project objective 

ASML continuously invests in seeking better stock allocation methods in order to reduce inventories 

while still guaranteeing certain service levels to their customers. This project’s starting point from ASMLs 

perspective is therefore interest in whether a reduction of replenishment lead times of the GDC through 

keeping component stock leads to inventory reductions. ASML is interested in whether an integrated 

planning for spare parts and components leads to inventory reductions. From an academic perspective 

there is a need for a general solution of an integrated planning model that can benefit the capital good 

industry in general. For the reason that literature lacks an integrated planning model that incorporates 

both the repair and the new production flow. To unite these objectives the problem definition starts 

from a company’s perspective and works towards a more general project objective.  

2.1.1. Problem definition 
The Customer Logistics department of ASML faces challenges in the planning of their in-house 

production spare parts (internal-makes) due to limited control of internal production and repair lead 

times. Internal-make spare parts are the spare parts ASML produces itself; components bought by 

different suppliers are assembled into a complete spare part at ASML. In this thesis we use spare part, to 

refer to these type of internal-make spare parts.  

Currently the planning of spare parts is separated from the planning of related components; spare part 

inventory is planned by the Customer Logistics department (CL) and component inventory is planned by 

the Inventory Management team within the Supply Chain Planning & Configuration Management 

department (SCP&CM Inventory Management).  

SCP&CM Inventory Management department keeps components on stock in order to reduce 

disturbances in the production processes of the factory. Same as the production and repair processes of 

spare parts, within factory also complete new machines are produced. SCP&CM Inventory Management 

department thus keeps components on stock in order to reduce disturbances in the production process 

of both new machines and spare parts.  An example of a disturbance in the production process is a 

reject. A reject during the production process, means that during a production step (e.g. an assembly) 

some components fail. In order to avoid that the production process is delayed by these kind of 

disturbances, stock levels for components are kept. Note that within safety stock calculation currently, 

only disturbances are accounted for; thus no components are kept on stock for the production or repair 

of service parts. Each required component in the production process of spare parts is ordered after 

creation of a production order and not upfront.  

In practice however, stock used to cover rejects can also be used for production or repair of spare parts 

in case the component is not required in production of new machines. Components are in this case 

allocated to the spare part, however when demand arrives for production of machine and a component 

is not yet used for production of the spare part the component is allocated back to production of new 
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machines and another component has to be ordered. The only exception in which spare parts receive 

priority above new machines is in case a machine in field is down and the spare part needs to be 

produced or repaired because it is out of stock in the warehouses. This contributes to the challenges CL 

currently faces in controlling total replenishment lead times.  

A consequence of not keeping components on stock is that upon demand of a service part, every 

required component has to be ordered at a supplier upon which it will be assembled into a spare part. 

For this reason, a large part of the lead time to replenish the central warehouse consists of supplier lead 

time (i.e. time waiting for delivery of components required in production process of spare parts). It is 

found that more than 54% of the planned replenishment lead time to central warehouse consists of 

supplier lead times. There is thus a potential for ASML to reduce replenishment lead times of spare parts 

by keeping components on stock. The current planning model cannot determine and account for stock 

levels of components required for production and repair of spare parts.  

2.1.2. Project objective 
An alternative to the current separated planning is an integrated planning in which components can be 

kept on stock for the production and repair of spare parts. Within this integrated planning stock levels of 

spare parts in the global warehouses are dependent on target stock values of related components. 

The project objective can be formulated as: 

Develop an integrated global warehouse planning model for spare parts and their components and 

incorporate both the repair and new production flow of spare parts. 

2.2. Research question 

Based on the project objective, the following research questions are asked: 

1. How can an integrated global warehouse planning for spare parts (either newly produced or 

repaired) and their components be designed in such a way that inventory investment is 

minimized while a certain waiting time objective is satisfied? 

The model that is built to determine stock levels of spare parts as well as components can be compared 

with another (non-integrated) planning model in global warehouse in order to gain insights in potential 

value of an integrated planning. This leads to the second research question. Note that potential value is 

determined based on impact on inventory value.  

2. What is the potential value of integrating the planning and thus keeping components on stock for 

production are repair of spare parts?  

 

2.3. Project approach 

An answer to the research questions in found by following the path visualized below. It shows the steps 

taken from project proposal to the final managerial insights and recommendations. An explanation of 

these steps, as well as a justification of the necessity of these steps, is described below Figure 2. 
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Figure 2: Project approach 

The problem definition phase is conducted in preparation for this project and important results have just 

been described in previous sections. The remaining three phases can be described as follows: 

1. Model development of the integrated planning. Sub activities within the modelling phase are: 

a. A literature research in order to be able to formulate the model as currently no model is 

available that incorporates both new production and repair flow. Once the model is 

formulated a literature search on evaluation and optimization approaches is required in 

order to find a solution method. Thereafter the integrated planning model can be built.  

b. Data collection to select a business case and assess the value of the developed model for 

ASML. Currently ASML has no clear overview of 12NC’s (i.e. material numbers) of all 

internally produced spare parts (i.e. internal-makes) therefor internal-makes should first 

be identified after which data regarding lead times, prices, demand, bill of material, 

repair rates and so on can be collected. Note that data gathered from for example SAP is 

not immediately applicable. Therefore data preparation is required.  

c. Building  non-integrated model (currently in use by ASML) in order to compare policy 

with integrated planning model. This is necessary to identify potential value of keeping 

components on stock for production and repair of spare parts (research question 2).  

2. The analysis phase puts the integrated planning model to work. Sub activities within this phase 

are: 

a. Sample selection for business case in order to examine performance of the integrated 

planning model with real life data. 

b. Experimental design required for general analysis on for which type of spare parts an 

integrated planning model is beneficial. The experiment is also necessity for the 

sensitivity analysis. 

3. In the concluding phase results from the analysis phase are used to answer the research 

questions and give some recommendations.  
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Before proceeding directly with the modeling phase, first the contributions of this master thesis are put 

in perspective and the scope is formulated.  

2.4. Scope 

2.4.1. Spare parts involved 
The integrated planning model is especially developed for spare parts that are internally produced or 

repaired by the capital goods manufacturer (referred to by ASML as internal-make service parts). This 

means that components are ordered at an external supplier after which they are assembled into 

subassemblies and finally into the spare part assembly.  As can be seen in the case of ASML, capital 

goods manufacturers can also order their spare parts at an external supplier rather than producing them 

internally. An integrated planning model can also be applied for these type of spare parts, however 

potential benefit is expected to be less for the reason that these spare parts mainly consist of one main 

component (and some smaller packaging materials) of which the value does not much differ from the 

value of the final spare part  supplied to customers. As it would require more time than available to 

analyze the potential benefit of these type of spare parts as well, spare parts ordered at an external 

supplier are excluded from scope. 

2.4.2. Incorporated uncertainty 
Within the integrated planning model demand uncertainty is incorporated. Note that only regular 

demand is in scope, emergency demand is excluded from scope. Furthermore, scrap uncertainty is taken 

into account as there is a probability with which failed sparts parts cannot be repaired. For repairables 

(i.e. spare parts that can be repaired) uncertainty related to the replacement of failed components is 

taken into account; probabilities of component replacement during repair process are used.  

2.4.3. Out of scope 
 Process uncertainty in terms of lead time. Average lead time values are used. Partly due to lack of 

data regarding variance in lead time. Collecting and preparing this data would require more time 

than available. Additionally, the focus within this thesis is not on lead time uncertainty.  

 Supplier capacity. In order to tighten the scope, supplier capacity is excluded from scope. In 

discussion with the stakeholder supplier capacity was found to be less relevant.  

 Minimum order quantities of components. Including minimum order quantities would make the 

model more complex and thus development would require more time. Thereby not all 

components have minimum order quantities higher than one. For the reason that a decision in 

time allocation has to be made, we decided to exclude them from scope as minimum order 

quantities where found to be of less interest of the stakeholder.  

 Warehouse capacity to store components. The objective of this thesis is to develop an integrated 

planning model for spare parts and components, and examining whether inventory within the 

spare part network can be decreased through keeping component stock. Including warehouse 

capacity would deviate the thesis from this core, for the reason that than not purely the potential 

value of keeping components on stock can be examined.  
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 Quality issue uncertainty during the production or repair of spare parts.  This project starting point 

was to develop an integrated planning model for spare parts and their components. The thesis 

research is thus related to the service department of capital goods manufacturers. Quality issue 

uncertainties during the production process, deviate from the responsibility of the service 

department and is more related to the factory department that produces the spare parts. For this 

reason we initially excluded quality issue uncertainty. Finally there was time to discuss how 

quality issue uncertainty could be incorporated in the planning model. This discussion is provided 

in section 7.1. 

 Possibility to stock subassemblies of spare parts is excluded. Stock can only be allocated to the 

spare part and components, no stock can be allocated to subassemblies of the spare part. This 

would make the model more complex and should require more time than available. Additionally, 

the added value of incorporating subassemblies is expected to be minor as assembly time of 

subassemblies might be negligible because already assembly time of spare part is relatively small 

compared to supplier lead time and thus total replenishment lead time. This also follows from 

data of ASML on total replenishment lead times. 

 Commonality is not incorporated. Commonality effect among components of different spare parts 

is excluded as this would require more time than available. Additionally, it is quite possible that 

commonality is minor as this follows from the business case of ASML. 
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3. Current global warehouse (non-integrated) planning model 
In this section a model for a spare part planning in the global warehouse provided in literature and 

currently in use by ASML is described. Note that this planning model does not incorporate the multi-

indenture structure of spare parts and thus no component availability is taken into account and no stock 

is allocated to components. This model is referred to as non-integrated planning in this report. 

3.1. Multiple-item, single-location inventory model  

A well-known model is the multi-item, single-location inventory model of Van Houtum and Kranenburg 

(2015, chapter 2). This inventory model describes a single warehouse where multiple spare parts (SKUs) 

are kept on stock to replace failed parts in a certain system and where a failed part is send to repair (in 

case of a repairable) or a new part is ordered/produced (in case of a consumable). Stock is allocated in 

such a manner that total investment costs are minimized while an aggregate expected number of 

backorders constraint is satisfied.  

Let 𝐼 = {1,2, … |𝐼|} denote the set of SKUs for which a stocking decision has to be taken and let index 

𝑖 ∈ 𝐼 denote a certain SKU. SKUs can either be consumable or repairable. Parts that are consumable are 

scrapped and newly bought or produced upon failure whereas a repairable can be repaired after failure. 

Let 𝑟𝑖 denote the probability for a failed SKU 𝑖 that it can be repaired. With probability 𝑟𝑖 , the lead time 

of spare part thus equals the average repair lead time (𝑡𝑖
𝑟𝑒𝑝

) and with probability 1 − 𝑟𝑖  the lead time 

equals the mean procurement time (𝑡𝑖
𝑝𝑟𝑜𝑐

) of SKU 𝑖. The average lead time (𝑡𝑖) for SKU 𝑖 thus satisfies: 

𝑡𝑖 = 𝑟𝑖𝑡𝑖
𝑟𝑒𝑝

+ (1 − 𝑟𝑖)𝑡𝑖
𝑝𝑟𝑜𝑐

. 

Note that in case spare parts are in-house produced, average procurement time is replaced by average 

production time and time to gather components required in production.  

Demand for SKU 𝑖 is assumed to arrive according to a Poisson Process with demand rate 𝑚𝑖. 

Let 𝑆 = (𝑆𝑖, … , 𝑆|𝐼|) denote the vector with base stock levels for SKUs. In mathematical terms the 

optimization problem can be formulated as follows: 

𝑀𝑖𝑛                            𝐶(𝑆) = ∑ 𝐶𝑖(𝑆𝑖)𝑖∈𝐼 = ∑ 𝑐𝑖
𝑎𝑆𝑖𝑖∈𝐼  

                                               𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑒𝑑 𝑡𝑜              𝔼𝐵𝑂(𝑆) ≤ 𝔼𝐵𝑂𝑜𝑏𝑗, 

                          𝑆𝑖 ∈ ℕ0, 

where 𝑐𝑖
𝑎 denotes the price for SKU 𝑖 and 𝔼𝐵𝑂𝑖

𝑜𝑏𝑗
 denotes the maximum allowed expected number of 

backorders. The expression of the aggregate number of backorders (𝔼𝐵𝑂(𝑆)) is found by the sum of 

expected number of backorders for each SKU 𝑖. This can be formulated as follows: 

𝔼𝐵𝑂(𝑆) = ∑ 𝔼𝐵𝑂𝑖(𝑆𝑖)𝑖𝜖𝐼 . 
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The following assumptions are made: 

A. Demands for the different SKUs occur according to independent Poisson processes. 

B. Constant demand rate for each SKU. 

C. Repair/new make lead times for different SKUs are independent and repair/new make lead 

times for parts of the same SKU are independent and identically distributed. 

D. A one-for-one replenishment strategy is applied for all SKUs.  

3.2. Single-item, single-location inventory model  

The optimization problem mentioned in the previous section can also be formulated for a single-item, 

single-location inventory problem. Rather than a maximum on the aggregate number of expected 

backorders a maximum for number of expected backorders for a SKU is formulated: 

𝑀𝑖𝑛                            𝐶(𝑆) = 𝑐𝑎𝑆 

            𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑒𝑑 𝑡𝑜              𝔼𝐵𝑂(𝑆) ≤ 𝔼𝐵𝑂𝑜𝑏𝑗, 

                          𝑆 ∈ ℕ0. 

Note that for this model the same assumptions as for the multiple-item, single-location inventory model 

described in section 3.1 hold. 

The model of Van Houtum and Kranenburg (2015, chapter 2) is well-known, but the model is also used in 

practice. ASML makes use of the above formulated single-item, single-location inventory model within 

their global warehouse planning.  

Note that in both the multi-item and single-item planning model of Van Houtum and Kranenburg (2015, 

chapter 2) stock is only allocated to spare parts. An alternative to this is to allocate stock to components 

required in production and repair of these parts as well. Replenishment lead time can be reduced and 

spare part stock in GDC can decrease accordingly. This alternative will be discussed in, chapter 4.  
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4. Integrated global warehouse planning for spare parts and their 

components 
In this section a model for a spare part planning in the global warehouse is described in which besides 

the allocation of stock to spare parts, stock can be allocated to components required in the production 

or repair of spare parts as well. In section 4.1, this integrated planning model is described followed by 

the mathematical formulation of the model in section 4.2. Section 4.3 and section 4.4 give the evaluation 

and optimization of the integrated planning model.   

4.1. Conceptual model 

Consider a single warehouse where several components are kept on stock for the repair of spare parts of 

the same type. A spare part consists of multiple components and when a critical component of a spare 

part fails, the whole spare part fails. When a component fails in a given spare part, the spare part is sent 

to repair in case the spare part is repairable. During the repair process failed components are replaced 

by components from the warehouse if they are available or as soon as the components become available 

(repair by replacement). If a spare part is not repairable a new spare part is produced. During the 

production process, all components in bill of material are assembled into a new spare part. On spare part 

level there is a certain service level that has to be guaranteed. As service level, we formulated waiting 

time. Waiting time is defined as the maximum number of days that the field has to wait in case a spare 

part is not directly available in the global warehouse. In order to satisfy this service level components as 

well as complete spare parts are kept on stock.  

 

Figure 3: Physical supply chain typology of an integrated planning. 

Figure 3 gives a schematic overview of the physical supply chain typology of an integrated planning. The 

blue triangles indicate the different stock points of the several components required in the production or 

repair of the spare parts. Rather than (as in non-integrated planning) not keeping components on stock 

there is a possibility to keep these components on stock in the integrated planning. Note however that it 
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is not necessary to keep all required components on stock, some components may (as in the non-

integrated planning) still be ordered at the supplier after a demand arrival of spare part. One may think 

of components with relatively short supplier lead times, so that it is not worthwhile to keep these on 

stock. Besides components, also complete spare parts can be kept on stock in the GDC (orange triangle). 

The inventory control policy should determine which and how many components have to be on stock, 

and how many complete spare parts are required in GDC. Within the inventory control policy, the 

objective of minimizing total investment subject to the waiting time service level constraint is 

centralized. Take as an example of a spare part consisting of six components. The inventory policy should 

determine stock levels for each of the components (blue triangles, in Figure 3) as well as for the spare 

part stocking point (orange triangle, in Figure 3)). In total seven stock levels are thus determined.  

We formulated waiting time was formulated as constraint because this was applicable to the case of 

ASML. Note however that a waiting time constraint is closely related to an aggregate number of 

backorders and an availability constraint. With adaptions the model can thus be formulated for other 

service level constraints.  

