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Abstract

Additive Industries is a manufacturer of 3D metal printers based in Eindhoven. They face the

problem that the kit used for executing the Periodic Maintenance (PM) service activity, the PM

kit, is never complete when arriving at a service visit. This problem is caused by a failing re-

plenishment process of the kit. The incompleteness causes disturbances in the regular processes,

such as preparation time to dampen the impact of the failing process. These disturbances come

with high costs. At this point, Additive Industries is unable to assess the impact of the current

strategy on the logistical costs and the ability to deliver spare parts and tools on time.

The goal of this research is to gain insight in the current strategy and identify what changes in

the process can contribute to lower the logistical costs and increase the on time availability of

spare parts and tools for PM. First, the logistical processes on executing PM, are modeled in

business process models. Three sub-processes are identified:

1. The primary PM kit process

2. The preparation process

3. The order parts process

The main root cause of the failing replenishment is found to be the dependency on part avail-

ability and service engineer availability. Furthermore, the number of kits is not aligned with the

duration of the process. During the model development, we found that the preparation process

has arisen to dampen the impact of the uncontrollability of the primary process. The order

parts process is a sub-process in both the primary and preparation process. The dependency

on part availability is caused by uncontrolled inventory levels, which results in a stock out in

50% of the cases.

The goal is to arrive at a controllable process which will lead to lower logistical costs and a

higher on time availability of parts and tools. Three actions are proposed to achieve this.

1. The replenishment location should be aligned with the stock location to shorten the re-

plenishment lead time.

2. When using a kit, replenishment from stock is desirable to exploit utilization of the kits.

A stock proposal for PM kit parts is given, to reduce the chance on stock out.

3. Demand analysis showed demand on parts not in the PM kit. By extending the kit

content, the chance on emergency shipments or second visits is reduced.

These actions contribute to reducing the logistical costs with, roughly estimated, 30% and

simultaneously improves the on time availability of parts for replenishment of the kit, aiming

to reach in 95% of the time complete kits at PM service activities.
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Management Summary

This master thesis project is executed at Additive Industries B.V., the 3D metal printer man-

ufacturer of the MetalFAB. The MetalFAB aims to serve continuous production by enabling

automated printing. This printer is considered a capital good, thus the uptime of the system

is important. The uptime of the system is guaranteed by executing maintenance. Maintenance

consists of several activities, of which this research focuses on Periodic Maintenance (PM). The

on-site availability of spare parts and tools for PM is arranged with a kit, the so-called PM

kit. Additive Industries experiences problems with the on-time availability of parts and tools,

resulting in high costs. We therefore find that the effectivity and efficiency of the logistics re-

garding PM is not guaranteed in the current process, negatively affecting costs. At this point,

Additive Industries is unable to assess the impact of the current strategy on the logistical costs

and the ability to deliver spare parts and tools on time.

The goal of this research is therefore gaining insight in the current spare parts and tool man-

agement, and find a way to improve the logistical costs and on-time availability of parts for PM.

The research question is formulated as follows:

”How is the logistics (process and financial impact) of tools and parts regarding PM currently

managed, and what improvement can be proposed that results in a reduction of yearly logistical

costs and higher on-time availability?”

The thesis is divided into three parts, where part I describes the analysis on the current spare

parts and tool management using the PM kit. Part II is devoted to indicating and analysing

solution directions. In part III, the chosen solution direction is worked out into a detailed

design.

In part I, the focus is gaining insight in the current spare parts and tool management using the

PM kit. We investigate the current logistical process by constructing business process models.

The information is gathered by interviews with participants in the process, containing Customer

Lifecycle Support (CLS), Supply Chain and Warehouse / Logistics. An iterative approach is

pursued, to validate the constructed models with the interviewees. The process of the spare

parts and tool management is divided into three parts:

1. Primary process: showing the logistics during PM, after PM and the replenishment of

the kit. The main finding is that the replenishment process of the PM kit is not under

control, resulting in incomplete kits at PM visits. We identify two root causes:

1. The replenishment of the kit is dependent on part availability from stock

2. The actual replenishment of the kit is dependent on the availability of the service

engineer.

2. Preparation process: the preparation process involves checking the available parts per

PM kit, and decide who takes which kit based on an estimation on the parts that will

be needed for the next PM visit. Via emergency shipments the service engineers try to

complete the content of the kit before the next service visit.

3. Order parts process: this process is a sub process in both the primary and the preparation
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process. This process explains the steps taken at the supply chain department, in case

of demand resulting from PM. It is an important process, because it currently causes

disturbances in the primary process, as we found that in 50% of the cases, parts are out

of stock. This harms the ability to replenish the kit before the next service visit.

Concluding from these process models, the preparation process is a major inefficiency, as most

of the steps are overlapping with the primary process. During the interviews, we find that these

steps are double executed in case the replenishment is unsuccessful. Therefore, a conclusion is

that the preparation process is executed to dampen the impact of the uncontrollability of the

primary process. The inefficiencies in the process lead to higher logistical costs than needed,

mainly showing in the operating costs. Furthermore, from the analysis of the logistical costs

we conclude that exploiting the current PM kit process in the entire Europe Middle East and

Africa (EMEA) region causes high custom costs. These findings explain why the logistical costs

are higher than needed and serve as input for identifying solution directions.

In part II, we identify three directions:

1. Current strategy

2. Solution 1: Kit strategy. The optimization of the current strategy, where the PM kit is

used to arrange all logistical movements of parts and tools for PM.

3. Solution 2: Fixed replacement strategy. The replacement of a fixed set of parts irrespective

of the condition.

The three options are compared based on an estimation on the total yearly costs for PM.

The costs include the logistical costs, but also part costs, labor costs, and costs for Corrective

Maintenance (CM). The costs for CM are relevant because this appeared to be an important

decision parameter on the solution directions.

The total yearly costs of executing PM are estimated for the current situation, solution 1 and

solution 2. Solution 2 incurs significantly higher part and labor costs, that solution 1 will be

more beneficial. Based on the advantages of using a repair kit, complemented with the higher

expected cost benefits in solution 1, this solution is detailed out in this thesis.

Part III of the research covers the detailed design based on solution 1. A key goal is to arrive

at a controllable replenishment process, which improves the performance on costs and on-time

availability of the parts and tools for PM. The design is described according to three topics:

1. The location of the tools and parts for PM

2. The replenishment process of the tools and parts for PM

3. The parts and tools needed for PM

The locations considered are Base HQ and Strijp TQ, both located in the Netherlands. The

possible work flow, the expected cost savings and practical implications are indicated. The

expected logistical process cost savings for both locations are of similar magnitude, around

e15,000, with a slightly higher benefit for choosing Base HQ. From a practical point of view,
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choosing Strijp TQ is at this point the most desirable decision to get the process under control

and exploit the learning curve.