The above formulated model shows similarities with the multiple-item, single-location model of Van 

Houtum and Kranenburg (2015) described in section 3.1. But rather than a system (consisting of multiple 

spare parts) with a certain service level, in our model a spare part (consisting of multiple components) 

has a service level on waiting time. A difference is that for our case multiple components can be required 

in the repair process whereas for the model described in section 3.1 a system is repaired by replacement 

of one single spare part. Note that the optimization problem can also be characterized as a unbounded 

knapsack problem: given a set of components, each with a weight and value determine for each 

component how much stock should be allocated so that total weight is less than or equal than given limit 

and total value (reduction in inventory value) is large as possible (Martello, Pisinger, & Toth, 2000). 

Weight is reflecting the expected waiting and value is reflecting the total inventory reduction. Compared 

to the original knapsack problem weights are not constant but correlated; the value with which waiting 

time is determined depends on stock allocation and is not fixed for each component. The optimization 

problem can thus be characterized as an unbounded knapsack problem with correlated weights.  

4.2. Mathematical model description 

For the integrated global warehouse planning model we made the following assumptions:  

A. Demands for the different SKUs occur according to independent Poisson processes. This seems a 

fair assumption when events occur independently of each other. Discussion with stakeholder 

reveals that it might be reasonable to assume that occurrence of one failure does not affect the 

probability that a second failure will occur.     

B. Each SKU has a constant demand rate.  

C. Repair/new make lead times are independent and repair/new make lead times for parts of the 

same SKU are identically distributed. In practice however lead times for spare parts are not i.i.d 

because the lead time is dependent on waiting time for components and thus the availability of 

components. This simplifying assumption is made in order to evaluate the optimization problem. 
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We found that that this simplifying assumption seems to be a fair assumption that does not 

necessarily leads to problems in the field. A reasoning is provided in section 7.3.  

D. A one-for-one replenishment strategy is applied for all SKUs. 

Let 𝐽 = {0,1, 2, … |𝐽|} denote the set of stock keeping units where 𝑗 ∈ 𝐽 denotes the index of a certain 

stock keeping unit. Stock can be allocated to components required in the production of spare parts and 

to the spare part itself. In set 𝐽, 𝑗 = 0 indicates the spare part and values for 𝑗 larger than 0 (𝑗 > 0) 

indicate components. Let 𝐿𝑇𝑚𝑎𝑘𝑒 denote the expected new make lead time of the spare part. The new 

make lead time can be split up into a fixed part consisting of assembly processing time (𝐿𝑃) and a 

variable part consisting of the expected delay due to unavailability of components required for the 

production. The expected delay due to unavailability of components equals the time waiting for the last 

component to arrive.  In mathematical terms new make lead time is expressed as follows: 

𝐿𝑇𝑚𝑎𝑘𝑒  = 𝐿𝑃 + 𝔼[max  
𝑗∈𝐽 \{0}

(𝑊𝑇𝑗(𝑆𝑗))], 

where 𝑗 ∈ 𝐽 \{0} denotes all stock keeping units in set 𝐽 except the spare part (𝑗 = 0) itself, it thus 

denotes all required components in the production of the spare part. Note that 𝑊𝑇𝑗(𝑆𝑗) is a random 

variable because that with some probability a component is on stock and waiting time will be less than in 

case the component is not on stock. This is a complicated function to work with as the expression for the 

expectation of the maximum of several random variables is unknown, due to unknown distribution of 

the waiting time. We therefore approximated the expected new make lead time as follows:  

𝐿𝑇𝑚𝑎𝑘𝑒  = 𝐿𝑃 + max  
𝑗∈𝐽 \{0}

(𝔼[𝑊𝑇𝑗(𝑆𝑗)]). 

This expression is exact in case waiting time is a deterministic variable; if supplier lead times are 

deterministic and no components are kept on stock. The assumption of deterministic supplier lead times 

is rather fair for the reason we use average supplier lead times that suppliers are contracted for. The 

assumption of no component stock is not fair, because within the integrated planning model we keep 

component stock. Therefore the expected new make lead time of spare parts is approximated.  

Let 𝐿𝑇𝑟𝑒𝑝𝑎𝑖𝑟 denote the expected repair lead time of the spare part. The repair lead time can be split up 

into a fixed part consisting of test and actual time to replace failed components (𝐿𝑅) and a variable part 

consisting of the delay due to unavailability of components required for the repair. Note that in contrast 

to new production for the repair of spare parts not all components within the bill of material of a spare 

part are required. For this reason the delay due to unavailable components differs from delay in new 

production. There are certain probabilities with which components are required in the repair process of 

a spare part. In order to avoid the problem to become non polynomial for spare parts with large number 

of components, instead of failure probabilities of components, probabilities that you are waiting for a 

certain component are used. The delay equals then the time waiting for the component required in 

repair that currently has no available stock and has (from all required but non available components) the 

longest expected waiting time. This suggests that components required for repair should be ranked 

based on expected waiting time. Let index  𝑘 denote the rank in expected waiting time for components 

where 𝑘=1 indicates the component with the longest waiting time, 𝑘=2 the second longest waiting time 
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and so on. Let 𝛼𝑘̅̅̅̅  denote the probability that one has to wait for the as 𝑘 ranked component. This 

probability can be calculated as follows: 

𝛼𝑘̅̅̅̅ = 𝛼𝑗𝑘
∏ (1 − 𝛼𝑗−𝑙𝑘−𝑙

)𝑘−1
𝑙=1 . 

Where 𝛼𝑗𝑘
 denotes the probability that component 𝑗 (ranked as 𝑘) has failed and must be replaced 

during the repair process. The probability that component 𝑗 (ranked as 𝑘) is required in repair should be 

multiplied by the probability that components with a higher rank in waiting time (thus lower values of 𝑘) 

have not failed, in order to get the probability that you are waiting for this as 𝑘 ranked component (𝛼𝑘̅̅̅̅ ). 

By adding up all probabilities multiplied with related waiting times, the delay due to unavailable 

components is found. In mean repair lead time can thus be expressed as follows: 

𝐿𝑇𝑟𝑒𝑝𝑎𝑖𝑟  = 𝐿𝑅 + 𝔼[∑ 𝛼𝑘̅̅̅̅∀𝑘 ∗ 𝑊𝑇𝑘(𝑆𝑘)]. 

Note that 𝑊𝑇𝑗(𝑆𝑗) is a random variable for the reason that with some probability a component is on 

stock and waiting time will be less than in case the component is not on stock. As this is a complicated 

function to work with, we approximated the expected repair lead time by the function: 

𝐿𝑇𝑟𝑒𝑝𝑎𝑖𝑟  = 𝐿𝑅 + ∑ 𝛼𝑘̅̅̅̅∀𝑘 ∗ 𝔼[𝑊𝑇𝑘(𝑆𝑘)]. 

Same as the expression of the expected new make lead time, this expression is exact if  waiting time is a 

deterministic variable; if supplier lead times are deterministic and no components are kept on stock. 

Once the expressions for new make and repair lead times are known, the expected lead time for a 

certain spare part can be determined. With a certain probability (referred by ASML as scrap rate) a failed 

spare part cannot be repaired and thus a new service part needs to be produced. Let 𝜌 denote the scrap 

rate of the spare part. Expected lead- time can then be expressed as: 

𝐿𝑇 = 𝜌𝐿𝑇𝑚𝑎𝑘𝑒 + (1 − 𝜌)𝐿𝑇𝑟𝑒𝑝𝑎𝑖𝑟. 

Let 𝑆 = (𝑆𝑗, … , 𝑆|𝐽|) denote the vector with for 𝑗 > 0 base stock levels for components and for 𝑗 = 0 the 

base stock level the spare part. In mathematical terms, the optimization problem (Problem 𝑃) for a 

certain spare part is as follows: 

 

(𝑃)               𝑀𝑖𝑛                            𝐶(𝑆) = ∑ 𝐶𝑗𝑗𝜖𝐽 (𝑆𝑗) = ∑ 𝑐𝑗𝑆𝑗𝑗𝜖𝐽  

𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑒𝑑 𝑡𝑜             𝑊𝑇(𝑆) ≤ 𝑊𝑇𝑜𝑏𝑗, 

                   𝑆𝑗 ∈ ℕ0, 

where 𝑐𝑗 denotes the cost price of SKU 𝑗, and  𝑊𝑇(𝑆) denotes the expected waiting time or delay for the 

spare part given a certain stock allocation. 𝑊𝑇𝑜𝑏𝑗 denotes the maximum value on waiting time for the 

spare part.  
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The delay in case a part cannot be delivered immediately can (according to Little’s Law) be determined 

with the expression: 

𝑊𝑇(𝑆) =
𝔼𝐵𝑂(𝑆)

𝑚
. 

The maximum delay due to unavailable part for the spare part can thus be determined with the 

expression: 

𝑊𝑇𝑜𝑏𝑗 =
𝔼𝐵𝑂𝑜𝑏𝑗

𝑚
. 

 

4.3. Evaluation 

In order to evaluate above formulated optimization problem an expression for the expected number of 

backorders has to be found for a given base stock policy  𝑆. Let the number of parts on order/in repair, 

the parts on hand, and the parts backordered be steady state variables. On hand inventory takes 

maximal value of 𝑆 (zero parts in repair or on order) and minimal value of 0. The number of backorders 

can thus range from 0 to ∞. 

The average number of spare parts in the pipeline can be found by the use of Palm’s Theorem (1938) if 

spare parts enter the repair/order pipeline according to a Poisson process, and times that spare parts 

remain in the pipeline are independent and identically distributed. For the optimization problem, we 

assumed defective spare parts to enter the pipeline according to a Poisson process (with rate 𝑚). We 

also assumed that lead times for spare parts are independent and identically distributed. Recall that in 

practice lead times are not independent and identically distributed because the lead time is dependent 

on the waiting time for components and thus the availability of components. However, in order to be 

able to find an expression for the average number of spare parts in the pipeline, we assumed that 

approximated averages for lead times are sufficiently good ad thus 𝑖. 𝑖. 𝑑. characteristic of lead times is 

assumed. The expression for the average number of parts in the pipeline is thus an approximation.  

With this assumption the system can be described as an 𝑀/𝐺/∞ queueing system and Palm’s Theorem 

(1938) could be applied. Palm’s Theorem (1938) states: 

If jobs arrive according to a Poisson process with rate 𝜆 at a service system and if the times that 

the jobs remain in the service system are independent and identically distributed according to a given 

general distribution with mean 𝐸𝑊, then the steady-state distribution for the total number of jobs in 

the service system is Poisson distributed with mean 𝜆 𝐸𝑊. 

This implies that the average number of spare parts in pipeline, thus in repair or on order is equal to 

𝑚𝐿𝑇. The pipeline 𝑋 is Poisson distributed with mean 𝑚𝐿𝑇 and thus: 

ℙ(𝑋 = 𝑥) =
(𝑚𝐿𝑇)𝑥

𝑥!
𝑒−𝑚𝐿𝑇,  ∀𝑥∈ ℕ0. 
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Now we know how to determine the number of spare parts in the pipeline (on order or in repair), the 

expression for the expected number of backorders can easily be determined, as backorders only occur 

when the number of parts in the pipeline is larger than 𝑆, the base stock level of spare part. Therefore, 

for a given 𝑆 the expected number of backorders are denoted by: 

𝔼𝐵𝑂(𝑆) = ∑ (𝑥 − 𝑆)ℙ(𝑋 = 𝑥)∞
𝑥=𝑆+1 = 𝑚 ∗ 𝐿𝑇 − 𝑆 − ∑ (𝑥 − 𝑆)ℙ(𝑋 = 𝑥)𝑆

𝑥=0 . 

Mention that the average lead time a part is in repair or on order (𝐿𝑇) depends on the base stock policy 

and thus the expected waiting times of related components. The expression of expected waiting times 

for components can be determined using Little’s Law. Little’s Law states that: 

Under steady state conditions, the average number of items in a queuing system equals 

the average rate at which items arrive multiplied by the average time that an item spends in the 

system. Letting 𝐿 denote the average number of items in the queueing system,𝑊 denote the 

average waiting time in the system for an item, and 𝜆 the average number of items arriving per 

unit of time, the law is 𝐿 = 𝜆𝑊. 

This implies that the average waiting time for component 𝑗 equals: 

𝑊𝑇𝑗(𝑆𝑗) =
𝔼𝐵𝑂𝑗(𝑆𝑗)

𝑚𝑗
. 

The expected number of backorders for component 𝑗  for a given 𝑆𝑗 can be determined by the expression 

found for the expected number of backorders of a spare part, and letting 𝑚𝑗 denote the demand rate 

and 𝐿𝑇𝑗 denote the average supplier lead time of component 𝑗. 

Now we know how to determine the expected waiting times of components and the expected number of 

backorders for a spare part, the expected waiting time for the spare part can also be determined 𝑊𝑇(𝑆) 

by Little’s Law: 

𝑊𝑇(𝑆) =
𝔼𝐵𝑂(𝑆)

𝑚
. 

We can conclude that the optimization problem described in this thesis can be evaluated. The next step 

is to find how the optimization problem can be optimized. This is described in the next section.  
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4.4. Optimization 

The optimization problem has a linear objective function, a nonlinear constraint and integral decision 

variables. For this reason the problem can be characterized as a nonlinear integer programming 

problem, which can for large instances not be solved in polynomial time. Therefore a heuristic solution is 

required. In the upcoming section (section 4.4.2) the developed heuristic is described, however first we 

tried to find optimal solutions for small instances, by complete enumeration (section 4.4.1). In section 

4.4.2.3 the quality of the developed heuristic solution method is evaluated.   

4.4.1. Complete enumeration 
As mentioned in the introduction of section 4.4 the optimization problem described in this thesis is a 

nonlinear integer programming problem for which no optimal solution can be found within polynomial 

time. This is true for spare parts with a high number of components. For small instances optimal 

solutions can be found using complete enumeration. By complete enumeration all candidate solutions 

are generated. From this set of solutions, the solution that satisfies the waiting time constraint against 

lowest costs constitutes the optimal solution. In mathematical terms the complete enumeration method 

can be described as follows: 

Step 1:   

Set all initial base stock levels as zero  

Step 2:   

Go through all combinations of base stock levels and compute for each option the investment costs and 

expected associated waiting time. All options 𝑗 with investment costs lower than 𝑋 euros will constitute 

set 𝐽. 𝑋 is a reasonable value of investment costs. Options will thus be generated within the domain of 

zero and 𝑋 euros. 𝑋 is defined in order to avoid that infinite many options are generated. Since we are 

ultimately looking for a feasible solution associated with lowest costs, it is unnecessary to generate 

options that have respectively high values of investment costs.  

𝐽 = {𝑗|𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠𝑗 < 𝑋} 

Step 3:   

From all the generated solutions (set 𝐽) create a set of feasible solutions (set 𝐼 ⊆ 𝐽) . Set  𝐼 incorporates 

all options  𝑗 ∈ 𝐽 for which the associated waiting time is lower or equal than the waiting time objective.  

𝐼 = {𝑗|𝑊𝑎𝑖𝑡𝑖𝑛𝑔𝑇𝑖𝑚𝑒𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒𝑗 − 𝑊𝑎𝑖𝑡𝑖𝑛𝑔𝑇𝑖𝑚𝑒𝑗 ≥ 0} 

Step 4:  

Select the option 𝑗 in set 𝐼 that is associated with lowest investment costs 

Select  𝑗 ∈ 𝐼 for which 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠𝑗 = min∀𝑗∈𝐼(𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠𝑗) 

As the aim of this thesis is to develop a generic integrated planning model for spare parts and 

components that can be used in the capital goods industry, another heuristic solution is developed for 

which also solutions can be found for spare parts with a large number of components. Next section 

describes the developed heuristic approach. 
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4.4.2. Marginal analysis 
The heuristic approach for the optimization problem described in this thesis is inspired on the heuristic 

approach of Costantino et al. (2013). Another heuristic approach is found by Van Jaarsveld et al (2012), 

who came up with a column generation approach for the repair shop. Inventory is in their model 

controlled by independent (s,S) policies. We assumed an one-for-one replenishment strategy (base stock 

policy) for all SKUs. Although a base stock policy is a special case of a (s,S) policy, we chose to make use 

of the heuristic approach of Costantino et al. (2013). Costantino et al. (2013) used a marginal analysis 

which is comparable to a greedy algorithm. The marginal analysis or greedy approach constitutes the 

basis of the heuristic approach. On top of the greedy algorithm we have constituted several building 

blocks to improve the original greedy approach. It is concluded by Van Houtum and Kranenburg (2015) 

that a greedy algorithm will generate good heuristic solutions for instances with sufficiently many SKUs. 