The replenishment strategy of the PM kit should be replenishment from stock. This results

in the least waiting time of a kit at the replenishment step. A dedicated stock to serve a

quick replenishment of the PM kits. To define base stock levels for the parts needed for PM,

a historical demand analysis is executed. This resulted in a set of parts that are according

to the data needed for PM. This list is validated with the service coordinator and service

engineers, with whom also is decided to include additional parts or exclude parts. For these

parts, base stock levels are calculated. This contributes to the ability to replenish from stock.

The inventory control policy to maintain these stock levels needs to be improved in order to

reduce the number of stock outs.

Conclusion and recommendation

We overall conclude that by implementing the proposed improvements the logistical costs de-

crease. The total logistical cost is expected to reduce with ∼ 30% compared to the current

situation, based on a rough estimation. This is achieved by the alignment of stock location and

replenishment location, and another working method for custom countries. The on-time avail-

ability will be improved by controllable and a reliable replenishment process. This contributes

to the ability to the on-time shipment of a full replenished the kit, aiming to reach 95% on

time availability. The proposed changes to the current process are likely to contribute to an

improved PM kit process.
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1 Introduction

At Additive Industries, the logistical process of the repair kit is assumed cost-ineffective. To get

a better understanding of the justification of this research, this section describes the research

context. It starts in section 1.1 with a description of the company, the department and the

process on which the research is conducted. Section 1.2 describes the problem context of this

research. In section 1.3, we present the main research question as well as the structure of the

thesis. Section 1.4 describes the scope of this research and lastly in section 1.5 of this thesis

provides the structure of the coming sections.

1.1 Additive Industries B.V.

Additive Industries manufactures 3D metal printers for high-quality metal parts, named Met-

alFAB (presented in figure 1). The company is represented worldwide, with the Head Quar-

ter (HQ) located in Eindhoven, from now on referred to as Strijp TQ. Two other facilities are

located in the US and in Bristol. Additive Industries strives to sell a solution, instead of only a

system, where the system, service, and support are inseparably linked. The customer experience

is optimized in terms of reliability and productivity, by providing training, installing upgrades

and executing maintenance. Currently, the install base of MetalFABs is around 50 systems

worldwide. Besides the assembly and the development of the MetalFAB, Additive Industries

also provides service to their systems in the field. The department responsible for service is

called CLS, and will be explained in more detail in subsection 1.1.1.

Figure 1: MetalFabG2 - 3D metal printer Additive Industries

Over the past years, the MetalFAB has been constantly in development. The first system on

the market was called the MetalFAB1. Certain parts and functionalities have been upgraded

since product release, as well as the full release of a new system, the MetalFAB G2. In total,

the install base in EMEA in 2022 was 26 systems. MetalFAB1 systems are via upgrades and

Field Change Order (FCO) updated to a comparable version of the MetalFAB G2. Based on

this information, we assume that all MetalFABs are equal with regard to PM. This is

an important assumption that is used for all further analysis in this research. Furthermore, the

stability of the system is over the years significantly improved, and found to be quite constant

since 2022. Therefore, it is decided to only include data from that year in this research.
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1.1.1 Customer Lifecycle Support Department

Next to selling the system, Additive Industries provides service to MetalFABs in the field. The

CLS department is the main point of contact for customers after the installation of the system.

The core value of the CLS department is to connect service and support indispensable with the

system, with the goal to optimize the productivity and reliability of the MetalFAB. Maintaining

this productivity and reliability, several services are offered. CLS offers remote support: if the

machine has an error, the customer can call the hotline, a phone number staffed around 15 hours

per day. The service engineer can log in to the system via Teamviewer and can remotely help the

customer solve the issue. In case the service engineer cannot solve the issue remotely, he plans

a CM visit. In order to prevent the system from unscheduled breakdowns, PM is conducted.

This is the main service activity of CLS. Additive Industries beliefs that the current execution

of the logistical process of PM is ineffective and inefficient. Therefore, research is conducted to

improve this process. The PM service activity is explained in more detail in the next section,

section 1.1.2.

1.1.2 Periodic maintenance

PM is one of the main activities for CLS. The explanation is divided in the service activity,

and the logistics of parts and tools pertaining the service activity.

Service activity

Periodic maintenance is one of the main activities for CLS as this service activity is executed

most frequently, i.e. twice per year per system and takes typically five days. The goal is to

keep the system in good condition, such that the downtime of the system can be controlled.

The procedure consists of conditional checks, where based on the results, parts are replaced.

To execute service for a system in the field, two things are needed:

1. Service engineer

Each service engineer is responsible for one or more customers, depending on the number

of systems the customer has run. On average, a service engineer can maintain ∼ 5 systems

with the current way of working. For periodic maintenance, the trip is planned in advance.

The scheduling of service engineers and assignment to jobs is left out of the scope of this

research.

2. Repair kit:

The repair kit is used for transporting tools and parts needed for PM. The repair kit is a

term widely investigated in literature, which is defined as a set of parts used to repair a

system. Additive Industries refers to the repair kit for PM as the PM kit. This term will

be used further in this document.

• Parts

The parts can be divided into two groups: spare parts and consumables. Consum-

ables are defined as items that are frequently replaced during PM. Depending on the

results of the checks, additional parts must be replaced. The parts that often need

to be replaced are most of the time taken by the service engineer to the service visit,
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but in some cases, the part is not available during the service visit. The logistics of

parts is cumbersome. This problem will therefore be further elaborated in section

1.2.

• Tools

Tools are needed to disassemble parts of the system. Tools can be standard, such

as screwdrivers and allen keys, but can also be specifically developed for a part of

the system for example for laser calibration or power measurements. The first type

of tools can easily be brought by the service engineer, but the larger and heavier

customized tools need to be transported separately. To execute a successful service

visit, the tools are absolutely necessary to be available during the service visit. The

problem with the logistics of the tools is further elaborated in section 1.2.

1.1.3 Logistics of parts and tools

Effectivity and efficiency of the logistics is not guaranteed in the current process, negatively

effecting costs. As this is the focus of the research, this subsection is dedicated to explaining

the current process of the logistics of the parts and tools. Two important factors in this process

are the repair kit and service logistic provider, both will be described below.

Repair kit

To transport tools and spare parts to customers, they are assigned to a repair kit. A repair kit

is a way to efficiently transport multiple tools and/or parts to the customer. The repair kits

currently defined belong to a particular service activity or a specific module in the system. As

this research focuses on PM, the repair kit that is in scope is the PM kit. This kit is needed

twice per year per system and holds primarily spare parts and consumables. The costs of parts

in the kit is ∼ e10,000. The kit consists of 68 items, of which 36 are unique item numbers.

This means that the kit contains more than one item of some item numbers. The composition

of parts, consumables, and tools in the kit is as follows:

• 47 parts, of which 26 unique item numbers

• 13 consumables, of which 8 unique item numbers

• 8 tools, of which 2 unique item numbers

The repair kit handling is currently a logistically intense process for Strijp TQ as the kits

are shipped by Strijp TQ, after use shipped back to Strijp TQ, and replenished at Strijp TQ.

This process is explained in more detail in section 3.2. As this kit needs to be shipped back

to Strijp TQ for replenishment after every service visit, the logistics, in combination with the

replenishment, has turned out to be a complex process where multiple departments are involved.

Therefore, it is chosen to focus this research on the PM service activity and the transportation

of parts and tools pertaining to the PM service activity.

Service logistics provider

Storage and logistics of spare parts are outsourced to a service logistics provider named Base

Logistics. This company is an experienced service provider in transport and warehouse man-

agement. With service part logistics they support customers in scaling their operations and
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growing the business (Base Logistics, 2021). Base Logistics holds spare parts for Additive In-

dustries in Los Angeles (VS), from now on referred to as Base LA, and Moerdijk Klundert (NL),

from now on referred to as Base HQ. In case of a shipment, Additive Industries places an order

at Base Logistics via the Klairy system. Klairy is an integrated solution that anbles real-time

visibility on warehouse management status. After an order, Base Logistics sends the part from

one of their warehouses to HQ of Additive Industries, referred to as Strijp TQ, or directly to

the customer. Besides holding spare parts, Base Logistics can also provide transportation from

A to B, not including their warehouse. The costs concerning spare parts shipments are tracked

but up to now no action is taken to lower the costs. Further on in this research, it is aimed to

gain more insight in the structure of the costs invoiced by Base Logistics.

1.2 Problem Context

The effectivity and efficiency of the logistics regarding PM, is not guaranteed in the current

process, negatively effecting costs. This is the problem we want to address in this research.

To better understand why, we focus on a critical process of the PM, which is found to be the

replenishment process of the kit. Hereafter, a problem statement is formulated. The problem

is analyzed on the logistical process and logistical costs. The design is build based on three

topics: the tools and parts that are needed for PM, the location of the tools and parts, and

the replenishment strategy for the tools and parts. This structure will also be recognized in the

Research Question (RQ)s.

The insights in the current process are sufficient to say that the logistical costs are higher than

needed. In combination with the problems in the on-time availability of the kit on site, the

following problem statement is formulated:

Problem statement: Additive Industries lacks insight into the current spare parts and tool

management strategy of the PM service activity. Therefore, they are unable to assess the impact

of the current strategy on the logistical costs and the ability to deliver parts and tools on time.

The problem statement functions as the basis for this research. The PM service activity is

analyzed on three topics:

1. The tools and parts needed for PM

2. The location of the tools and parts for PM

3. The replenishment process of the tools and parts for PM

The above-stated elements are considered to define the process of executing the PM and are

recognized as possible improvement areas. The first four RQs are focused on gaining insight

into the current process, whereas the last three RQs will investigate how the process can be

improved in terms of the three topics above; tools and parts to include in the strategy, the

inventory location of tools and parts and how to replenish the parts.

In order to state the current effectivity of the process, the first part of the research is devoted

to gaining insight into current spare parts and tool management strategy and the related costs.

The second part of the research will assess the opportunities to improve the process, to increase
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the effectivity of the process and contribute to a higher on-time availability of the parts and

tools at the service location.

1.3 Research questions and methodology

1.3.1 Research questions

Using the problem statement as a basis for this research, the following main RQ is defined:

How is the logistics (process and financial impact) of tools and parts regarding PM currently

managed, and what improvement can be proposed that results in a reduction of yearly logistical

costs and higher on-time availability?

This research aims to gain insight into the origin of the currently incurred logistical process and

costs and how optimization of the PM tools and parts strategy can reduce costs and increase

the on-time availability of a complete kit at a service visit. The research is structured using

the design cycle from (van Aken and Berends, 2018). We split this thesis into three parts;

part I and II cover the analysis and diagnosis phase of the design cycle. In part I, the current

situation is investigated, by answering RQ-1, RQ-2, and RQ-3. Part II covers the identification

and consideration of solution directions. In this part we choose a direction and give an overview

of the design parameters and the conceptual design. Part III describes the conceptual design

in detail by answering RQ-4, RQ-5 and RQ-6. Below, we present the research questions with a

detailed explanation.

Part I

Part I is devoted to the analysis and diagnosis phase aims to find the root causes of the problem

and describes the current situation. In this phase, three RQs are analyzed.

RQ-1: ”How are the logistics of the PM tools and parts currently managed?”

The current logistical process is analyzed, under which we map three processes; 1) the PM kit

preparation, 2) PM kit sending to the customer, and 3) the replenishment process. Information

on how these processes are executed is retrieved via semi-structured interviews with all involved

parties, i.e. service engineers, the service coordinator, the order manager from the supply chain

department, and the warehouse coordinator. This information will be mapped in a process flow

with swim lanes, using Business Process Modelling Notation (BPMN). This notation is chosen,

as the main objective of the BPMN is to develop a notation that is easily understood by all

business users (White, 2004). The process flow will be validated with the interviewees.

RQ-2: ”What are the inventory levels and costs at HQ and Base Logistics?”

In this research question, we define how the inventory is managed within Additive Industries.

We describe in detail which inventory locations are set up and how inventory levels at these

locations are managed. The inventory levels for parts are analyzed for the physical locations

Strijp TQ (Additive Industries HQ, as stated in 1.1.3) and Base HQ (Base Logistics location

in Moerdijk). For a given set of items (not necessarily compliant with or part of the set of

items currently in the PM kit), the inventory levels are controlled via Reorder Point (ROP) and

5



Reorder Quantity (ROQ). The demand generated via the Enterprise Resource Planning (ERP)

system is processed on a bi-weekly basis via the Material Resource Planning (MRP) planning

method. Based on the inventory level at the moment of processing, the ROQ is ordered n times.