A spare part usually consists of many components, this might imply the usefulness of the greedy 

algorithm for the optimization problem described in this report. Van Houtum and Kranenburg (2015) also 

indicated the possibility to make use of similar algorithms as for knapsack problems. As it is noted that 

these algorithms are less robust than the greedy algorithm, we chose a greedy algorithm to find a 

solution for the optimization problem. Additionally, as mentioned in section 4.1, the optimization 

problem formulated in this thesis is an unbounded knapsack problem with correlated weights rather 

than a normal unbounded knapsack known in literature. To our best knowledge literature lacks an 

algorithm for the optimization of this special case of unbounded knapsack problem.  

4.4.2.1. Heuristic description  
As mentioned in previous section the developed heuristic constitutes a greedy algorithm with several 

building blocks. Figure 4 shows the building blocks added to the original greedy algorithm (from left to 

right). An explanation of each building block as well as a justification of the necessity of these extensions 

is described below Figure 4. Figure 4 also indicates the added value for each building block in terms of 

extra inventory reduction compared to a non-integrated planning. Note that all values are normalized. 

Inventory reduction percentages are given in case a building block is added, as well as the amount of 

inventory that is extra reduced by adding the building block to the heuristic. It can be seen that 

compared to the original greedy algorithm this heuristic approach is able to reduce inventory (compared 

to the non-integrated planning) by 31.67% rather than 5.42%. The added building blocks contribute to 

almost six times more inventory reduction (€100.00 vs €584.47). These values are based on the business 

case conducted with real life data of ASML. The business case, as well as its results, is described in 

chapter 5. 

Figure 4: Building blocks added to original greedy algorithm 
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An original greedy algorithm adds one unit of stock to a chosen candidate component in an iterative 

way. The candidate 𝑖 is part of a candidate set 𝐼. The candidate set formulated for Problem (P) consists of 

the single spare part and the related components. Each iteration, one unit of stock is added for the 

component so that the system gains the most increase in service level to the set of feasible solutions per 

extra unit of additional cost. Hereto, in each iteration the greedy ratio is determined for each candidate 𝑖  

in candidate set 𝐼. By determining the greedy ratio, the expected gain in service level per unit of extra 

investment to add stock to a candidate is determined . High greedy ratios are thus associated with the 

highest possible marginal benefits, which is desirable. In mathematical terms, the greedy ratio for each 

candidate  𝑖 ∈ 𝐼 is as follows: 

𝛿𝑖 =
𝑊𝑇0(𝑆𝑖)−𝑊𝑇0(𝑆𝑖+1)

𝑐𝑖
, 

where 𝑊𝑇0(𝑆𝑖) − 𝑊𝑇0(𝑆𝑖 + 1) denotes the decrease in expected waiting time in case stock is allocated 

to candidate 𝑖. Let 𝑐𝑖 denote the investment required to allocate stock to candidate 𝑖. Investment 

required equals the sum of cost prices of all components in the particular candidate 𝑖.  

The greedy algorithm follows the below steps in order to build up the solution iteratively: 

Step 1:   

Set all initial base stock levels as zero  

Step 2:   

Go through all options 𝑖, 𝑖 ∈ 𝐶𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝑠𝑒𝑡 𝐼  and  compute for each option 𝑖 the greedy ratio by 

computing   𝛿𝑖 =
𝑊𝑇0(𝑆𝑖)−𝑊𝑇0(𝑆𝑖+1)

𝑐𝑖
. 

Step 3:   

Set the chosen option 𝑖∗ as the one with maximum value of the greedy ratio.   

Increase stock level of option 𝑖∗.  Set 𝑆 = 𝑆 + 𝑈𝑖    

Where 𝑈𝑖  denotes the vector that contains zero value of all cells except the one belong to option 𝑖, 

𝑖 ∈ 𝐶𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝑠𝑒𝑡 𝐼 .  

Step 4:  

Recalculate the total costs and expected waiting time. If the waiting time constraint is satisfied stop the 

algorithm, else go to Step 2.  

  

Basic Greedy 
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Note that only having candidates with single components lead to some inefficiency. A candidate is 

chosen based on its greedy ratio. Preferably you keep components on stock with large supplier lead 

times in order to reduce lead time. However components with large supplier lead times are not selected 

as optimal candidate for an iteration in case there is another component with almost the same supplier 

lead time. Because if for example component X has a supplier lead time of 80 days and component Y a 

supplier lead time of 79 days, lead time will not reduce much by only keeping component X on stock. 

Therefore candidate with component X does not receive a high value for the greedy ratio. Consequently 

this candidate is not selected to allocate stock to, and often stock is allocated to the complete 

(expensive) spare part. For this reason, candidates that consist of multiple components are added to the 

candidate set. This leads to a major improvement compared to the original greedy algorithm; (for 

business case described in chapter 5) inventory is in this case reduced with 18.95% rather than 5.42%. 

This implies that more than three times as much inventory is reduced if clusters with multiple 

components are added to the candidate list of the greedy algorithm.   

Two candidates with a cluster of components are added:  

A. Cluster with all components required for production of spare part. We added this candidate for 

the reason that in case a unit of stock is allocated to the service part, it might be more beneficial 

to keep all components on stock instead of the spare part as in this case the added value of the 

assembly (compared to the loose components) is saved. 

B. Cluster that consists of all components with a supplier lead time larger than the average 

supplier lead time. We added this cluster because it is expected that stock allocation of all these 

components leads to large reduction in lead time and thus waiting time.  

In addition, examined clusters constituted by Jenks natural breaks classification method. This method 

seeks to minimize each class’s average deviation from the class mean, while maximizing each class’s 

deviation from the means of the other classes. Classes were constituted based on supplier lead time, 

however this does not lead to any improvement.  

Take the spare part (A0) in Figure 5, on the next page, as an example. The spare part consists of  three 

components (A1, A2 and A3) the candidate list of the greedy algorithm can be seen as in Table 1 on the 

next page.  

  

Candidates with multiple components 
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Table 1: Candidate set 

 

 

 

 

 

 

     

 

 

 

 

In the last iteration of the greedy algorithm stock is allocated to the candidate with the highest greedy 

ratio. However, in the last iteration step it is preferable to add stock to the candidate that requires the 

smallest investment and satisfies the waiting time constraint. Hereto, we reformulated Step 4 of the 

original greedy: 

Step 4:   

Recalculate the total costs and expected waiting time. If waiting time constraint is not satisfied go to 

Step 2, else review all options 𝑖 that satisfy the waiting time constraint. 

Set option 𝑖∗ as the one with maximum value of the greedy ratio.   

Set the option 𝑖∗∗ as the one with minimum required investment.   

Decrease stock level option 𝑖∗  and increase stock level of option 𝑖∗∗ .  Set 𝑆 = 𝑆 − 𝑈𝑖∗ + 𝑈𝑖∗∗   

Where 𝑈𝑖∗∗  denotes the vector that contains zero value of all cells except the one(s) belong to option 𝑖∗∗, 

𝑖 ∈ 𝐶𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝑠𝑒𝑡 𝐼 . And 𝑈𝑖∗ denotes the vector that contains zero value of all cells except the one(s) 

belong to option 𝑖∗.  

For the business case described in chapter 5, this improvement leads to an extra inventory reduction of 

4.44%. Compared to the non-integrated planning, the heuristic with adapted end leads to an inventory 

reduction percentage of 23.39% whereas for a heuristic without adapted end 18.95% of inventory was 

reduced.  

Candidate set 𝐼 

1 A0 

2 A1 

3 A2 

4 A3 

5 A1,A2 

6 A1,A2,A3 

Adapted end 

Figure 5: Bill of material of spare part A0 
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The number of components in the candidates that contain more than one component can be quite large; 

either stock is allocated to all components, or to all components with supplier lead time larger than 

average supplier lead time. Therefore in the last iteration more stock can be allocated than required. For 

example stock is allocated to all components with a supplier lead time larger or equal to the average 

supplier lead time. Let this be six components. This means that during the last iteration 6 units of stock 

are allocated while for example four components were already enough to satisfy the waiting time 

objective. For this reason, once a solution is found it is checked whether stock units can be removed 

from the final solution while still the waiting time objective is satisfied. Hereto, SKUs are ranked based on 

costs price and we checked one by one whether a SKU can be removed, starting by the most expensive 

SKU. Note that greedy undergoes several iterations till the heuristic solution is found. For this reason not 

only in last iteration but also in the intermediate iterations more stock than necessary can be allocated 

as a result of the candidates with multiple components. Therefore, the iteration to remove components 

from stock is executed twice. Executing this iteration five times leads to a minor improvement which is 

not worth the extra run time.  

For the business described in chapter 5, this improvement leads to an extra inventory reduction of 

6.85%. The greedy approach with an iteration at the end to remove stock leads to an inventory reduction 

percentage of 30.26% whereas for a heuristic without the possibility to remove stock at the end 23.39% 

of inventory is reduced compared to the non-integrated planning. Note that with heuristic thus far we 

are able to reduce one third of the inventory value of the business case.  

 

 

The solution found with the developed heuristic this far may find a local optimum however it is also 

possible that in the neighborhood an improved solution can be found. Therefor Tabu search is applied. 

Tabu search is a metaheuristic search method that guides a local heuristic search procedure to explore 

the solution space beyond local optimality. It iteratively moves from one potential solution to an 

improved solution in the neighborhood until a stopping criteria is satisfied (Glover, 1990). The stopping 

criteria is satisfied if for the second time the solution is found with lowest costs or if in five iteration 

steps no better solution is found. A maximum of ten iterations to search for an improved solution leads 

to minor improvement which is not worth the extra run time.  

For the business described in chapter 5, this improvement leads to an extra inventory reduction of only 

1.43%. The heuristic with tabu search leads to inventory reduction percentage of 31.67% whereas a 

heuristic without tabu search 30.26% of inventory is reduced compared to a non-integrated planning. 

This is a minor improvement, however as run time is limited this building block can be added to the 

heuristic.  

 

Remove stock 

Tabu search 
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With these four building blocks a heuristic for the optimization problem in this report is constituted. The 

performance of this integrated planning model compared to a non-integrated planning model is 

examined in the next section by making use of real life data of ASML.  

4.4.2.2. Evaluation quality of heuristic 
In previous section (section 4.4.2.1) the developed heuristic solution method is described. The solution 

method provides heuristic solutions rather than optimal solutions. In order to evaluate the quality of the 

heuristic we  investigated how far the generated solutions are from optimality. Hereto we compared the 

solution found by complete enumeration with the solution generated from the developed heuristic. The 

optimality gap, indicated as 𝜃, is calculated as follows:   

𝜃 =
𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠ℎ𝑒𝑢𝑟𝑖𝑠𝑡𝑖𝑐− 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠𝑗

𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠ℎ𝑒𝑢𝑟𝑖𝑠𝑡𝑖𝑐
∗ 100. 

Note that within polynomial time this is only possible for spare parts with a small number of 

components. For the business case described within chapter 5, it was found that optimal solutions could 

be generated for spare parts consisting of nine or less components. Recall from section 4.4.1 that 

solutions are generated within the domain of investment costs between zero and 𝑋 euros. To evaluate 

the quality of our developed heuristic we defined 𝑋 as investment costs found by the heuristic solution 

plus one euro:  

𝑋 = 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠𝐻𝑒𝑢𝑟𝑖𝑠𝑡𝑖𝑐 + 1 

Only solutions with smaller investment costs than the heuristic solution are thus generated. Additionally, 

we defined maximum stock levels for components in order to find solutions within acceptable time.  

Note that an allocation of 10 stock units to a certain spare part or component is not expected to offer 

low investment costs solutions while fulfilling the waiting time constraint. Only low investment costs 

solutions can be generated in case to for example one single component a high number of stock units is 

allocated, for example if  𝑆 = (𝑆1, 𝑆2, 𝑆3, 𝑆4)  a solution such as 𝑆 = (1,0,10,0) could generate a low 

costs solution in case component three (𝑆3) is relatively cheap. Note however that this solution is not 

expected to be a feasible solution; waiting time constraint will (probably) not be satisfied. A stock of 10 

units to one single component will not decrease spare part lead time drastically for the reason that still 

production has to wait for the delivery of the other components (𝑆2 𝑎𝑛𝑑 𝑆4). It can thus be motivated 

that a restriction on the maximum stock levels of components and a spare part is reasonable. This can 

also be visualized by the example in Table 2. Take a (fictitious) part consisting of three components  

(𝑆2, 𝑆3, 𝑆4), with costs prices  €1378.81, €0.22, €781.17 and supplier lead times of respectively 

40, 20 and 20 days. Stock level of the spare part itself is indicated by 𝑆1. Different stock allocation 

options are indicated with associated waiting time and costs. In the first row, a large number of 

components is allocated to a single inexpensive component (𝑆3). It can be seen that this is a low costs 

solution, however the solution is not feasible as there is a major gap of 28 days between the associated 

waiting time and waiting time objective. Even when also a large amount of stock is allocated to another 

component (𝑆2) with largest supplier lead time, the gap is large (12 days). Only when stock is allocated 

to all components, the gap decreases, and the solution approaches almost the waiting time objective. 
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Large stock allocations to single components are redundant as can be seen that already a solution 

𝑆 = (1,3,3,2) is feasible.  

Table 2: Example that visualizes that a restriction on the maximum stock levels of components and a spare part is reasonable 

 

Let 𝑍 denote this maximum stock level. For the business case, described in chapter 5, maximum stock 

levels  (𝑍) of ten are defined for spare parts with seven or less components. For spare parts with eight or 

nine components we restricted 𝑍 to a maximum of five in order to find optimality gap within acceptable 

time. A maximum of five is motivated, as we found that for spare parts that contain less than eight 

components, a maximum value for 𝑍 of five also leads to the optimal solutions. Actually a maximum of 

four already provided the optimal solutions. Increasing the number of components from seven to nine 

will not make much difference. It can only be motivated that for a larger number of components, more 

component stock should be allocated to different components in order to decrease lead time drastically.  

Therefore it is less expected that solutions such as 𝑆 = (0,1,0,5,0,5,0,1) will satisfy the waiting time 

constraint.  

A full mathematical description of the evaluation method is provided in Appendix A. 

  

 

  

S                       

(S1, S2, S3, S4)

Waiting Time 

Objective (days)

Waiting Time 

(days)

Investment 

Costs

[1, 0, 10, 0] 16.5 44.49 14,538.06€    

[1, 9, 10, 0] 16.5 28.53 26,947.35€    

[1, 9, 10, 1] 16.5 17.29 27,728.52€    

[1, 9, 10, 2] 16.5 15.15 28,509.69€    

[1, 3, 3, 2] 16.5 15.94 20,235.29€   
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5. Business Case: ASML 
Section 5 describes a business case in which the integrated global warehouse planning model described 

in section 4 is applied. This business case makes use of real life data of ASML and serves as an example 

from practice. In order to analyze the performance of an integrated planning, the planning model is 

compared to the non-integrated, single-item, single-location model described in section 3.2. Note that 

performance in terms of inventory value is examined. A further analysis on the performance of the 

integrated planning model compared to non-integrated model is described in chapter 6.  Section 5.1 

describes the selection of the sample and in section 5.2 assumptions are formulated. Section 5.3 

describes the results of the business case and this chapter ends with some numerical experiments on the 

business case (section 5.4). 

5.1. Sample 

In discussion with the stakeholders we formulated the following sample selection criteria in order to 

create the sample: 

1. Cost price service part ≥ €10,000. ASML is most interested in a solution for their expensive spare 

parts.  

2. Expected yearly demand ≥ 3. ASML is most interested in a solution for parts that are frequently 

used. Spare parts with low expected yearly demand that indicate inventory reduction is less of 

interest as it is less interesting to keep components  for years on stock for a part that might be 

used for example once in the two years. Then it is more efficient to just keep the spare part on 

stock.  

3. Target base stock level > 0. An integrated planning model could be beneficial for spare parts 

with a zero target stock level as well. Benefits are then in terms of decreasing lead time 

(uncertainty) rather than reducing inventory. As this will require a different analysis, only spare 

parts with a target stock level larger than zero are selected. 

4. Number of components ≤ 2426.  

The total population found of spare parts for which a waiting time constraint is formulated is 552. Note 

that this number includes  prior versions (predecessors) as well as new versions (successors) of some 

spare parts. After applying the selection criteria a sample of 26 spare parts is created.  Note that this 

sample is not population representative, because inexpensive and low usage parts are excluded. In terms 

of inventory value this sample is responsible for 10% of the total spare part inventory.  

5.2. Assumptions 

Out of the sample, as well as the total population, follows that there may be errors in the master data of 

the price for components and spare parts. Logically the price of a spare part is higher than the value of all 

components in the bill of material of the spare part. A certain added value is created by assembling the 

components. However the sample shows that sometimes the total value of components required in a 

                                                           
6
 This assumption was required for the first version of integrated planning model, in which only for spare parts with maximum number of 242 

components a solution could be found, due to limited number of columns in Excel. Later another version of Excel is found wherefore the 
integrated planning model can be used for 450 components. This means that ASML can use this integrated planning model for all their spare 
parts.  
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spare part is higher than the price of the spare part. This suggests that probably there are some mistakes 

in the data. After discussion with stakeholder we decided to assume the prices of components to be 

right. This is more reasonable than assuming the spare price to be right as prices are gathered from the 

bill of materials data and it is more likely that after a change in price of components the price of 

component is data is changed and it is forgotten to change the price of the spare part simultaneously. 