Based on this planning method, we calculate the corresponding holding costs of the inventory

at the different stock locations.

RQ-3: ”What is the structure of the currently incurred logistical costs?”

The second RQ gives an analysis of the costs at HQ as well as invoiced by Base Logistics. The

cost breakdown enables the identification of all logistical costs incurred by tools and parts of

PM. The costs should be available in ERP, so this data is retrieved from the system with

help of the finance department. Furthermore, the contact person of Additive Industries at Base

Logistics will be approached in order to share data on the costs invoiced per shipment. The

aim is to divide the costs into the following categories; total of the transportation costs of the

kit and tools, the costs invoiced by Base Logistics for warehousing and transportation, customs,

and emergency shipments for PM. These components will be applied to the costs from HQ and

Base Logistics. In this way, the costs can be easily compared. To get a complete overview of the

total costs, insight is needed into the inventory levels and corresponding holding costs, which

leads to RQ-3.

Part II

After all insights acquired on the current situation, these are analyzed and solution directions

are identified. Based on costs one solution is chosen, and further elaborated in the remainder

of this research.

Part III

Part III describes how the answers from the analysis and diagnosis phase are used as input

for the design of the new tools and parts strategy for periodic maintenance. The method will

explain how the process should be designed, in terms of the replenishment and stock location

of parts and tools and the replenishment strategy.

RQ-4. ”Which location should PM tools and parts have?”

The PM kit is currently stored and replenished at Strijp TQ. However, some of the items in the

kit are stored at Base HQ, and for some items, Additive Industries holds no stock at all. This

means, that for every Service Order (SE) with items that are not in stock, a purchase order is

placed at the supplier. In total, the lead time of these items is significantly longer than for items

that are in stock at Strijp TQ or Base HQ. For RQ-5 is analyzed which current existing locations

are suitable for holding stock for parts regarding PM while achieving a trade-off between costs

and on-time availability.

RQ-5. ”How should parts be replenished?”

The current replenishment process includes SEs with fluctuating demand, as after each service

visit the kit needs to be completed. The process flow of the replenishment process presented in

RQ-1 will be used as input for improvement. In this process flow, lead times and waiting times

are identified. The latter includes, among other things, waiting time introduced by the process.

6



For this RQ is reviewed, which method can reduce the replenishment waiting times internally.

For example, we can examine the impact of holding inventory, in terms of items or kits, at the

replenishment location.

RQ-6: ”Which parts should be involved in the PM service activity?”

This research question is supportive for deciding on the replenishment strategy. Information

such as demand rate and lead times are important parameters. Therefore, RQ-6 is included,

where data analysis is conducted on which parts should be involved in the PM service activity.

This will furthermore give insight into the adequateness of composition of the current kit. The

criteria for parts to be included is to have dimensions smaller than the kit size, to cost less than

e5000, and to have at least three hits per year. The final list of items retrieved from the data

and based on the criteria will be reviewed with the service coordinator and service engineers.

1.3.2 Structure of the thesis

The structure of this thesis can be described as follows. The research question can be divided

into three parts; part I describes the current situation, the logistical process of the PM part and

tool strategy (RQ-1) and the logistical costs of this strategy. The logistical costs are divided

into costs directly associated with the process of the PM kit (RQ-2), and the costs that are

made regarding inventory (RQ-3), in order to maintain the PM kit process. In part II, we

investigate solution directions. Based on costs, a solution direction is chosen, which leads to the

a detailed description of the solution direction in part III. This part describes the design of the

new process based on two topics (as stated in 1.2); 1) the location of the parts and tools (RQ-4)

and 2) the replenishment process. The replenishment process is divided into the replenishment

strategy (RQ-5) and the part and tools involved (RQ-6). A graphical overview of this structure

is shown in figure 2.

Figure 2: Structure of thesis

1.4 Scope

This research will only focus on the PM service activity, all other activities will be left out

of scope. This activity is chosen because of the most logistical movements and the significant

value of the current kit. Furthermore, the improvement activities are mainly focused on the

CLS department, while warehouse/logistics and supply chain are also involved in the process.
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This means for example that the consequences of the improvements in the supply chain are not

investigated. At this stage, it is uncertain what the consequences of this decision are so this will

be taken into account in the improvement part of this research. This research assumes that the

current tasks performed during periodic maintenance are not subject to change, so that the list

of items needed remains relevant. Lastly, the current situation is only analyzed for the facility

in Eindhoven, i.e. PM executed with a PM kit in the EMEA region. The reason for this is that

in the Asia and Pacific (APAC) region, Additive has only two customers with one system, so

only four PMs per year are executed. The parts needed are ordered by the service engineer at

the time needed. For PMs in the North America (NA), it is unclear why the PM kits are not

used. Initially, Additive Industries defined the same process for all locations and wants to apply

the improvements globally. Therefore, for the new strategy, NA and APAC will be included.

1.5 Outline

The remainder of this thesis is structured as follows. Chapter 2 describes relevant literature

on the repair kit, which serves an important understanding on the constructs of using a repair

kit. Chapter 3 is the first chapter in part I. The goal is to answer RQ-1 by giving an in-depth

analysis on the problem and visualizing the logistical processes. Chapters 4 and 5 conclude part

I, and describe the inventory costs as well as the costs of the logistics. Part II is covered by

chapter 6 and provides solution directions and describes the design of the new process. Part III

describes the detailed design. The design is analyzed over two topics. In chapter 7, concerns the

location where the spare parts and tools need to be stored and replenished. Chapter 8 describes

the replenishment strategy. Supportive to this, an analysis on parts is conducted in order to

identify which parts need to be hold on stock. Lastly, in chapter 9 we describe the conclusions,

recommendations, limitations and future research directions.
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2 Literature study

The main findings taken from the literature study on the Repair Kit Problem (RKP) are the

absence of a desired strategy on the replenishment of a kit, the costs considered in RKP, and

the applicability of the space constraint. A taxonomy was developed to structure decisions that

have to be made while developing an RKP. In this research, we are not aiming to solve an

RKP, but the reasoning on certain model decisions is used in the detailed design in part III.

The model decisions concerning this research are marked with a bold frame. This taxonomy is

presented in figure 3. An explanation on the remaining topics in the taxonomy can be found in

appendix A.

Figure 3: Literature taxonomy, marked boxes are scope of thesis

2.1 Model constraint

Constraints are a limitation or a restriction the model needs to adhere to. In the RKP we might

need to deal with the space limitation incurred by a vehicle or a kit, which is called a space

constraint. This constraint is explained in section 2.1.1.