Within the sample seven out of the 26 spare parts show values of price that suggest a data error. For 

these spare parts, the price is assumed to be the value of the related components added with a certain 

average added value. Average added value is calculated based on the 341 parts of which the price is 

checked. Based on the 199 out of the 341 parts that indicate a certain added value, the average added 

value is calculated. After checking for outliers, we found that the average added value is 36.29%. We 

used this value in the price calculation of the spare parts for which a mistake in price is estimated. As the 

size of added value might influence results, a sensitivity analysis is conducted on the average added 

value (section 5.4.1). 

Additionally, an assumption is made that the minimum required added value is 5%. This assumption is 

made to avoid parts having prices equal to the value of related components, which would imply that no 

added value is created in the assembly of the components into a product. After discussion with 

stakeholder a minimum of 5% looks reasonable. For all parts that have an added value lower than 5%, 

we recalculated the price of the spare part. In the recalculation, the value of the related components is 

added with the found average added value (36.29%). The influence of the minimum required added 

value on performance of integrated model is determined in the sensitivity analysis in section 5.4.2.  

In conclusion, the following assumptions are made:  

1. Data on price of components is assumed to be right 

2. Average added value is 36.29%  

3. Minimum required added value is 5% 

We conducted a sensitivity analysis on the second and third assumption. Results are described in section 

5.4.  

5.3. Results 

From Table 3 we learn that by using the new (integrated) planning concept, inventory for the selected 

sample can be reduced with 31.67%. The first column indicates material ID followed by inventory 

reduction, and inventory reduction percentage compared to non-integrated planning model. For 21 out 

of the 26 spare parts it is worthwhile to invest in components. Replenishment lead times for these parts 

are declined to such an extent that spare part inventory in GDC could be reduced to that point, that the 

reduction exceeds the required investment in components. The inventory reduction percentage varies 

by item; values range from 5.20% up to 62.05%. On average each part, for which an integrated planning 

leads to an improvement, reduces 24.92% of its inventory value by keeping component stock. In the one 

but last column we compared the heuristic solution with the optimal solution and indicated a certain 

optimality gap (defined in section 4.4.2.2). The optimal solution was found using complete enumeration 

(described in section 4.4.2.2). From the column with optimality gaps in Table 3 we can derive that 
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 Inventory reduction Inventory reduction %
∆ WTheuristic and Wtobj 

(in days)
Optimality gap

Number of 

components

SERV.1001 5.03€                                    -18% 2.45 0.00% 2

SERV.1002 249.28€                               -62% 3.71 0.00% 5

SERV.1003 77.81€                                  -32% 0.61 11

SERV.1004 32.01€                                  -18% 0.01 18

SERV.1005 4.65€                                    -18% 2.63 0.00% 3

SERV.1006 11.09€                                  -54% 0.56 0.00% 4

SERV.1007 15.47€                                  -35% 1.11 28

SERV.1008 7.61€                                    -19% 0.00 0.00% 9

SERV.1009 7.61€                                    -19% 3.52 6.20% 9

SERV.1010 6.37€                                    -15% 0.42 0.00% 8

SERV.1011 12.67€                                  -33% 0.02 34

SERV.1012 8.76€                                    -22% 0.32 0.01% 4

SERV.1013 -€                                      0% 2.40 4.38% 9

SERV.1014 11.63€                                  -47% 0.19 11

SERV.1015 55.76€                                  -17% 0.49 30

SERV.1016 55.76€                                  -33% 0.06 62

SERV.1017 5.92€                                    -11% 0.42 39

SERV.1018 -€                                      0% 5.30 20

SERV.1019 1.09€                                    -5% 1.40 22

SERV.1020 2.68€                                    -13% 0.82 0.00% 7

SERV.1021 -€                                      0% 4.00 0.00% 9

SERV.1022 4.67€                                    -18% 5.68 16.96% 9

SERV.1023 2.37€                                    -14% 0.16 0.00% 9

SERV.1024 -€                                      0% 3.10 7.04% 9

SERV.1025 -€                                      0% 14.00 0.00% 9

SERV.1026 6.22€                                    -23% 0.85 22

Total inventory reduction: 584.47€                                    

Total inventory reduction %: -31.67%

Material ID

Integrated Planning Model

generally, the heuristic solution performs good. For ten out of the fifteen spare parts the developed 

heuristic actually found the optimal solution, and for one part the optimality gap was only 0.01% which is 

really a small gap. Furthermore, from Table 3 can be derived that for spare parts with very low number 

of components (2-5) highly qualitative solutions are generated by the heuristic. Also for a somewhat 

larger number of components (7-9) the heuristic is of quality, however also some larger optimality gaps 

are indicated. A maximum gap of 16.92% was found, other gaps were respectively 4.38%, 6.20%, and 

7.04%. Despite these gaps still we can conclude that generally the heuristic solution provides qualitative 

solutions. For 80% (12 out of 15) of the parts in the business case a solution within 4.39% of optimality 

was found, and for 67% (10 out of 15) of the parts the actual optimal solution was found by the 

developed heuristic. The stock allocations solutions found by the heuristic and complete enumeration 

are provided in  Appendix B. 

Note that we were only able to indicate optimality gaps (within acceptable time)  for the spare parts with 

less than ten components. For the other spare parts, it can be seen that the associated expected waiting 

for heuristic solutions deviates for the major number of parts (8 out of the11) less than one day from the 

waiting time objective. This is actually less than differences between expected waiting time and waiting 

time objective for parts with a 0.00% optimality gap (for instance SERV.1001 and SERV.1002). As a 

solution that is associated with an expected waiting time exactly the same as the waiting time objective 

is optimal, we can conclude that  the developed heuristic also performs quite well for spare parts 

consisting of many components. This can be explained by the fact that our developed heuristic is based 

on a greedy approach,  for which performance is good for instances with sufficiently many SKU’s.  

 

Table 3: Inventory reduction business case 
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When a closer look into a spare part Table 4 is taken the following can be observed: 

Table 4: Look into stock allocation of spare part SERV.1004 

 

 Indeed there is less spare part stock in  the GDC. Instead of keeping nine spare parts on stock, six 

is enough if an investment in some components is made. 

 Stock is allocated to components that have long supplier lead times (component 3 and 4) in 

order to decrease total replenishment lead time.  

 Cost price of component can be a factor. Component 10, 11 and 12 have same supplier lead 

time, yearly expected demand and probability that they need to be replaced during repair. The 

only difference is that component 10 is cheaper. We can observe that more stock is allocated to 

component 10, which is logical for the reason that it is cheapest and will reduce replenishment 

lead time with same amount as other components. Note that this does not hold for component 7 

and 8. These components have equal characteristics except the price and still target stock is the 

same. Therefore cost price does not always to be a factor 

 Stock is allocated to components that frequently have to be replaced during repair. This can 

indirectly be observed from component 2 and 7. Both components have same yearly expected 

demand however to component (component 7) that is more expensive and has a shorter 

supplier lead time more stock is allocated. At first sight this is against intuition however this can 

be explained by the fact that component 7 is more often required in repair which follows from 

the probability that component is replaced during the repair (row 5 of Table 4Table 4).   

In order to get an understanding why some spare parts indicate (major and minor) inventory reductions 

while others do not, we reviewed the following characteristics: 

1. Base stock level. Base stock level of spare part in current non-integrated planning. 

2. Added value (%). Added value of complete assembly (spare part) compared to the loose 

components.  

3. Cost price. Value of spare part. 

4. Portion of in-house processing time in planned lead time. Percentage of planned lead time that 

consist of in-house processing time (administration time and assembly time). It equals the 

portion of planned lead time that you are not waiting for parts to be supplied from a supplier.  

5. Portion of supplier lead time in planned lead time. Percentage of planned lead time that you 

are waiting for components to be supplied from a supplier.  

 

 

SERV.1004
Spare 

Part Comp.1

Comp. 

2 Comp. 3 Comp.4 Comp.5 Comp.6 Comp.7 Comp.8 Comp.9

Comp.

10

Comp

.11

Comp.

12

Comp.

13

Comp.

14

Comp

.15

Comp.

16

Comp.

17

Current target stock level (Non-integrated 

planning)
9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Target stock level (Intgrated planning) 6 2 0 2 2 0 4 2 2 2 3 2 2 0 1 1 0 1

Supplier lead time (days) 0 30 25 70 70 25 30 20 20 45 40 40 40 10 40 40 15 30

Yearly expected demand 0.065 0.131 0.065 0.065 0.065 0.196 0.196 0.065 0.065 0.065 0.065 0.065 0.065 0.065 0.065 0.065 0.065 0.065

Prob. component replacement in repair 0 0 0 0 0 0 0.0196 0.0588 0.0588 0.09804 0.059 0.059 0.059 0 0 0 0 0

Cost price (normalized) (€) 20.07€    0.001€     0.03€    2.24€      2.24€      0.002€    0.001€   0.038€   0.036€   9.06€      ##### #### ##### 0.23€   0.47€   #### 0.01€  0.02€   
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6. Portion of difference in supplier lead time of component with maximum supplier lead time 

and component with second maximum waiting time with planned lead time. An advantage of 

an integrated planning is to decrease lead time by keeping stock of components. With this 

criteria it is analyzed whether the size of difference in supplier lead times between the 

component with maximum and second maximum value of supplier lead time say something 

about the gathered inventory reductions.  

7. Scrap rate. Probability that part is not repairable. A scrap rate of 100% denotes that with 0% 

chance the part can be repaired and thus with probability of 100% must be newly produced.  

 

An overview of the sample with values on each of these criteria is given in Appendix C. Remarkable 

observations from this overview are: 

 Spare parts for which no inventory reduction is found, have relatively low proposed base stock 

levels (in non-integrated planning) compared to base stock levels of spare parts that found an 

inventory reduction for the integrated planning model. It cannot be concluded that spare parts 

with high proposed base stock levels also contribute to largest percentage in inventory 

reduction.  

 The most expensive spare part indicates highest inventory reduction percentage. However, this 

does not immediately imply that the most expensive spare parts also indicate most reduction in 

inventory as the second most expensive spare part is ranked as 16th in ranking on inventory 

reduction percentage.  

 

A further analysis on factors (characterizations of spare parts) that might influence performance of the 

integrated planning compared to a non-integrated planning is described in Chapter 6. 

 

 

5.4. Numerical Experiments for Business Case 

In this section some numerical experiments are described that indicate the sensitivity of integrated 

planning model. 

5.4.1. Added value 
For the business case an assumption on the added value was formulated (section 5.2) for parts for which 

the price of spare part is incorrect; parts that do not indicate an added value compared to all loose 

components required in production of spare part. It was assumed that those spare parts have an added 

value of 36.29%. In order to evaluate how sensitive the business case is to this value we run the sample 

for different values of added value. From Table 5 and Figure 6 can be observed that the added value has 

impact on the total inventory reduction and thus on the performance of the integrated planning. 

However, even if for those parts the added value is zero, inventory is still reduced by 25.88%.   
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Figure 6: (Normalized) inventory reduction for different values of added value percentage 

 

5.4.2. Minimum required added value 
For the business case also an assumption on the minimum required added value percentage of 5%,  was 

formulated (section 5.2). In Table 6 can be deduced that this assumption has really a minor effect on the 

results. For a required minimum added value percentage of 2% same results were found as for what we 

assumed in the business case (5%). For a value of 0% somewhat less inventory reductions are found, 

however this is limited to  0.25% less inventory that is reduced.  

Table 6: (Normalized) inventory reduction for different values of minimum required added value 

 

 

5.4.3. Decreasing in-house processing time 
It is interesting for ASML to verify how much inventory can further be saved as a result of shortening 

their in-house processing times. This is of value for ASML because this could indicate whether it would be 

worthwhile for ASML to pay attention to their in-house processing times.  Table 7 indicates that in case 

ASML shortens it in-house processing times for parts in this sample by 10%, inventory can extra reduced 

by 4%. Note that not all spare parts indicate the possibility to reduce extra inventory; 16 out of the 26 

parts indicate extra inventory reduction possibilities. It can be observed that the value of extra inventory 

reduction increases by shortened in-house processing times as a result of decreasing replenishment lead 

times. Decreasing in-house processing times by 40%, 20% extra inventory can be saved.  An extra 

Minimum 

required 

added 

value

Inventory 

reduction 

(normalized)

Inventory 

reduction 

%

0% 572.66€        -31.42%

2% 584.47€        -31.67%

5% 584.47€        -31.67%

Table 5: Added values percentages and associated 
added value 

 Added 

value

Inventory 

reduction 

(normalized)

Inventory 

reduction %

0% 401.99€               -26%

10% 452.66€               -28%

20% 502.63€               -29%

30% 552.86€               -31%

40% 589.31€               -31%



 

 
 
 

49 
 

ASML Business Case 

analysis on in-house processing times should examine whether there is a possibility to reduce in-house 

processing times and with how much they can be decreased. If extra inventory reduction exceeds the 

investment required to shorten the in-house processing times, such an improvement step might be 

interesting for ASML.  

Table 7: Inventory reduction in case in-house processing time is decreased 

 
 

 

5.4.4. Delay 
One can imagine that compared to a non-integrated planning model, an integrated planning model is 

more sensitive to delays in the assembly process or delays in supply of components. This section 

describes what happens with the performance of the model in case there is a delay in for example the 

supply of components. We examined what the performance of the integrated planning is in case 

components are not delivered on time or in case the assembly and administration time (in-house 

processing time) is delayed. For the delay in supply of components we analyzed what happened in worse 

case, thus when all components are supplied late. In practice this might not be realistic as probably ASML 

strives good agreements with their suppliers. However, in order to examine performance we decided to 

examine the worst-case scenario. Performance is expressed in percentage of spare parts in the sample 

that despite the delay still satisfies the defined waiting time constraint.  

 Delay in in-house processing time  

Table 8 indicates how the integrated planning as well as the non-integrated planning model will react on 

a delay in in-house processing time. Note that ASML already included some safety time in their in-house 

processing times. This section gives an indication of the effect on performance in case safety time 

already included is not enough and thus in-house processing time is longer than planned for.  

In practice a delay in in-house processing time can occur due to a delay in the assembly process of 

components. A delay in the production process can for example be caused by a brook down of a 

component during assembly or due to for example available capacity in one of the work centers due to 

other priorities.    

Performance is expressed in percentage of spare parts in sample that despite the delay in in-house 

processing time still satisfies the defined waiting time constraint. In addition, the average percentage 

above waiting time objective is given. It is logical to see that if the delay increases, the number of spare 

parts that still satisfy the waiting time constraint decreases. This is also visible by the non-integrated 

planning model. Note that performance in terms of percentage spare parts that still satisfies the waiting 

Decrease in in-house 

processing time

Extra inventory 

reduction (normalized)

 Total Inventory 

reduction (normalized) 

 Total Inventory 

reduction % 

10% 75.69€                            660.16€                              -36%

20% 123.18€                          707.65€                              -38%

40% 261.51€                          845.98€                              -46%

60% 388.46€                          972.93€                              -53%
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time constraint is worse for the integrated planning as for the non-integrated planning. This is logical as 

within the non-integrated planning more complete spare parts are kept on stock. An increase in in-house 

processing time will then not necessarily increase lead time and thus waiting time to a large extent. As 

within the integrated model more components rather than spare parts are usually kept on stock a delay 

in in-house processing time immediately affect lead time and thus the expected waiting time.  

 
Table 8: Effect of a delay in in-house processing time 

 
 
 
As for the integrated planning the reduction in inventory value compared to non-integrated planning is 

large (€584.47) there is space to increase base stock levels in the integrated planning in order to equal or 

outperform the performance of the non-integrated planning. In case it is not allowed to violate the 

waiting time constraint after a delay in in-house processing time, safety time should be added equal of 

size as the expected delay. From Table 9 can be deduced that by adding a safety time, still the integrated 

planning outperforms the non-integrated planning in terms of inventory value. For example, if we want 

to be certain that 10% delay in in-house processing time does not lead to violations of waiting time 

constraints, 10% safety time is included. Hereto, an extra investment in components is required. 