2.1.1 Space constraint

The space constraint functions as a restriction on parts to include in the kit based on the total

available space, for example a kit or a van. This constraint is mostly considered to be relevant

in a multi-job model, as multiple units of an part need to be included (Heeremans and Gelders,
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1995). In a single-period model, fundamental assumptions are that the demand for various

components is independent, that only one of each type of part is required during a visit, and

that replenishing parts is feasible between visits. This suggests that only a single portion of

each type needs to be carried when the last assumptions are combined. Therefore, the single

job scenario does not frequently activate a space limitation (Heeremans and Gelders, 1995).

2.2 Replenishment lead time

Replenishment lead time is concerned with the time it takes for the repair kit to be completely

restocked for the next service visit. Incorporating the replenishment lead time in the RKP

increases the applicability of the model. However, up to 2017, there was according to (Prak

et al., 2017) no published article on the RKP with replenishment lead times. In section 2.2.1 we

discuss the impact of zero lead time in the RKP model. In section 2.2.2 the impact of positive

lead time in the RKP model is discussed.

2.2.1 Zero replenishment lead time

There are only a few exceptions in literature regarding RKP who do not assume zero lead time.

According to Prak et al. (2017), the assumption of zero lead time implies that every new tour is

started with a completely replenished kit. Furthermore, this means a kit is always completely

replenished after a tour. A local warehouse ample spare parts availability to replenish the kit.

This assumption simplifies the model drastically and is therefore computationally interesting,

but it appears to be an unrealistic assumption in many real-world applications (Prak et al.,

2017).

2.2.2 Positive replenishment lead time

Including replenishment lead times in the RKP model ensures an increase in the relevance of

the model to real-world applications. Spare parts management executed by a service provider,

means often that not all parts are stored locally. Expensive parts and parts with a low demand

rate are only stored centrally. In case of demand, this decision results in lead time in order to

replenish the parts locally. Therefore, Prak et al. (2017) extended previous RKP formulations

with positive replenishment lead times. Incorporating a lead time incurs additional inventory,

as demand during lead time needs to be satisfied. Despite this, Prak et al. (2017) still objectifies

to minimizing costs.

2.3 Replenishment occurrence

In its most realistic form, the problem consists of a (stochastic) number of jobs in a tour after

which the kit can be replenished. Each job may necessitate a (stochastic) number of different

parts, each of which may be required a (stochastic) number of times. This model decision defines

the replenishment occurrence, i.e. replenish after every service visit (single period, section 2.3.1)

or replenish after multiple service visits (multiple period, section 2.3.2).
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2.3.1 Single period replenishment occurrence

Several models described in the literature have a single-period replenishment occurrence, which

means the service engineer and the repair kit are, after each job, returning to the warehouse,

where the kit is replenished (Bijvank et al., 2010). In general, three assumptions are made in a

single period model to solve the RKP (Heeremans and Gelders, 1995). First, independence of

failure of parts. This means that a failure of a part does not necessarily lead to the failure of

another part. Second, one part per part is included in the kit, as it is not needed to bring more

parts if replenishment occurs after every service visit. Third and last, the replenishment of the

kit occurs every period. Resulting of assumptions two and three, in the single period model the

space constraint is not often included (Heeremans and Gelders, 1995). Brumelle and Granot

(1993), and ? assumed single-period replenishment as well and stated that a single-period model

is applicable in case service locations are geographically separated. Saccani et al. (2016) added

to this that the job needs to have a certain level of complexity for single-period replenishment

to be relevant.

2.3.2 Multi-period replenishment occurrence

Heeremans and Gelders (1995) are the first ones to introduce a tour of jobs in their multi-period

model. This is a relaxation on the assumption of a single period model introduced by Graves

(1982). A tour of jobs is defined as a sequence of jobs executed before the replenishment of the

kit. The tour size is the number of jobs executed between two replenishments. Multi-period can

also be defined as a known time interval between replenishments, i.e. replenishment is dependent

on the time interval and not on the number of service visits. This definition of multi-period is

used by (Gorman, 2016). The assumption of including only one part per part type in the kit

of the single-period model in the case of the multi-period model is no longer valid (Heeremans

and Gelders, 1995). However, two of the three assumptions of the single-period model still hold:

one part of each part type is needed per service visit, and failures of the parts are stochastically

independent. In many real-world applications, an important aspect of RKP is visiting several

job sites before restocking the kit. Only Teunter (2006), Bijvank et al. (2010), and Saccani et al.

(2016) have considered a realistic multi-unit scenario in a multi-period horizon.

2.4 Shortage resolution

Shortage in RKP is the consequence of insufficient inventory in the kit to complete a job. From

the literature, the shortage is resolved with penalty costs, including the costs for a second visit

and the cost of loss of goodwill from the customer. However, the shortage could also be resolved

with an emergency shipment. An emergency shipment is more costly but can save additional

traveling costs and time for the service engineer. Both shortage resolutions are respectively

elaborated upon in section 2.4.1 and 2.4.2.
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2.4.1 Second visit

For both cost and service model holds, finding an expression for the probability of a second

visit is the hardest. In Bijvank et al. (2010), the probability of a second visit is defined as the

probability that the job cannot be finished due to an part shortage in the kit. This probability

determines the expected costs for a second visit in a cost model. The service model determines

the service perceived by customers. So, in a cost model, high probability of a second visit results

in high expected costs, and in a service model in a low customer service level. It is costly to

carry all parts and tools. However, an uncompleted job incurs additional costs in terms of a

second visit, decreases service efficiency (?), and results in additional system downtime.

2.4.2 Emergency shipment

An emergency shipment is a shipment which is pushed through the process with priority in

order to arrive within a shorter time period at its destination. An emergency shipment for

completing a service visit is justifiable in case the part is crucial for the operation of the system.

This type of shipment is useful in case the service engineer stays at the service location until the

part arrives, but it is obviously more expensive. It is remarkable that in all papers considered

in this study, a broken job, i.e., a job that cannot be finished due to a shortage of part(s), is

fixed with a second visit.

2.5 Findings in literature

The main findings regarding literature on the RKP are absence of a desired strategy on the

replenishment of a kit, the costs considered in RKP, and the applicability of the space constraint.

The three findings are explained below.

1. Costs considered in repair kit models

Using a repair kit to transport parts needed for service to a service visit can be a good solution.

However, the literature does not discuss what boundary conditions are applicable to make the

decision to use a repair kit. If we look at the cost side of the current RKP, holding costs and

penalty costs are included. Rippe (2022) concludes that delivery costs for replenishing the kit

are largely unnoticed in literature. He therefore developed a model including fixed delivery

costs. The conclusion is that cost savings are achieved with larger replenishment cycles, i.e. the

more jobs executed between two replenishment moments. However, this article does not touch

upon when it is cheaper to open an additional local warehouse in the region of my customers.

For spatially distributed service locations, it is important to think of the replenishment location.

2. Space constraint and multi-job model

All articles, Gorman and Ahire (2006), Heeremans and Gelders (1995), and Saccani et al. (2016)

that included a space constraint in their model, research a multi-job and multi-unit model.

Therefore, it is stated that the space constraint is only relevant in multi-job and multi-unit

models. However, also for single job and single unit models this constraint could be relevant,

for example when optimizing transportation costs. These costs are calculated based on standard

pallet sizes. Deciding which parts to put in the kit, while meeting the standard sizes, it would
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be interesting to include a space constraint, even in a single job single unit model.

3. Replenishment strategy

The RKP is mainly concerned with what parts to put in a repair kit and how many units

of each part are needed. An additional aspect is that the repair kit needs to be replenished.

The decisions considered are currently the replenishment occurrence and the replenishment lead

time. Including a positive replenishment lead time in the model contributes to the practical

relevance, but does not cover what inventory theory should be adopted in order to meet the

lead time. The inventory at the stock location has a big impact in the replenishment capability

(overnight or within the specified lead time) and therefore affects the service level of a service

visit. If the repair kit is not fully replenished before the next service visit, the service visit may

not be completed.

2.6 Conclusion on literature

Resulting from the total literature study, two main findings are stated:

1. The repair kit models discussed include mostly only holding and penalty costs as cost

component. This topic is further discussed in section 5.6.

2. The space constraint is not only relevant in multi-job models, but can also influence

decisions for part inclusion in single-job models. The applicability of the space constraint

is further discussed in section 6.3.

3. Literature does not touch upon defining a replenishment strategy which suits best when

using a repair kit. This topic is further discussed in section 8.6.

Throughout this research we find descriptive answers on how we deal with these findings. In

chapter 6, we describe how the model decisions are incorporated in the process design using a

repair kit, specifically in this practical case.
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PART I: CURRENT SITUATION



3 Logistical processes of parts and tools for PM

The replenishment process of the PM kit causes problems in the process performance, due to

its uncontrollability. Too often, the replenishment lead time is dependent on part lead times.

These are leading conclusions investigating RQ-1: ”How are the logistics of PM tools and parts

currently managed?”. The investigation of RQ-1 is facilitated by an in-depth analysis of the

process, where all the problems are highlighted.

3.1 Interview approach

The information needed to construct the business process models for the logistical processes

is obtained by interviews. The first interviews are conducted with service engineers. These

interviews serve the purpose to get an initial idea on the process. From these interviews,

other involved departments and roles are identified and interviewed. The interviews contained

in-depth questions on all executed steps to complete the required tasks. Using an iterative

approach, the business process models are reviewed with all involved parties. This process is

continued until no further changes are needed. The final process models are once more checked

with at least one employee from each department. The final models are presented throughout

this chapter.

3.2 High level overview of the process

In this section, we analyze the replenishment process. In general, the process is executed as

follows. After a service visit, the engineer travels back to Eindhoven. The service engineer is

responsible for replenishing the spare parts and/or consumables that are used from one or more

kits. This goes via a SE directly placed in the ERP system Business Central. After approval

of the service coordinator, the order is transferred to the supply chain department, which takes

care of ordering the part at suppliers and the delivery to Strijp TQ. After the delivery of the

parts, the warehouse prepares the parts for picking. The service engineer who ordered the parts

is then responsible for replenishing the kit. In figure 4, a global overview of the replenishment

process is given.

Figure 4 illustrates the complexity of the process, as well as the departments that are involved.

The problems experienced by CLS concern the replenishment of the kit. The shipment of the

kit is unsuccessful, in case the kit is sent to a service visit while unreplenished, which harms the

effectivity of the process. Shipping an unreplenished kit incurs additional costs in terms of an

emergency shipment or a second visit of the service engineer. This is negatively effecting costs,

harming the efficiency of the process. These are the first insights on problems experienced by

CLS regarding the current spare parts and tool strategy. The consequences of the current process

are twofold; high logistical costs of getting parts and tools at the service location on-time and

low on-time availability of a complete kit at a service location. The logistical costs is a total

of the transportation costs, emergency costs, custom costs, and operating costs. Furthermore,

the replenishment process causes problems in the on-time availability of the kit at the service

location. This contains two factors; the completeness of the kit (are all parts in it) and the
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Figure 4: High level overview process PM kit

arrival time of the kit (is the kit on site before or at the moment the service engineer arrives).

Revising the tools and part strategy for PM and gaining more insight into the related costs

helps Additive Industries improve the strategy, such that the logistical costs are reduced and

the on-time availability of a complete kit increases. By developing business process models, the

inefficiencies become visible. These are shown in section 3.3.

3.3 Process flows PM kit process

The replenishment process is divided into three parts, namely the primary process (section

3.3.1), the preparation process (section 3.3.2), and the order parts process (section 3.3.3).

Within the process flows, each step is assigned to a resource, which is visible in the process

flow by the swim lanes on the left-hand side. Furthermore, the duration of a step is incorpo-

rated in the process flow by the blue text on the arrows. This later used to calculate cycle times

of the process. Furthermore, some notes appear in red, which indicates this note has a high

impact on the process. Below, each process is shown, guided by a detailed description. For the

primary and preparation process, we bullet-wise state findings after the process description that

serve as input for the second part of this thesis where we develop a new and improved process.

3.3.1 Primary process

The process flow of the primary process covers all steps in figure 4, excluding step 6. The

primary process is shown in figure 5. The departments or functions involved in this process are

the service coordinator, supply chain, service engineer, Base Logistics, warehouse / logistics,

and the customer.