Consequently, the inventory reduction percentage will decrease. It can however be seen that inventory 

percentage only decreases with 2%. Thus still a major part of the inventory value  can be reduced 

compared to non-integrated planning. Additionally, a better performance than the non-integrated 

planning is guaranteed in case of a delay as for integrated planning with extra safety time included 100% 

of parts still satisfied waiting time constraint and for the non-integrated planning only 77% does not 

violate the constraint. Note that in case 40% extra safety time is included, inventory reduction 

percentage will decrease more as a larger investment in components is required. But still the integrated 

planning outperforms the non-integrated planning (inventory reduction % = 13%).  

 

% spare parts 

that still 

satisfies the 

waiting time 

constraint

Average % 

increase in 

Waiting Time

Average 

% above 

WTobj

% spare parts 

that still 

satisfies the 

waiting time 

constraint

Average % 

increase in 

Waiting Time

Average 

% above 

WTobj

10% 31% 19% 14% 77% 4% 2%

20% 12% 37% 28% 62% 14% 8%

40% 4% 79% 64% 31% 54% 27%

% delay in in-

house 

processing 

time

Integrated Planning Non-integrated Planning
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Table 9: Effect of extra safety time in in-house processing time 

 
 

 Delay in supplier lead time  

Same analysis as for the in-house processing time is done for the possibility that supplier lead time is 

delayed. Mention that ASML strives good agreements with their suppliers, however still it could happen 

that the supply of some components is delayed. Recall that that scenario examined is a worst case 

scenario, i.e. all components required for production or repair are delayed. From Table 10 can be 

observed that logically the number of spare parts that still satisfy the waiting time constraint reduces in 

case of a delay. Although performance of integrated model is lower than the non-integrated model, 

differences are somewhat smaller compared to the case where in-house processing times are delayed. 

This implies that a delay in supplier lead time affects total replenishment lead time and thus waiting time 

less than delay in in-house processing time. As for the integrated planning the reduction in inventory 

value compared to the non-integrated planning is large (€584.47) there is space to increase base stock 

levels in the integrated planning in order to equal the performance with the non-integrated planning.  

Table 10: Effect of a delay in supplier lead time 

 
 
 

Non-integrated 

Planning

Safety time 

added in in-

house 

proicessing 

time

% spare parts 

that still 

satisfies the 

waiting time 

constraint

 Required 

investment 

(normalized) 

 Inventory 

reduction 

(normalized) 

Inventory 

reduction 

%

% spare parts 

that still 

satisfies the 

waiting time 

constraint

0% 10% 31%  €            584.47 -32% 77%

10% 10% 100% 44.57€            539.90€             -29%

0% 20% 12%  €            584.47 -32% 62%

20% 20% 100% 235.86€          348.61€             -19%

0% 40% 4%  €            584.47 -32% 31%

40% 40% 100% 350.77€          233.70€             -13%

% delay in 

in-house 

processing 

time

Integrated Planning

% spare parts 

that still 

satisfies the 

waiting time 

constraint

Average % 

increase in 

Waiting Time

Average 

% above 

WTobj

% spae parts 

that still 

satisfies the 

waiting time 

constraint

Average % 

increase in 

Waiting Time

Average 

% above 

WTobj

10% 46% 12% 9% 77% 5% 3%

20% 27% 24% 17% 54% 21% 10%

40% 4% 54% 41% 31% 64% 35%

% delay in 

supplier 

lead time

Integrated Planning Non-integrated Planning
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By adding a safety time to the supplier lead times violations of the waiting time constraint in case of a 
delay can be prevented. From Table 11 can be deduced that by adding a safety time, still the integrated 
planning outperforms the non-integrated planning in terms of inventory value. Note that for safety times 
of 10% or 20% the reduction in inventory value is minor, as extra investment is minor. For safety time of 
40% more investment is required wherefore inventory reduction decreases from 32% to 17%.   
 
 

Table 11: Effect of extra safety time in supplier lead time 

 
 

  

Non-integrated 

Planning

Safety time 

added to 

supplier 

lead time

% spare parts 

that still 

satisfies the 

waiting time 

constraint

 Required 

investment 

(normalized) 

 Total inventory 

reduction 

(normalized) 

Total 

Inventory 

reduction 

%

% spare parts 

that still 

satisfies the 

waiting time 

constraint

0% 10% 46%  €            584.47 -32% 77%

10% 10% 100% 15.28€          569.19€             -31%

0% 20% 27%  €            584.47 -32% 54%

20% 20% 100% 20.15€          564.32€             -31%

0% 40% 4%  €            584.47 -32% 31%

40% 40% 100% 271.17€        313.30€             -17%

Integrated Planning

% delay in 

supplier 

lead time
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6. Numerical experiments 
Section 6 will give further insights in the performance of the integrated planning model compared to a 

non-integrated model. Already the business case in chapter 5 gave some fruitful insights for predefined 

set of spare parts of ASML. There are however many types of spare parts, each with other combinations 

of input parameters. Some capital good manufactures may have repairable spare parts that in most 

cases can be repaired, others might have respectively long or short supplier lead times.  This section will 

give more general insights in performance of the integrated planning model. It is examined for which 

type of spare parts a capital good manufacturer will benefit from reducing replenishment lead time 

through keeping component stock.    

In order to examine the performance of the integrated model compared to the non-integrated model, 

different values of input parameters are tried to investigate which values lead to inventory reduction. 

Every combination of some fixed values of input parameters are considered, hence the experimental 

design follows a full-factorial fixed effects model. Input parameters considered are added value, price of 

spare part, waiting time constraint, scrap rate, in-house processing time, yearly expected demand and 

maximum supplier lead time. The values of the input parameters that we utilized in the experiment are 

provided in Table 12. For each factor (input parameter) a small and high value is selected based on data 

of ASML total collection of spare parts, thus not only the spare parts selected as business case in chapter 

5. As values, we selected maxima and minima by excluding the extremes. For example, a spare part could 

have the price of 1 million euro or even more, however as these prices are exceptional a more 

representative maximum value of €500,000 is selected. Same reasoning is used for the other input 

parameters. If ASML may serve as a representative example for capital goods manufactures this set of 

input parameters is representative for all except the really cheap components from a few hundred (or 

thousand) euros. The values of parameters result in 27=128 sets. For this experiment we conducted an 

analysis of variance (ANOVA) on a model that includes all of the main and two-way interaction effects. 

 
Table 12: Input parameters and values used for experiment 

Variable Description Values 

𝑐𝑖 − ∑ 𝑐𝑗

∀𝑗∈𝑐ℎ𝑖𝑙𝑑(𝑖)
𝑗≠0

 Added value 1.1; 1.4 

𝑐𝑖 Price service part 10,000; 500,0000 

𝑊𝑇𝑖
𝑜𝑏𝑗

 Waiting time constraint 3; 18 

𝜌𝑖 Scrap rate 0.2; 0.99 

𝐿𝑃𝑖 In-house processing time 35; 80 

𝑚𝑖 ∗ 365 Yearly expected demand 0.2; 40 

max
∀𝑗∈𝑐ℎ𝑖𝑙𝑑(𝑖)

(𝑆𝐿𝑇𝑗) Maximum supplier lead time 45; 100 

 
 
The main effects that are significant on inventory reduction at a 95% confidence level (and their 

respective p-values) are price (0.000), scrap-rate (0.004), yearly expected demand (0.000) and maximum 

supplier lead time (0.032). For this set of parameters, we deduce from main effects plots in Appendix D 
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that there is a higher expected inventory reduction when price, scrap rate, yearly expected demand and 

maximum supplier lead time are high. Results are mostly in line with intuition, as is discussed in what 

follows. Furthermore five significant interaction effects are found: “price x scrap rate” (0.001), “price x 

demand” (0.000), “price x maximum supplier lead time” (0.018), “scrap rate x demand” (0.002), 

“demand x maximum supplier lead time” (0.029). Note that normality and homogeneity assumption are 

not always fulfilled therefor the following observations only serve as indications:  

 

  Observation 1: Inventory reduction is for different values of demand rates about equally for 

parts with a low cost price however for expensive parts with high expected yearly demand more 

inventory is reduced than for expensive parts with a low expected yearly demand. The effect of price on 

inventory reduction is thus larger for parts with high expected yearly demand and minor for parts with 

low expected yearly demand. This result is in line with intuition as in case of larger yearly demand more 

stock is required to cover demand during lead time. Therefore more stock is required in GDC for non-

integrated planning wherefore there is more room for the integrated planning to keep components on 

stock instead of complete spare parts. This is logical as for example a proposed spare stock by non-

integrated planning of one, it is almost not possible to satisfy waiting time constraint against lower cost 

by only keeping components on stock. In case price of spare part is high, more inventory value is 

reduced.  

 
Figure 7: Price X Expected yearly demand 

 Observation 2: There is a greater difference in inventory reduction between different values of 

supplier lead times for expensive spare parts than there is for spare parts with a low costs price. This is in 

line with intuition as an integrated planning benefit from larger supplier lead times which can also be 

deduced from the main effect plot of supplier lead time. An integrated planning benefits more for the 

reason that it has the possibility to keep components on stock. A non-integrated planning has not this 

possibility and must thus correct large supplier lead time with stock of complete spare parts. In case 

price of spare part is high, more inventory value is reduced.  
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Figure 8: Price X Maximum supplier lead time 

 Observation 3: There is a greater difference in inventory reduction between different values of 

supplier lead times for spare parts with high expected yearly demand than there is for spare parts with a 

low expected demand. More stock is required to cover demand during lead time for parts with high 

expected yearly demand. In case supplier lead times are high (and so lead time) even more stock is 

required to cover demand during lead time. As mentioned above an integrated planning benefits from 

larger supplier lead times as it can correct large supplier lead times with component stock rather than 

(expensive) spare part stock. For this reason effect of yearly expected demand on inventory reduction is 

higher for larger values of supplier lead times.  

 

 
Figure 9: Expected yearly demand X Maximum supplier lead time  Figure 10: Price X Scrap rate 

  

Observation 4: Inventory reduction is for different values of price about equally for parts with a 

low scrap rate however for expensive parts more inventory is reduced for parts with high scrap rates 

than for parts with a low scrap rate. This result is less intuitive as it is expected that an integrated 

planning benefits from the possibility to keep components on stock that are frequently required during 

the repair process. Therefore another experiment is considered with more than two values of scrap rates 
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and cost price, respectively four values of scrap rate (0.2; 0.45; 0.71; 0.99) and seven values of cost price 

for spare part (10,000; 23,000; 55,000; 100,000; 210,000; 360,000; 500,000). Other input parameters are 

considered as fixed values. From Figure 12 can be seen that for different values of scrap rate the relation 

between price and inventory reduction is about linear which was also suggested in the interaction plot. 

Furthermore from Figure 12 can be deduced that a large difference in inventory reduction for different 

values of scrap rates is found for expensive spare parts and difference is about equal for lower priced 

components. An explanation might be that it is caused by the fact that repair lead times are larger than 

new production lead times. In-house processing time was for this experiment fixed on 80 days which is 

according to spare part collection of ASML a large value. Repair lead time for these type of parts is 

expected to be 101 days. From main effect plot of in-house processing time (Figure 11) a negative effect 

was found; larger values of in-house processing times lead to smaller values of inventory reduction. The 

main effect was for these two values of in-house processing time, respectively 35 days and 80 days, 

found not to be significant. However, the effect is in line with intuition as for the case that you keep 

components are kept on stock, short in-house processing time (e.g. assembly time) are preferred to 

replenish the GDC quickly. A non-integrated planning benefits more compared to an integrated planning 

in case in-house processing times are long as in a non-integrated planning complete spare parts are kept 

on stock. Thus for larger values of in-house processing time the negative effect might be larger which 

could explain why for expensive parts with low scrap rates less inventory is reduced.  

 

 
Figure 12: Inventory reduction for different values of scrap rate 

 
Observation 5: Same as for price and scrap rate holds for expected yearly demand and scrap 

rate; inventory reduction is for different values of expected yearly demand about equally for parts with a 

low scrap rate however for expensive parts more inventory is reduced for parts with high scrap rates 

than for parts with a low scrap rate. Same reasoning may hold that due to increase in lead time (as repair 

lead times is larger than new production time) less inventory is reduced for the reason that an integrated 

planning benefits less from increased in-house processing times.  

 

Figure 11: Main effect plot in-house processing time 
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Figure 13: Scrap rate X Expected yearly demand 

 
Based on this experiment, we can conclude that an integrated planning is mostly of value for spare parts 

with high cost price, high demand and high scrap rates. Also for spare parts that contain components 

with large supplier times an integrated planning is an outcome. The integrated planning is less beneficial 

in case in-house processing times such as assembly time are quite large.  
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7. Discussion 
This section starts in section 7.1 and 7.2 with a discussion on possible extensions of the developed 

integrated planning model. Within section 7.3. we discussed the impact of the assumption made on  

i.i.d.repair and new make lead times. Lastly, the development of a lower bound on the optimization 

problem is described in section 7.4.  

7.1. Quality issue uncertainty 

Quality issue uncertainty during production or repair of spare parts was excluded from scope in this 

project. However, in practice it is important for capital good manufactures to take these into account in 

case there are some serious quality issues with components. Taking quality issue uncertainty into 

account prevents the production or repair process to be disturbed unnecessarily long. Within ASML a 

disturbance in the production process caused by a broken component is called a reject.  Components can 

be broken upfront they are used or can fail during the production process in for example an assembly 

step. In case a component fails the production process stands still till a new component is available. In 

case component is not on stock, disruption of the production process might become respectively long 

which could lead to problems in the field.  For this reason it is of importance to incorporate quality issue 

uncertainty for those components that have considerably quality issues.  

Quality issue uncertainty can be incorporated by increasing demand with probability with which 

component may have a quality issue during production or repair process. If this is for example 10 out of 

the 100 times, there is a probability of 10% that component fails during the production/repair process. 

Demand for component should therefore be increased with 10%. Demand still occurs according a 

Poisson process and supplier lead times are still independent and identically distributed. Therefore the 

developed integrated planning model can still be used. 

In order to incorporate quality issues of components variable 𝛽𝑗 is introduced. Let 𝛽𝑗be the probability or 

fraction that component 𝑗 fails during the production or repair process and let 𝑚�̂� be demand (inclusive 

quality issue uncertainty) for component 𝑗. Expression for demand  𝑚�̂� is as follows: 

𝑚�̂� =  𝑚𝑗 ∗ (1 + 𝛽𝑗) 

Where  𝑚𝑗 is demand for component 𝑗 exclusive quality issue uncertainty. 

By replacing the 𝑚𝑗 in the integrated planning model by 𝑚�̂� quality issue uncertainty is incorporated.  

 

7.2. Shared component inventory 

Other than the production and repair of spare parts for after sales, service capital goods manufacturers 

are developing and manufacturing new highly complex systems for their customers. In Figure 14  can be 

seen that the factory of capital goods manufacturers is thus used for different purposes; (i) production 

and repair of spare parts (i.e. Service), (ii) production of new machines (i.e. Factory). As spare parts are 

replaced in new machines upon a failure one can imagine that there is commonality in components 

required for production of new machines and spare parts.  Some components occur in the material 
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breakdown structure of both machines and spare parts. Instead of using separate stocks for production 

of new machines and spare parts using of a shared component stock might improve inventory control. 

An integrated planning could contribute to a shared component inventory, however some adaptions 

might be required.  

 

 

Figure 14: Factory used for production spare parts and new machines 

If components are used by Factory and Service, the two different sources of demands should be 

aggregated. Demand for production or repair of spare parts has an intermittent nature of demand 

pattern, i.e. demand occurs at infrequent, irregular and often unpredictable intervals. Whereas demand 

for production of new machines is more predictable as demand is induced by manufacturing schedules 

planned upfront.  Spare part demand was assumed to occur according to a Poisson process, as demand 

for production of new machines cannot be characterized as Poisson, one cannot make use of the 

property of superposition of Poisson processes (Proof Appendix E). In case both demand processes 

where independent Poisson processes (respectively PP(λ1) and PP(λ2)) than the aggregated demand 

process was again Poisson distributed with rate λ1+ λ2 (PP(λ1+ λ2)) (Kulkarni, 2011). In this case demand 

rates could easily be added up. However as this is not the case another solution should be found in case 

demand for new machines will be incorporated.  

Sobel & Zhang (2001) consider a similar case in which product A is (i) a component or subassembly of 

other products, and (ii) a replacement part. For product A they distinguish two different demand sources 

respectively a deterministic and stochastic demand source. Sobel & Zhang (2001) recognize that a 

replenishment policy based on the distributions of aggregate demand makes no distinction in priority as 

it treats all demand as equal in priority. In practice however as within ASML, demand for production of 
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new machines (deterministic demand) receives priority above production of spare parts in case no 

machines are down in the field. For this reason they developed an intermediary between the extremes 

of total aggregation and disaggregation. In their periodic review inventory model deterministic demand 

must be satisfied in each period and the stochastic demand that cannot be met from stock is 

backordered. Demand with high priority must thus be satisfied immediately. Furthermore an assumption 

is made that as much stochastic demand is satisfied immediately if there is sufficient stock on hand to do 

so. Therefore a positive backorder level must be accompanied by a zero level of physical inventory. This 

simplifying assumption is acceptable as this is a requirement in many real systems for the reason that it 

may be unacceptable from customer relations point of view to delay customer orders while inventory is 

sitting on the shelves.  