Execute PM

The process starts with the execution of the periodic maintenance service activity. The service

engineer executes the steps according to a work instruction, where he replaces some parts by

default and some based on measurements. In general, the content of the kit should be sufficient
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to execute the PM. However, there are two cases in which this content is not sufficient. The

first case is when a customer has open tickets, i.e. corrective maintenance, not urgent for system

operation. The service engineer needs additional parts, which he needs to order upfront. This

first case belongs to the preparation process which is explained in the next section. The second

case is when the service engineer runs into additional problems during PM, which need to be

fixed so that the system can operate. These parts need to be ordered with emergency. The

decision to order parts with emergency varies heavily between service engineers, from 5% of

the service visits up to 50%. In the process flow we calculate with 80% and 20% (see appendix

B). Supply chain needs to take ad hoc measures to be able to provide the item on time,

such that the service engineer does not have to extend his/her visit. With the decision for

ordering additional parts, the service engineer keeps in mind that a return visit will take

place within one or two moths for corrective maintenance, instead of for the next PM.

• Emergency service orders leads to ad hoc decisions at the supply chain department. This

disrupts the regular goods flow.

• The decision to order parts with emergency is based on the assumption that the service

engineer has to return within one or two months for on-site support.

Return PM kit

The service engineer needs to notify the logistical department two days before the end of the

visit, when the kit can be picked up by sending an email. The logistical department needs

specific information in order to complete the shipping request at Base Logistics. However,

the service engineer is not aware of what information is important. This may cause a delay in

the process, in case the logistics employee has to ask for additional information via a reply on

the email. If the service engineer is in the mean time traveling, an answer can take up to two

days. The kit is stored at the customer, and the customer needs to complete the shipment

administration. Base Logistics picks up the kit and transports it back to Eindhoven. The kit is

received in the warehouse and stored at the storage location.

• No insight by service engineer in important information for logistics to complete trans-

portation/shipment administration.

• The PM kit needs to be stored at the customer before pick up. This can take up to one

week.

Prepare service order

The service engineer is responsible for preparing a service order. This order replenishes the used

parts in order to make the kit complete for the next service visit. In the order name, the service

engineer has to state explicitly that this order is for refill and the corresponding kit number.

The service order initiates the order parts process in the supply chain department, which will

be described in section 3.3.3. A solid execution of this step is essential for the kit to

be fully replenished.

• A critical process step is considered a sideline activity by the service engineer.
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Figure 5: Primary process PM
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Receive parts

In some cases, the ordered parts are available in the warehouse at Strijp TQ, but in most cases

the parts are shipped from Base HQ to Strijp TQ. The parts to replenish a kit are picked by

the warehouse and then ready for replenishment. The receipt of goods can be repeated multiple

times, in case not all parts are shipped at once. This continues until all parts of a service order

are received.

Replenish kit

The service engineer is responsible for replenishing the kit. After arrival of parts for replen-

ishment, the warehouse coordinator notifies the service coordinator about item receipt. The

service coordinator informs the service engineer that the parts are ready for replenishment in

the warehouse. The service engineer takes the parts from the warehouse and replenishes the

kit. Due to the travel schedule of the service engineer, replenishment of the kit is never

executed properly.

• The service engineer is not able to replenish the kit before it is shipped to the next service

visit.

3.3.2 Preparation process

Concluding from the main findings in the primary process, the performance of this process is

low. Due to this, a preparation process has arisen, to dampen the impact of the failing primary

process. The goal is to minimize the missing parts in the PM kit. The process flow is shown in

figure 6. Concluding, this process does touch upon any of the steps presented in the high level

overview (figure 4).

Complement PM kit

The first steps, where the content of each kit is checked and discussion between service engineers

takes place to agree on kit contents, show the poor performance of the primary process.

The service engineers can roughly estimate what parts need replacement, as they have dedicated

customers. Therefore, PM kits are divided according to the parts which are expected to need

replacement. However, this leads almost always to additional SE for parts to complete the

kit, which causes double execution of the step ”Request additional parts via SE” until the step

”Replenish kit”, as this should be properly executed in the primary process. It is not guaranteed

that all the needed parts are in time at Strijp TQ for replenishment.

• According to the service engineers, the kit is never complete at a service visit.

Logistics kit and service engineer

When the kit is reserved and the additional needed parts are replenished, the kit is ready for

transportation. The service engineer travels to the customer. Warehouse / Logistics arranges

the shipment of the kit with Base Logistics. In the mean time, the service engineer travels to

the service location and is ready to start PM. This part of the preparation process is in place,

and so ensures the PM kit is at the service location in time.

• The transportation lead time of the PM kit is reliable.
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Figure 6: Preparation process PM
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3.3.3 Order parts process

The order parts covers step 6 of the high level process presented in 4. The order parts process is

executed by the supply chain department and would therefore be out of scope for this research.

However, due to its high impact on the process performance of the primary process, it is decided

to develop a business process model of this process to understand the root causes of the problems

in the primary process. The order parts process is shown in figure 7.

The order parts process occurs in the primary and preparation process as a process step with

a dotted line. This dotted line means this step contains a sub process, which is for clarity

visualized in a separate process flow. The order parts process starts with demand generated

via a SE. The order manager checks the availability of the parts within two days. The stock

locations considered are Strijp TQ and Base HQ. Fundamentally, all stock is located at Base

locations, either Base HQ or Base LA. The stock locations and the flow of goods is explained

more detailed in section 4. As this research is scoped at the EMEA region, Base LA is not

considered as stock location in this process overview.

Requested parts on stock

Stock location Strijp TQ

In case the SE demand is available at stock location Strijp TQ, the order manager initiates a

Warehouse Transfer Order (WTO) such that the parts are booked from stock location Strijp

TQ to stock location PM kit. The warehouse coordinator picks the parts and stores them

at the pick location for the service engineer. The warehouse coordinator informs the service

coordinator that the parts are ready for replenishment. The service coordinator informs the

last user of that specific PM kit. Then, the service engineer replenishes the kit.

Stock location Base HQ

When the SE demand is available at stock location Base HQ, the order manager initiates a

transfer order from Base HQ to Strijp TQ. Base HQ generally calculates two days for handling

the transfer order and picking the parts. Since these shipments are for kit replenishment, the

delivery location of these parts is Strijp TQ. The transportation of the parts takes another two

days. When the parts are received by the warehouse, they execute an administrative action so

that supply chain knows the parts are available at Strijp TQ and the stock levels in Business

Central (BC) are updated. Supply chain initiates a WTO and the further execution of the

process is the same as explained for stock location Strijp TQ.

Requested parts out of stock

In 50 % of the cases, the SE demand is not on stock. This means that the parts have to be

ordered at the supplier. We distinguish a regular process and an emergency process.

Regular process

When the parts are not on stock at Strijp TQ nor at Base HQ, the demand is generally processed

according to an MRP schedule. On a bi-weekly basis, the MRP is run. The execution of the

MRP run is shortly explained next.
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Figure 7: Order parts process
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MRP run

The generated demand lines are reviewed manually. First, the demand per location is checked.