One can conclude that in order to incorporate demand from the production of new machines into the 

developed integrated planning model the following things should be considered: 

 A distribution on the aggregate demand stream has to be found 

 One has to check whether this distribution is applicable in the integrated planning model as a 

demand is assumed to occur according to a Poisson process in the current planning model. For 

the determination of expected waiting time for components Palms Theorem is used which 

assumes i.i.d lead times and Poisson distributed demand. Supplier lead times are i.i.d. however 

demand may no longer occur according to a Poisson process.  

 Priority levels of demand should be taken into account.  

 

7.3. Independent identical lead times 

Within the integrated planning model we made the assumption that repair and new make lead times of 

spare parts are independent and identically distributed. In practice, we know that spare part lead times 

are dependent on the availability of components; if components are available they can directly be 

allocated from stock and in case they are on order the spare part has to wait until the component 

arrives. Lead times may thus vary among the same spare parts and thus within the model approximated 

average values of lead times are used. One can discuss whether this simplifying assumption may lead to 

problems in the field in case the integrated planning model will be implemented.  In case the average 

values of lead time show out to be too short, there might exists a shortage of spare parts in the global 

warehouse which could lead to problems in the field. An experiment is conducted in order to see how 

stock is allocated among stock units, thus among components and the spare part. The same 

experimental design and input parameter values as in Chapter 6 are used. For each set of parameters 

that result in inventory reduction compared to the non-integrated planning, the target stock values are 

reviewed. Figure 15 displays a short overview of allocated stock for different parameter values. The 

complete table is available in Appendix F.  

It can be seen that besides that stock is allocated to several components, also quite some stock is 

allocated to the complete spare part in the GDC. This implies that a too tight estimated average spare 

part lead time will not immediately lead to problems in the field. Furthermore it can be seen that 
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components with longest supplier lead time (component 9-12 and 14-15) have also more stock allocated. 

This implies that the probability that a spare part sees an out of stock situation of these components is 

less than in case minor stock or no stock was allocated. Therefore, if the spare part has to wait for a 

component to become available it is probably not the component with the longest supplier lead time 

where the spare part is waiting for, which limit the time with which the approximated average spare part 

lead time might be extended in practice. Furthermore it must be noted that a one-for-one replenishment 

strategy is applied for the components. This means that if a component is used immediately a new 

component is ordered at the supplier. This avoids unnecessary waiting time for components compared 

to the case in which components are ordered in batches in case a certain stock level is reached.  

We can see that in case yearly expected demand is low, logically less stock is allocated to components 

and the spare part. However, also less is required. In case yearly expected demand is low a situation in 

which one has to wait longer than the approximated average lead time is less expected to happen. If 

yearly expected demand is 0.2 one single part is expected to be required in five years. Components are 

then also not often required, thus a situation in which one has to wait longer than the approximated 

average lead time is not expected to happen. All in all it seems that the simplifying assumption of 

independent and identically distributed lead times is a fair assumption which does not necessarily leads 

to problems in the field.  

 

Figure 15: Stock allocation for different sets 

 

7.4. Lower bound 

We have evaluated the quality of the developed heuristic in section 5.3 by comparing the heuristic 

solution with the optimal solution found by complete enumeration. This was however only possible 

within polynomial time for spare parts that consist of a small number of components (less than 9). In 

order to evaluate the quality of heuristic for spare parts with a larger number of components a lower 

bound has to be constituted. A lower bound tells us that the optimal solution is not related to a smaller 

inventory value than the proposed lower bound. Furthermore it constitutes a border on that the 

generated heuristic solution is within certain distance from the optimal solution. It can therefore be used 

to evaluate the quality of heuristics. Note however that a lower bound is a bound and that the actual gap 

with the optimal solution is smaller. Therefore we can only say how well a heuristic performs in case the 

found gap is relatively small. Nothing can be said on how worse a heuristic performs for the optimization 

problem in case a large gap is found, for the reason that it is unknown how far the lower bound is from 

the optimal solution.  

Added 

Value

Price 

Service 

Part

Waiting 

Time 

Constraint

Scrap 

Rate

In-house 

processing 

time
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(per 

year)

max 

Supplier 

Lead 

time

Spare 

Part

Comp.

1

Comp. 

2

Comp. 

3

Comp.

4

Comp.

5

Comp.

6

Comp.

7

Comp.

8

Comp.

9

Comp. 

10

Comp. 

11

Comp.1

2

Comp.

13

Comp.

14

Comp.

15

Comp.

16

Comp.

17

B1003 1.1 10000 3 0.2 35 40 45 8 3 1 2 2 1 9 1 1 2 3 2 2 0 1 1 1 1

B1004 1.1 10000 3 0.2 35 40 100 9 2 1 3 3 2 19 1 1 3 3 3 3 0 2 2 1 1

B1005 1.1 10000 3 0.2 80 0.2 45 1 0 0 1 1 0 0 0 0 1 1 0 1 0 0 0 0 0

B1007 1.1 10000 3 0.2 80 40 45 15 0 0 1 1 0 10 0 1 1 1 1 1 0 0 0 0 0

B1008 1.1 10000 3 0.2 80 40 100 15 2 1 3 3 2 19 2 2 3 3 3 3 0 2 2 1 2

B1010 1.1 10000 3 0.99 35 0.2 100 1 0 0 1 1 0 1 1 1 1 1 1 1 0 1 1 0 0

B1011 1.1 10000 3 0.99 35 40 45 7 2 1 4 4 1 3 0 0 2 2 2 2 0 2 2 0 1

B1012 1.1 10000 3 0.99 35 40 100 10 2 1 8 8 1 3 0 0 6 6 6 6 0 6 6 0 1

B1013 1.1 10000 3 0.99 80 0.2 45 1 0 0 1 1 0 0 0 0 1 1 1 1 0 1 1 0 0

B1014 1.1 10000 3 0.99 80 0.2 100 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1

B1015 1.1 10000 3 0.99 80 40 45 14 1 0 4 4 0 1 0 0 2 2 2 2 0 2 2 0 1

B1016 1.1 10000 3 0.99 80 40 100 16 2 1 8 8 1 3 0 0 6 6 6 6 0 6 6 0 1
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For the optimization problem formulated in this thesis we know that a solution is feasible in case it 

satisfies the waiting time objective. This solution comes closer to the optimal solution if the solution is 

found to be efficient and the difference between the waiting time objective and the expected waiting 

time becomes smaller. A (efficient) feasible solution that is associated with expected waiting time exactly 

the same as the waiting time objective is optimal. This suggest that a solution with waiting time larger 

than the objective (thus not feasible) is associated with an inventory value that may be less than the 

optimal solution, which can constitute a lower bound on the optimization problem. Note however that 

this thus not mean that all infeasible solutions are associated with an inventory value less than the 

optimal solution as there also exist inefficient solutions among the infeasible solutions. Van Houtum and 

Kranenburg (2015) found that the one but last solution generated by a Greedy algorithm constitutes a 

lower bound for the optimal costs. This is the solution that is found by greedy before it finds the heuristic 

solution that satisfies a certain constraint. This solution can be stated as lower bound for the reason that 

a greedy algorithm generates an ordered set of efficient solutions (ℇ) as in their multiple-item single-

location inventory model (described in section 3.1) the functions 𝔼𝐵𝑂𝑖 are decreasing and convex.  

This means that in order to make use of this lower bound for the optimization problem described in this 

thesis we have to indicate that the expression for the expected waiting time is decreasing and convex. In 

contrast to the model used by Van Houtum and Kranenburg (2015) our optimization problem consists of 

more than one decision variable as there are several stock levels that are determined, as now also 

components are kept on stock. In order to first check whether convexity of the function can be 

precluded with a counterexample the waiting time is plotted for a spare part consisting of two different 

components. Hereto the waiting times of stock values ranging from zero till fifty are plotted in a 3D 

scatterplot (see Figure 16).  

 

 

Figure 16: 3D scatter plot which indicate for different combination of stock values the associated waiting time
7
 

                                                           
7
 Input parameters: LP=15, LR=15, m=[ 0.2, 0.2], LT=[80,120], ro=0.99 



 

 
 
 

63 
 

Discussion 

From Figure 16 can be derived that for a spare part consisting of two components (with specified input 

parameter values) it is not possible to demonstrate non convexity. This however does not necessarily 

mean that also for spare parts with a larger number of components no counterexample can be found. 

Another approach to examine whether the waiting time function is convex or not, is deriving the Hessian 

matrix.  If the Hessian matrix can be proven to be positive semidefinite in the entire domain, the function 

is convex.  Hereto the second derivatives have to be formulated for the expected waiting time function 

below: 

𝑊𝑇(𝑆) =
𝔼𝐵𝑂(𝑆)

𝑚
=

𝑚∗(𝜌∗(𝐿𝑃+max  
𝑗∈𝐽 \{0}

(𝑊𝑇𝑗(𝑆𝑗)))+(1−𝜌)∗(𝐿𝑅+∑ 𝛼𝑘̅̅ ̅̅∀𝑘 ∗𝑊𝑇𝑘(𝑆𝑘)))−𝑆−∑ (𝑥−𝑆)ℙ(𝑋=𝑥)𝑆
𝑥=0

𝑚
. 

This is a complicated function to work with through the existence of the “max”-function. Time required 

to find the second derivatives exceeded the time available within this thesis research. For the reason 

that it is interesting to formulate a lower bound on optimization problems such as the optimization 

problem described in this thesis, this is for literature an opportunity for further research. Note that in 

case the function  for expected waiting time is found to be nonconvex, it is recommended to examine 

whether the function is quasi convex, i.e. function in which a certain domain is convex. Once this domain 

is indicated, the greedy algorithm can be applied from the point from which the function becomes 

convex. The greedy heuristic generates efficient solutions from this point on and thus a lower bound  of 

the optimization problem can be formulated.  The lower bound is then constituted by the last but one 

solution of the greedy algorithm. This is the solution found by the greedy algorithm just before the final 

solution is found.  
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8. Conclusions and recommendations 
In this chapter, conclusions and recommendations based on this master thesis research are given. 

Conclusions are drawn in section 8.1 based on the research questions formulated in section 2.2. In 

section 8.2 several recommendations for ASML and recommendations for further research are given.  

 

8.1. Conclusions 

The primary objective of this thesis was to develop an integrated global warehouse planning model for 

spare parts and their components, that incorporates both the repair and the new production flow of 

spare parts. The main conclusions per research question as given in chapter 2 are discussed below: 

Research question 1 
How can an integrated global warehouse planning for spare parts (either newly produced or repaired) 

and their components be designed in such a way that inventory investment is minimized while a certain 

waiting time objective is satisfied? 

In this thesis we modeled the integrated planning model as a multiple-item, single-location model; 

multiple components are kept on stock for the production and repair of a spare part. Therefore within 

the calculation of new production and repair lead times,  stock levels of components are taken into 

account. New make lead time consists of assembly time and the maximum expected delay due to the 

unavailability of certain components required in the production process. Repair lead time consists of 

time for repair and time waiting for required component to become available. Compared to existing 

literature this model allows for the possibility that a spare part failure is caused by the failure of multiple 

components, rather than only a single component. Hereto, we incorporated probabilities that certain 

components have failed and must be replaced during the repair process.  

Research question 2 
What is the potential value of integrating the planning and thus keeping components on stock for 

production are repair of spare parts?  

In order to evaluate the potential value in terms of inventory reduction of an integrated planning and 

thus keeping components on stock, the integrated planning is compared with a (non-integrated) 

planning model in which no components are kept on stock. It is found that by keeping components on 

stock spare part lead times can reduce to such an extent that stock of expensive spare parts in the global 

warehouse can decrease. As components are usually less expensive than complete spare parts, inventory 

is reduced. For the selected sample of spare parts of ASML, inventory can be reduced by 31.67%.   

Furthermore, we found that an integrated planning model offers the possibility to keep components 

often required in the repair processes on stock, which accelerates the repair process.  

By comparing stock allocation solutions determined by the developed integrated planning model with 

optimal solutions found through complete enumeration, we can conclude that the developed planning 

model generates high qualitative solutions. For some parts in the business case (67%) the developed 

integrated planning model actually found the optimal solution. For others, the optimality gap was 

relatively small (on average 7%; maximum 16.96%; minimum 0.01%). As the developed integrated 



 

 
 
 

65 
 

Conclusions and recommendations 

planning model is based on a greedy approach, for which performance is good for instances with 

sufficiently many SKU’s, it can be motivated that the developed heuristic will perform also good, or even 

better for spare parts consisting of a large number of components.  

Different capital goods manufacturers may have different types of spare parts. Some capital good 

manufactures may have really expensive spare parts or repairable spare parts that in most cases can be 

repaired, others might have respectively long or short supplier lead times. We found that an integrated 

planning is mostly of value for spare parts with a high cost price, high demand rate and high scrap rate. 

Besides for spare parts that contain components with large supplier times an integrated planning is an 

outcome. The integrated planning is less beneficial in case in-house processing times such as assembly 

time are quite large.  

8.2. Recommendations 

In this section, recommendations for ASML and recommendations for further research are outlined. 

 

8.2.1. Recommendations for ASML 
The business case indicated that decreasing lead times through keeping component stock can help  

ASML in their goal of reducing inventories within their spare part network. For the selected parts (26 

SKUs) in the business case, 31.67% inventory value can be reduced by using the developed integrated 

planning model. This is such a large reduction that we recommend ASML to investigate what an 

integrated planning model process wise means for ASML. This thesis examined what an integrated 

planning model could mean for ASML in terms of inventory reduction, but in order to go for 

implementation it should first be investigated what process wise will change. It should be examined if 

total inventory reduction exceeds the possible extra operational expenses associated with the changes in 

the process.  

 

ASML can think of the following changes: 

 Planning of components. Rather than that components are automatically ordered by the ERP 

system after a production order of a spare part is placed by the planner, components should be 

planned upfront.  

 Stock levels control for components. Rather than only controlling the stock levels for spare parts, 

stock levels of components should also be controlled in case to quickly react upon devious 

behavior in usage or supply of the component.  Out of stock situations should be avoided in 

order to prevent problems in the field. Note that this is also an advantage of the integrated 

planning model as supply problems are recognized upfront instead of (what currently happens) 

when the component is ordered and exactly needed after supplier lead time.  

 Data collection regarding component failures within the spare part. The probability that a certain 

component is required in the repair process serves as input of the integrated planning. With this 

input, components that are frequently required during repair can be put on stock in order to 

accelerate repair lead times. Currently no data is collected, thus someone should be made 

responsible for the data collection. This leads to some (minor) additional expenses.  
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Conclusions and recommendations 

For this thesis project warehouse capacity was excluded from scope and inventory holding costs are not 

incorporated. Components should however be stocked in a warehouse nearby the factory were spare 

parts are produced and repaired. ASML should investigate whether their warehouse has enough space to 

stock the components. In terms of value, inventory holding costs will not drastically change as it makes 

no difference whether loose components of a spare part are stocked or a complete spare part is stocked. 

However stocking small components may require a different layout of the racks in the warehouse. In 

terms of handling, stocking loose components might be more expensive. Handling costs are expected to 

be minor compared to value of spare part, as spare parts are usually expensive. But in order to get a 

complete idea on the potential value of an integrated planning these handling costs should be 

investigated as well.  

 

If inventory reductions exceed the operational expenses ASML could align its processes and go for 

implementation of the integrated planning model. But beforehand it is important that strict agreements 

between the Service department and Factory department are made on the use of components. This in 

order to avoid situations in which the spare part planning accounts on certain component stock levels 

which are in practice not realized. For the reason that the factory department have used the 

components in the production of new machines. If no strict agreements are made, this may have serious 

consequences for the field. There are a few possibilities: 

 

 Component stock for Service department. Only the Service department is allowed to use the 

components in their production and repair processes. The Factory cannot make use of any of the  

components, also not in critical situations. Nothing will change for Factory department 

compared to current situation. Disadvantage of this situation is that in situation can occur that 

production schedule of new machine could be delayed while at the same time this delay could 

be avoided by using components from the Service Department. As delays in production process 

are very costly, Factory will in practice always use the component.  For this reason this option is 

expected to  not work in practice.  

 Component stock fully shared by the Service and Factory departments. Both departments can use 

components on stock. Note that hereto the integrated planning must be adapted as demand 

from the Factory department must be incorporated. We recommend ASML to first analyze 

commonality between components used by the Factory and Service department. If there is 

considerable overlap, pooling component inventory lead to further inventory reductions. Note 

that in order to pool component inventory first should be determined how both different 

demand streams can be aggregated.  

 Component stock for Service department, but the Factory department may use components in 

critical situations. The Factory is not allowed to use the components in their regular production 

processes, however if a critical situation occurs, it is allowed to make use of these components. 

Benefit is that in case Factory is in trouble with their production schedule and there is a 

component available, it can directly be used. This prevents disruptions in the production process 

of new machines. As delays in production schedule of new machines are usually expensive, this 

is a good option. Note that ASML must strictly define under which conditions a situation may be 

called “critical” and thus components can be used by the Factory department.   
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Conclusion and recommendations 

 

We recommend ASML to go for the third option, and thus to pool inventory only in case a critical 

situation occurs in the Factory department.  Hereto conditions of a “critical” situations must be 

formulated and agreed. For the future, complete pooling of components might be interesting if there is 

considerable overlap between components used by both departments. Another graduate student may 

work on an extension of the  integrated planning model, in which demand stream from Factory 

department is aggregated with the demand stream of the Service department.  

 

This thesis examined the potential value of an integrated planning in terms of inventory value, and 

excluded the spare parts with target stock levels equal than zero. An integrated planning model could be 

beneficial for these spare parts as well. Benefits are then in terms of decreasing lead time uncertainty 

rather than reducing inventory value. Lead time uncertainty is reduced as supplier lead time uncertainty 

reduced if components are kept on stock. Whereas normally supplier lead time can vary  for example 

from 80 till 110 days, now the component is (with certain probability) on stock. In case this is the 

component with the largest supplier lead time, keeping the component on stock avoids the lead time of 

the spare part to be increased (with some probability) by 30 days. ASML could in the future investigate 

whether parts with zero target stock level have high uncertain supplier lead times and could think of a 

solution in the direction of the integrated planning. Another student may work on an extension of the 

integrated planning model in which the trade of is made between lead time uncertainty on the one hand 

and required investment in components on the other hand. This extension can also be used for parts 

that have larger target stock levels and for which supplier lead times are not in control. 

 

8.2.1.1. Implementation issues 
If ASML is planning to use the integrated planning model, it will support ASML in determining target 
stock levels for  the spare part in the global warehouse and related components. Same as the frequency 
with which ASML currently calculated its stock levels, the integrated planning model can be run once a 
month. The following implementation issues should be considered: 
 

 Decide on safety time. Within section 5.4.4 we indicated the sensitivity of the integrated 
planning model in case there is a delay in in-house processing or supplier lead time. ASML has to 
decide how much safety time it will incorporate in their lead times. Hereto, a trade-off has to be 
made between investing in extra component stock and sensitivity of service level to field. 
Including unnecessarily high safety time will unnecessary lead to higher inventory values, 
whereas too low safety times can cause problems in the field. Table 9 and Table 11 indicate 
investment required to guarantee their service level to the field even if there is a certain delay. 

 Collect and update data. As input the integrated planning model requires for each spare part 
data regarding; (i) expected yearly demand, (ii) scrap rates, (iii) assembly processing time, (iv) 
repair time, (v) waiting time constraint, (vi) probability with which a component should be 
replaced during the repair process in order to turn the failed spare part into a ready to use spare 
part, (vii)  data from the bill of material (e.g. cost price, required quantity, and supplier lead 
times of components). Data can be updated for example once a year.  
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Conclusions and recommendations 

8.2.2. Recommendations for further research 
The developed integrated planning model gave some fruitful insights for literature. Literature could build 

upon these insights to incorporate following characteristics in the integrated planning model: 

 

 Commonality. In the developed integrated planning model commonality between components 

of different spare parts is not incorporated, as this was for ASML not relevant because overlap 

between components is minor. For other capital goods manufacturers this might however be 

interesting if their spare parts consist of common components. Pooling inventory of 

components could for those capital goods manufacturers lead to extra inventory reductions.  

 Subassemblies. The possibility to keep stock of subassemblies of spare parts was excluded in this 

thesis research. Stock can only be allocated to components and the spare part, and not to 

subassemblies. Including subassemblies might be interesting for capital goods manufacturers in 

case assembly time of subassemblies is not negligible. Additionally, there is a gap in literature on 

multi-indenture spare part models that incorporate subassemblies.  

 Demand stream for production machines. As most capital goods manufacturers produce besides 

spare parts also complete new machines, it is interesting to come up with an integrated 

planning model in which component inventory required for production of spare parts and new 

machines can be pooled. Literature should come up with a model that aggregates both different 

demands streams and take associated priority issues into account.  

 

Within the integrated planning model the expected new make and repair lead times of spare parts are 

approximated. No exact expressions were found for the reason that waiting time of components are 

random variables for which the distribution is unknown. It would give fruitful insights if exact expressions 

can be found, or if the distribution can be approximated by a well-known probability distribution. For 

well-known statistic distributions expectations of  maxima and summations of random variables are 

known. Note that it is hard to approximate the waiting time with a well-known statistic distribution for 

the reason that the shape of waiting time function depends on values for demand, stock level and lead 

time of components.     

 

A last direction for further research is to constitute a lower bound on the optimization problem, to be 

able to evaluate the quality of spare parts that consist of many components.  In section 7.4 a lower 

bound is mentioned however further research is required in order to determine the lower bound. Hereto 

it should be examined whether the waiting time function is convex on its whole domain or a certain 

smaller domain. And what this domain on which the function is convex. Another direction to constitute a 

lower bound on the optimization problem is relax the assumptions of decision variables to be integers.  
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Appendix 

Appendix A 
Appendix A describes the method used to evaluate the quality of the heuristic mathematically. 

Step 1:   

Set all initial base stock levels as zero  

Step 2:   

Go through all combinations of base stock levels lower or equal than 𝑍 , and compute for each option 

the investment costs and expected associated waiting time. All options 𝑗 with investment costs lower 

than 𝑋 euros will constitute set 𝐽. 𝑋 is a reasonable value of investment costs. Options will thus be 

generated within the domain of zero till 𝑋 euros. 𝑋 is defined in order to avoid that infinite many options 

are generated. Since we are ultimately looking for a feasible solution associated with lowest costs it is 

unnecessary to generate options that have respectively high values of investment costs.  

𝐽 = {𝑗|𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠𝑗 < (𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠ℎ𝑒𝑢𝑟𝑖𝑠𝑡𝑖𝑐 + 1)} 

Step 3:   

From all the generated solutions (set 𝐽) create a set of feasible solutions (set 𝐼 ⊆ 𝐽) . Set  𝐼 incorporates 

all options  𝑗 ∈ 𝐽 for which the associated waiting time is lower or equal than the waiting time objective.  

𝐼 = {𝑗|𝑊𝑎𝑖𝑡𝑖𝑛𝑔𝑇𝑖𝑚𝑒𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒𝑗 − 𝑊𝑎𝑖𝑡𝑖𝑛𝑔𝑇𝑖𝑚𝑒𝑗 ≥ 0} 

Step 4:  

Select the option 𝑗 in set 𝐼 that is associated with lowest investment costs 

Select  𝑗 ∈ 𝐼 for which 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠𝑗 = min∀𝑗∈𝐼(𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠𝑗) 

Step 5:  

Calculate gap with optimality, denoted as 𝜃. 

𝜃 =
𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠ℎ𝑒𝑢𝑟𝑖𝑠𝑡𝑖𝑐 −  𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠𝑗

𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝐶𝑜𝑠𝑡𝑠ℎ𝑒𝑢𝑟𝑖𝑠𝑡𝑖𝑐
∗ 100 
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Appendix 

Appendix B 
Table 13 indicates the stock allocations solutions found by the heuristic and by complete enumeration. 

The quality of the heuristic solutions can be evaluated by means of the optimality gap, provided in the 

last column. Note that within complete enumerations solutions are searched within the domain of Y and 

X euros. Y is defined as zero euro, and X equals the costs found by the heuristic solution. Z denotes the 

maximum number of stock units that can be allocated to a single component.  

Table 13: Optimality gaps found by comparing heuristic solution with solution from complete enumeration 

  

Material ID

Number of 

components 

(incl. spare 

part)

Z  Y 
 X 

(normalized) 
Solution

Inventory 

value 

(normalized)

Solution

Inventory 

value 

(normalized)

Optimality 

gap

SERV.1001 2 10 -€         23.30€            [1 2] 23.30€            [1 2] 23.30€            0.00%

SERV.1002 5 10 -€         152.46€          [1 2 1 2 0] 152.46€          [1 2 1 2 0] 152.46€          0.00%

SERV.1005 3 10 -€         21.40€            [1 1 2] 21.40€            [1 1 2] 21.40€            0.00%

SERV.1006 4 10 -€         9.60€              [1 3 3 2] 9.60€              [1 3 3 2] 9.60€              0.00%

SERV.1008 9 5 -€         33.37€            [3 0 1 0 1 2 0 0 0] 33.37€            [3 0 1 0 1 2 0 0 0] 33.37€            0.00%

SERV.1009 9 5 -€         33.37€            [2 2 2 4 2 3 1 1 1] 31.30€            [3 1 0 1 0 2 0 0 0] 33.37€            6.20%

SERV.1010 8 5 -€         36.21€            [2 2 2 2 3 2 2 1] 36.21€            [2 2 2 2 3 2 2 1] 36.21€            0.00%

SERV.1012 4 10 -€         31.51€            [3 1 1 1] 31.51€            [3 2 1 1] 31.51€            0.01%

SERV.1013 9 5 -€         30.06€            [4 0 3 0 1 1 0 0 0] 28.75€            [5 0 0 0 0 0 0 0 0] 30.06€            4.38%

SERV.1020 7 10 -€         18.07€            [1 1 2 2 1 1 2] 18.07€            [1 1 2 2 1 1 2] 18.07€            0.00%

SERV.1021 9 5 -€         13.84€            [2 0 0 0 0 0 0 0 0] 13.83€            [2 0 0 0 0 0 0 0 0] 13.83€            0.00%

SERV.1022 9 5 -€         21.05€            [2 2 1 1 1 1 0 0 0] 17.48€            [3 0 0 0 1 0 0 0 0] 21.05€            16.96%

SERV.1023 9 5 -€         14.81€            [1 1 1 1 1 1 1 1 1] 14.81€            [1 1 1 1 1 1 1 1 1] 14.81€            0.00%

SERV.1024 9 5 -€         18.01€            [2 1 1 3 1 1 0 0 0] 16.74€            [3 0 0 0 0 0 0 0 0] 18.00€            7.04%

SERV.1025 9 5 -€         5.52€              [1 0 0 0 0 0 0 0 0] 5.52€              [1 0 0 0 0 0 0 0 0] 5.52€              0.00%

Complete Enumeration Heuristic
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Appendix 

Appendix C 
Table 14 gives an overview of the sample with found inventory reduction and related characteristics per 

spare part. The table is ranked based on inventory reduction in order to see whether an understanding 

can be made why some spare parts indicate (major and minor) inventory reductions while others do not. 

Table 14: Inventory reduction and associated criteria 

  

Scrap 

rate

SERV.1002 249.28€          -62% 3 36% 133.91€             44% 56% 33% 99%

SERV.1006 11.09€             -54% 3 85% 6.90€                  51% 49% 25% 99%

SERV.1014 11.63€             -47% 5 75% 4.98€                  42% 58% 4% 99%

SERV.1007 15.47€             -35% 8 53% 6.37€                  47% 53% 13% 99%

SERV.1015 55.76€             -33% 4 5% 22.59€               43% 57% 17% 13%

SERV.1011 12.67€             -33% 7 47% 5.52€                  43% 57% 18% 19%

SERV.1003 77.81€             -32% 20 23% 12.80€               42% 58% 29% 99%

SERV.1026 6.22€               -23% 5 16% 5.38€                  40% 60% 9% 76%

SERV.1012 8.76€               -22% 5 9% 8.05€                  48% 52% 21% 64%

SERV.1008 7.61€               -19% 6 25% 8.20€                  39% 61% 30% 99%

SERV.1009 7.61€               -19% 5 25% 8.20€                  39% 61% 30% 99%

SERV.1022 4.67€               -18% 4 28% 6.43€                  43% 57% 14% 99%

SERV.1005 4.65€               -18% 3 36% 8.68€                  42% 58% 33% 99%

SERV.1001 5.03€               -18% 3 36% 9.44€                  40% 60% 60% 99%

SERV.1004 32.01€             -18% 9 36% 20.07€               46% 54% 19% 63%

SERV.1015 55.76€             -17% 5 36% 65.69€               43% 57% 6% 99%

SERV.1010 6.37€               -15% 4 36% 10.65€               48% 52% 9% 64%

SERV.1023 2.37€               -14% 2 36% 8.59€                  43% 57% 6% 99%

SERV.1020 2.68€               -13% 3 36% 10.37€               49% 51% 19% 99%

SERV.1017 5.92€               -11% 4 36% 17.35€               51% 49% 2% 99%

SERV.1019 1.09€               -5% 2 10% 10.50€               42% 58% 16% 59%

SERV.1013 -€                 0% 5 21% 6.01€                  50% 50% 17% 99%

SERV.1018 -€                 0% 2 12% 10.99€               46% 54% 14% 99%

SERV.1021 -€                 0% 2 35% 6.92€                  51% 49% 16% 99%

SERV.1024 -€                 0% 3 21% 6.00€                  50% 50% 17% 82%

SERV.1025 -€                 0% 1 10% 5.52€                  50% 50% 11% 99%

Price spare part 

(normalized)

Portion of inhouse 

processing time in 

planned lead time

Portion of 

supplier time in 

planned lead time

Portion of difference in 

max. supplier lead time 

and second max lead 

time in planned lead 

timeMaterial ID

 Inventory 

reduction 

(normalized) 

Inventory 

reduction 

%

Proposed 

base 

stock 

level

Added 

value (%)
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Appendix 

Appendix D 
Figure 17 provides the main effect plots of the parameters: (i) maximum supplier lead time, (ii) 
scrap rate, (ii) expected yearly demand, (iv) costs price. 
 
 

  Figure 17: Main effect plots 
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Appendix 

Appendix E 
 

Proof: Let K be demand for service which has an intermittent nature of demand pattern and is assumed 

to occur according to a Poisson process. Let b be demand from factory which is predictable and assumed 

to be deterministic. Random variable L is the aggregated demand. If L is Poisson, then 𝔼[L] = Var[L] 

should hold 

For demand from service holds that: 

𝑓𝐾(𝑘) =
𝜆𝑘

𝑘!
𝑒−𝜆  𝔼[𝐾] = 𝜆  𝑉𝑎𝑟[𝐾] = 𝜆 

For aggregated demand holds that  

𝐿 = 𝐾 + 𝑏 

 𝔼[𝐿] = 𝜆 + 𝑏 because 𝔼(𝐾 + 𝑏) = 𝔼(𝐾) + 𝔼(𝑏) 

𝑉𝑎𝑟[𝐿] = 𝜆 because 𝑉𝑎𝑟(𝐾 + 𝑏) = 𝑉𝑎𝑟(𝐾) + 𝑉𝑎𝑟(𝑏) and variance of deterministic variable 

is zero 

As 𝔼[𝐿] ≠ 𝑉𝑎𝑟[𝐿] variable 𝐿 does not follow a Poisson distribution 
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Appendix 

Appendix F 

 

Added 

Value

Price 

Service 

Part

Waiting 

Time 

Constraint

Scrap 

Rate

In-house 

processing 

time

Demand 

(per 

year)

max 

Supplier 

Lead 

time

Inventory 

reduction

Inventory 

reduction 

(%)

Spare 

Part

Comp.

1

Comp. 

2

Comp. 

3

Comp.

4

Comp.

5

Comp.

6

Comp.

7

Comp.

8

Comp.

9

Comp. 

10

Comp. 

11

Comp.

12

Comp.

13

Comp.

14

Comp.

15

Comp.

16

Comp.

17

B1001 1.1 10000 3 0.2 35 0.2 45 -€                    0%

B1002 1.1 10000 3 0.2 35 0.2 100 -€                    0%

B1003 1.1 10000 3 0.2 35 40 45 2,601.89€          -3% 8 3 1 2 2 1 9 1 1 2 3 2 2 0 1 1 1 1

B1004 1.1 10000 3 0.2 35 40 100 13,754.58€        -11% 9 2 1 3 3 2 19 1 1 3 3 3 3 0 2 2 1 1

B1005 1.1 10000 3 0.2 80 0.2 45 1,623.33€          -8% 1 0 0 1 1 0 0 0 0 1 1 0 1 0 0 0 0 0

B1006 1.1 10000 3 0.2 80 0.2 100 1,092.27€          -5%

B1007 1.1 10000 3 0.2 80 40 45 1,546.38€          -1% 15 0 0 1 1 0 10 0 1 1 1 1 1 0 0 0 0 0

B1008 1.1 10000 3 0.2 80 40 100 13,709.55€        -7% 15 2 1 3 3 2 19 2 2 3 3 3 3 0 2 2 1 2

B1009 1.1 10000 3 0.99 35 0.2 45 -€                    0%

B1010 1.1 10000 3 0.99 35 0.2 100 7,240.14€          -36% 1 0 0 1 1 0 1 1 1 1 1 1 1 0 1 1 0 0

B1011 1.1 10000 3 0.99 35 40 45 26,726.06€        -22% 7 2 1 4 4 1 3 0 0 2 2 2 2 0 2 2 0 1

B1012 1.1 10000 3 0.99 35 40 100 43,325.19€        -23% 10 2 1 8 8 1 3 0 0 6 6 6 6 0 6 6 0 1

B1013 1.1 10000 3 0.99 80 0.2 45 1,138.56€          -6% 1 0 0 1 1 0 0 0 0 1 1 1 1 0 1 1 0 0

B1014 1.1 10000 3 0.99 80 0.2 100 1,064.18€          -5% 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1

B1015 1.1 10000 3 0.99 80 40 45 17,250.01€        -10% 14 1 0 4 4 0 1 0 0 2 2 2 2 0 2 2 0 1

B1016 1.1 10000 3 0.99 80 40 100 43,325.19€        -17% 16 2 1 8 8 1 3 0 0 6 6 6 6 0 6 6 0 1

B1017 1.1 10000 18 0.2 35 0.2 45 -€                    0%

B1018 1.1 10000 18 0.2 35 0.2 100 -€                    0%

B1019 1.1 10000 18 0.2 35 40 45 1,120.56€          -2% 5 0 0 1 1 0 10 0 1 1 1 1 1 0 1 1 0 0

B1020 1.1 10000 18 0.2 35 40 100 18,244.95€        -20% 6 1 1 2 2 1 19 1 1 1 2 2 2 0 1 1 0 1

B1021 1.1 10000 18 0.2 80 0.2 45 -€                    0%

B1022 1.1 10000 18 0.2 80 0.2 100 -€                    0%

B1023 1.1 10000 18 0.2 80 40 45 8,267.00€          -7% 10 1 1 2 2 1 10 1 1 1 1 1 2 0 1 1 1 1

B1024 1.1 10000 18 0.2 80 40 100 7,007.80€          -5% 11 1 1 2 2 1 19 0 0 3 3 3 3 0 1 1 0 1

B1025 1.1 10000 18 0.99 35 0.2 45 -€                    0%

B1026 1.1 10000 18 0.99 35 0.2 100 -€                    0%

B1027 1.1 10000 18 0.99 35 40 45 16,745.92€        -21% 4 1 0 4 4 0 1 0 0 2 2 2 2 0 2 2 0 1

B1028 1.1 10000 18 0.99 35 40 100 32,206.49€        -23% 7 1 0 7 7 0 1 0 0 5 5 5 5 0 5 5 0 1

B1029 1.1 10000 18 0.99 80 0.2 45 -€                    0%

B1030 1.1 10000 18 0.99 80 0.2 100 -€                    0%

B1031 1.1 10000 18 0.99 80 40 45 16,726.87€        -13% 9 2 1 4 4 1 2 0 0 2 2 2 2 0 2 2 0 1

B1032 1.1 10000 18 0.99 80 40 100 42,205.67€        -21% 12 1 0 7 7 0 2 0 0 5 5 5 5 0 5 5 0 1

B1033 1.1 500000 3 0.2 35 0.2 45 -€                    0%

B1034 1.1 500000 3 0.2 35 0.2 100 -€                    0%

B1035 1.1 500000 3 0.2 35 40 45 130,094.63€      -3% 8 1 1 2 2 1 10 1 2 2 2 2 2 1 1 1 1 1

B1036 1.1 500000 3 0.2 35 40 100 687,728.95€      -11% 9 2 1 3 3 2 19 1 1 3 3 3 3 0 2 2 1 1

B1037 1.1 500000 3 0.2 80 0.2 45 81,166.53€        -8% 1 0 0 1 1 0 0 0 0 1 1 0 1 0 0 0 0 0

B1038 1.1 500000 3 0.2 80 0.2 100 54,613.55€        -5% 1 0 0 1 1 0 1 1 1 1 1 1 1 0 1 1 0 0

B1039 1.1 500000 3 0.2 80 40 45 77,318.86€        -1% 15 0 0 1 1 0 10 0 1 1 1 1 1 0 0 0 0 0

B1040 1.1 500000 3 0.2 80 40 100 685,477.65€      -7% 15 2 1 3 3 2 19 2 2 3 3 3 3 0 2 2 1 2

B1041 1.1 500000 3 0.99 35 0.2 45 -€                    0%

B1042 1.1 500000 3 0.99 35 0.2 100 362,007.09€      -36% 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B1043 1.1 500000 3 0.99 35 40 45 1,336,302.92€  -22% 7 2 1 4 4 1 3 0 0 2 2 2 2 0 2 2 0 1

B1044 1.1 500000 3 0.99 35 40 100 2,166,259.45€  -23% 10 2 1 8 8 1 3 0 0 6 6 6 6 0 6 6 0 1

B1045 1.1 500000 3 0.99 80 0.2 45 56,927.98€        -6% 1 0 0 1 1 0 0 0 0 1 1 1 1 0 1 1 0 0

B1046 1.1 500000 3 0.99 80 0.2 100 53,209.21€        -5% 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1

B1047 1.1 500000 3 0.99 80 40 45 862,500.39€      -10% 14 1 0 4 4 0 1 0 0 2 2 2 2 0 2 2 0 1

B1048 1.1 500000 3 0.99 80 40 100 2,166,259.45€  -17% 16 2 1 8 8 1 3 0 0 6 6 6 6 0 6 6 0 1

B1049 1.1 500000 18 0.2 35 0.2 45 -€                    0%

B1050 1.1 500000 18 0.2 35 0.2 100 -€                    0%

B1051 1.1 500000 18 0.2 35 40 45 56,027.84€        -2% 5 0 0 1 1 0 10 0 1 1 1 1 1 0 1 1 0 0

B1052 1.1 500000 18 0.2 35 40 100 912,247.38€      -20% 6 1 1 2 2 1 19 1 1 1 2 2 2 0 1 1 0 1

B1053 1.1 500000 18 0.2 80 0.2 45 -€                    0%

B1054 1.1 500000 18 0.2 80 0.2 100 -€                    0%

B1055 1.1 500000 18 0.2 80 40 45 413,350.11€      -7% 10 1 1 2 2 1 10 1 1 1 1 1 2 0 1 1 1 1

B1056 1.1 500000 18 0.2 80 40 100 350,390.19€      -5% 11 1 1 2 2 1 19 0 0 3 3 3 3 0 1 1 0 1

B1057 1.1 500000 18 0.99 35 0.2 45 -€                    0%

B1058 1.1 500000 18 0.99 35 0.2 100 -€                    0%

B1059 1.1 500000 18 0.99 35 40 45 837,295.78€      -21% 4 1 0 4 4 0 1 0 0 2 2 2 2 0 2 2 0 1

B1060 1.1 500000 18 0.99 35 40 100 1,610,324.34€  -23% 7 1 0 7 7 0 1 0 0 5 5 5 5 0 5 5 0 1

B1061 1.1 500000 18 0.99 80 0.2 45 -€                    0%

B1062 1.1 500000 18 0.99 80 0.2 100 -€                    0%

B1063 1.1 500000 18 0.99 80 40 45 836,343.64€      -13% 9 2 1 4 4 1 2 0 0 2 2 2 2 0 2 2 0 1

B1064 1.1 500000 18 0.99 80 40 100 2,110,283.62€  -21% 12 1 0 7 7 0 2 0 0 5 5 5 5 0 5 5 0 1

B1065 1.4 10000 3 0.2 35 0.2 45 -€                    0%

B1066 1.4 10000 3 0.2 35 0.2 100 -€                    0%

B1067 1.4 10000 3 0.2 35 40 45 6,330.06€          -6% 8 1 1 2 2 1 10 1 2 2 2 2 2 1 1 1 1 1

B1068 1.4 10000 3 0.2 35 40 100 23,732.52€        -18% 9 2 1 3 3 2 20 2 2 2 2 3 3 1 2 2 1 2

B1069 1.4 10000 3 0.2 80 0.2 45 3,418.33€          -17% 1 0 0 1 1 0 0 0 0 1 1 0 1 0 0 0 0 0

B1070 1.4 10000 3 0.2 80 0.2 100 3,001.07€          -15% 1 0 0 1 1 0 1 1 1 1 1 1 1 0 1 1 0 0

B1071 1.4 10000 3 0.2 80 40 45 3,357.87€          -2% 15 0 0 1 1 0 10 0 1 1 1 1 1 0 0 0 0 0

B1072 1.4 10000 3 0.2 80 40 100 19,341.94€        -10% 15 2 1 3 3 2 20 2 2 3 3 3 3 1 2 2 1 2

B1073 1.4 10000 3 0.99 35 0.2 45 -€                    0%

B1074 1.4 10000 3 0.99 35 0.2 100 7,831.54€          -39% 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B1075 1.4 10000 3 0.99 35 40 45 27,944.84€        -23% 6 4 2 6 6 4 5 2 2 4 4 4 4 2 4 4 2 2

B1076 1.4 10000 3 0.99 35 40 100 53,326.93€        -28% 10 2 1 8 8 1 3 0 0 6 6 6 6 0 6 6 0 1

B1077 1.4 10000 3 0.99 80 0.2 45 3,037.44€          -15% 1 0 0 1 1 0 0 0 0 1 1 1 1 0 1 1 0 0

B1078 1.4 10000 3 0.99 80 0.2 100 2,979.00€          -15% 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1

B1079 1.4 10000 3 0.99 80 40 45 25,110.23€        -14% 13 2 1 5 5 2 3 1 1 3 3 3 3 0 3 3 0 1

B1080 1.4 10000 3 0.99 80 40 100 53,326.93€        -21% 16 2 1 8 8 1 3 0 0 6 6 6 6 0 6 6 0 1

B1081 1.4 10000 18 0.2 35 0.2 45 -€                    0%

B1082 1.4 10000 18 0.2 35 0.2 100 -€                    0%

B1083 1.4 10000 18 0.2 35 40 45 3,023.29€          -5% 5 0 0 1 1 0 10 0 1 1 1 1 1 0 1 1 0 0

B1084 1.4 10000 18 0.2 35 40 100 20,763.89€        -23% 6 1 1 2 2 1 19 1 1 1 2 2 2 0 1 1 0 1

B1085 1.4 10000 18 0.2 80 0.2 45 -€                    0%

B1086 1.4 10000 18 0.2 80 0.2 100 -€                    0%

B1087 1.4 10000 18 0.2 80 40 45 10,781.22€        -9% 10 1 1 2 2 1 10 1 1 1 1 1 2 0 1 1 1 1

B1088 1.4 10000 18 0.2 80 40 100 11,934.70€        -9% 11 1 1 2 2 1 19 0 0 3 3 3 3 0 1 1 0 1

B1089 1.4 10000 18 0.99 35 0.2 45 -€                    0%

B1090 1.4 10000 18 0.99 35 0.2 100 -€                    0%

B1091 1.4 10000 18 0.99 35 40 45 24,684.49€        -31% 3 3 2 5 5 3 4 1 1 3 3 3 3 1 3 3 1 2

B1092 1.4 10000 18 0.99 35 40 100 43,291.20€        -31% 6 2 1 8 8 1 3 1 1 6 6 6 6 0 6 6 0 1

B1093 1.4 10000 18 0.99 80 0.2 45 -€                    0%

B1094 1.4 10000 18 0.99 80 0.2 100 -€                    0%

B1095 1.4 10000 18 0.99 80 40 45 21,713.97€        -17% 9 2 1 4 4 1 2 0 0 2 2 2 2 0 2 2 0 1

B1096 1.4 10000 18 0.99 80 40 100 50,304.46€        -25% 12 1 0 7 7 0 2 0 0 5 5 5 5 0 5 5 0 1

B1097 1.4 500000 3 0.2 35 0.2 45 -€                    0%

B1098 1.4 500000 3 0.2 35 0.2 100 -€                    0%

B1099 1.4 500000 3 0.2 35 40 45 310,966.68€      -6% 8 1 1 2 2 1 10 1 2 2 2 2 2 1 1 1 1 1

B1100 1.4 500000 3 0.2 35 40 100 1,186,625.97€  -18% 9 2 1 3 3 2 20 2 2 2 2 3 3 1 2 2 1 2

B1101 1.4 500000 3 0.2 80 0.2 45 170,916.56€      -17% 1 0 0 1 1 0 0 0 0 1 1 0 1 0 0 0 0 0

B1102 1.4 500000 3 0.2 80 0.2 100 150,053.50€      -15% 1 0 0 1 1 0 1 1 1 1 1 1 1 0 1 1 0 0

B1103 1.4 500000 3 0.2 80 40 45 167,893.39€      -2% 15 0 0 1 1 0 10 0 1 1 1 1 1 0 0 0 0 0

B1104 1.4 500000 3 0.2 80 40 100 967,097.02€      -10% 15 2 1 3 3 2 20 2 2 3 3 3 3 1 2 2 1 2

B1105 1.4 500000 3 0.99 35 0.2 45 -€                    0%

B1106 1.4 500000 3 0.99 35 0.2 100 391,577.00€      -39% 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B1107 1.4 500000 3 0.99 35 40 45 1,397,241.87€  -23% 6 4 2 6 6 4 5 2 2 4 4 4 4 2 4 4 2 2

B1108 1.4 500000 3 0.99 35 40 100 2,666,346.71€  -28% 10 2 1 8 8 1 3 0 0 6 6 6 6 0 6 6 0 1

B1109 1.4 500000 3 0.99 80 0.2 45 151,871.98€      -15% 1 0 0 1 1 0 0 0 0 1 1 1 1 0 1 1 0 0

B1110 1.4 500000 3 0.99 80 0.2 100 148,950.10€      -15% 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1
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7
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8

Comp.

9

Comp. 

10

Comp. 

11

Comp.

12

Comp.
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Comp.
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Comp.

15

Comp.

16

Comp.

17

B1111 1.4 500000 3 0.99 80 40 45 1,255,511.61€  -14% 13 2 1 5 5 2 3 1 1 3 3 3 3 0 3 3 0 1

B1112 1.4 500000 3 0.99 80 40 100 2,666,346.71€  -21% 16 2 1 8 8 1 3 0 0 6 6 6 6 0 6 6 0 1

B1113 1.4 500000 18 0.2 35 0.2 45 -€                    0%

B1114 1.4 500000 18 0.2 35 0.2 100 -€                    0%

B1115 1.4 500000 18 0.2 35 40 45 151,164.73€      -5% 5 0 0 1 1 0 10 0 1 1 1 1 1 0 1 1 0 0

B1116 1.4 500000 18 0.2 35 40 100 1,038,194.37€  -23% 6 1 1 2 2 1 19 1 1 1 2 2 2 0 1 1 0 1

B1117 1.4 500000 18 0.2 80 0.2 45 -€                    0%

B1118 1.4 500000 18 0.2 80 0.2 100 -€                    0%

B1119 1.4 500000 18 0.2 80 40 45 539,060.80€      -9% 10 1 1 2 2 1 10 1 1 1 1 1 2 0 1 1 1 1

B1120 1.4 500000 18 0.2 80 40 100 596,735.15€      -9% 11 1 1 2 2 1 19 0 0 3 3 3 3 0 1 1 0 1

B1121 1.4 500000 18 0.99 35 0.2 45 -€                    0%

B1122 1.4 500000 18 0.99 35 0.2 100 -€                    0%

B1123 1.4 500000 18 0.99 35 40 45 1,234,224.66€  -31% 3 3 2 5 5 3 4 1 1 3 3 3 3 1 3 3 1 2

B1124 1.4 500000 18 0.99 35 40 100 2,164,560.23€  -31% 6 2 1 8 8 1 3 1 1 6 6 6 6 0 6 6 0 1

B1125 1.4 500000 18 0.99 80 0.2 45 -€                    0%

B1126 1.4 500000 18 0.99 80 0.2 100 -€                    0%

B1127 1.4 500000 18 0.99 80 40 45 1,085,698.57€  -17% 9 2 1 4 4 1 2 0 0 2 2 2 2 0 2 2 0 1

B1128 1.4 500000 18 0.99 80 40 100 2,515,222.84€  -25% 12 1 0 7 7 0 2 0 0 5 5 5 5 0 5 5 0 1