This is compared to the inventory per location. Then, the Stock Keeping Unit (SKU) values

are checked, and compared to the ROP and ROQ values. Calculate the amount of parts that

needs to be ordered. Decide if the proposed line is relevant and correct. Otherwise, change or

delete it. Checking all lines takes generally around two days.

When the MRP is released, the Purchase Order (PO) and WTOs are send to suppliers and to

Base in order to fulfill the demand. The average lead time of the parts is ∼ 5 weeks (according

to the information in ERP). The lead time is defined as the time between sending the PO and

receiving the goods at the purchase location. The lead times in BC are not actively updated,

so the reliability can be questioned.

Emergency

In case it is an emergency, when the service engineer orders parts while executing PM or when

additional parts are needed in the preparation process to replenish the kit, the order manager

initiates a PO manually. This means that the MRP planning schedule is bypassed. When the

PO is released, the supplier processes this PO and gives a lead time. The average lead time

of the parts considered in this research is ∼ 5 weeks (according to ERP). As the purchase

location of the parts is by default Base HQ, the process continues similar to the process of

part availability at Base HQ as explained above. In case the item is needed at Strijp TQ, the

purchase location is manually changed.

3.4 Lead time calculations

With in-depth insight in the logistical processes and the duration of each step, we are able to

calculate the duration of the processes, the duration of the different routes within the process

and the likelihood of occurrence. We aim to find a root cause for the failing replenishment

process. First, the definition of a PM kit cycle is presented (3.4.1). Second, the lead time

calculations for the replenishment ability are described (3.4.2). Third and last, the cycle time

with current stock levels is calculated (3.4.3).

3.4.1 Cycle PM kit

To get a solid overview of the total duration of the process we define a cycle containing five

steps: 1) Execute PM, 2) Return to Strijp TQ, 3) Replenish kit, 4) Prepare next service visit,

5) Shipment kit. One cycle is defined as shown in figure 8. According to the analysis in section

3.3, cycle step 1, 2, 4, and 5 are stable and reliable in terms of duration. The total duration is

given in figure 8 and is 20 days (excluding step 3. Replenishment of kit).

3.4.2 Replenishment of PM kit

The aspect that is highly variable is the replenishment of the kit, as highlighted red in figure 8.

This is identified as the main root cause of the poor performance of the primary process. The
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Figure 8: PM Kit Cycle

parameters on which the replenishment time is dependent are: stock availability, stock location,

emergency, purchase location, and availability of service engineer. The first four parameters are

all depending on the order parts process (figure 7). We derive six parameters from the order

parts process. These are the options given at the diamond shapes with a cross, and provided

with probability of occurrence (in green). The parameters:

1. Stock availability: yes

• Stock location: Strijp TQ or Base HQ

2. Stock availability: no

• Emergency: yes or no

• Purchase location: Strijp TQ or Base HQ

The last parameter, the availability of the service engineer, comes from the primary process

(figure 5), where the arrow to the replenishment step has a red and unknown estimated duration.

The service engineer who was the last user of the PM kit needs to replenish the kit, irrespective

of his/her travel schedule. In table 1 we presented all scenarios, their corresponding duration,

and the probability of occurrence.

As can be seen in table 1, all scenarios include uncertainty. We distinguish three types:

1. Availability service engineer: In all scenarios, the uncertainty is the availability of

the service engineer, although the probability of an available service engineer is higher

when there is stock. In the process is agreed that the last user of the kit must replenish

it. However, service engineers travel to customers, but are most of the time at least one

week at Strijp TQ, to fulfill administrative tasks. When there is stock at Strijp TQ or

Base HQ, the service engineer will probably be able to replenish the kit.

2. Part lead time: In case there is no available stock of an item with demand of a SE, the

additional uncertainty in the process is the item lead time. Nowadays, item lead times

promised by suppliers include high uncertainty and may vary from order to order. This

complicates inventory management.

24



3. Review period MRP run. Demand is only processed when MRP run is executed.

The review period is 14 days, so this does means the waiting time for all demand to be

processed is up to 14 days.

Table 1: Duration replenishment process per scenario

Scenario → 1 2 3 4 5 6
Parameter ↓
Stock: yes X X
Stock: no X X X X
Stock location: TQ X
Stock location: HQ X
Emergency: yes X X
Emergency: no X X
Purchase location: Strijp TQ X X
Purchase location: Base HQ X X
Availability service engineer ? ? ? ? ? ?

Duration (in days) 6 10 4+LT 6+LT 22+LT 26+LT
Probability 0.05 0.45 0.025 0.225 0.025 0.225

Note: The duration is based on the assumption that the review period until the next MRP
run is 14 days.

As described in section 3.4.1, step 1, 2, 4 and 5 from the cycle (figure 8) take already 20 days.

Complemented with the results shown in table 1, we can estimate the following cycle times per

scenario (table 2).

Table 2: Cycle times PM kit per scenario

Scenario Cycle time in days

1 20 + 6 = 26 days
2 20 + 10 = 30 days
3 20 + 4 + LT = 24 days + LT
4 20 + 6 + LT = 26 days + LT
5 20 + 22 + LT = 42 days + LT
6 20 + 26 + LT = 46 days + LT

The duration is based on the Gantt Charts that are made based on the process flows presented

in section 3.3. The Gantt Charts are shown in appendix C.

3.4.3 Available cycle time current inventory levels

In the previous section is described what duration a cycle can take, and what levels of uncertainty

are taken into account. In this section, we approach the problem from a different angle, as we

define the available cycle time based on the current stock levels.

There are currently three PM kits in circulation. A simple calculation shows that this means

the total cycle is allowed to take at most 19.6 days.

Days per cycle per kit =
340days

52PM kit cycles
= 6.5 days per cycle
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3 kits → 6.5 · 3 = 19.6 days per cycle

We can conclude that the available cycle time of ∼ 20 days is not feasible for the

current design of the process. Even in the most favorable situation, when there is sufficient

stock at Strijp TQ to replenish the kit, the cycle time will be 26 days. With this conclusion,

the reason why service engineers experience unreplenished kits at service visits is clarified.

3.5 Conclusions on the logistical process

In this section, we find an answer on RQ-1: ”How are the logistics of PM tools and parts

currently managed?”. This RQ is answered by the constructed business process models. The

main conclusion of this chapter is that replenishment of the PM kit does not succeed due

to its uncontrollability. With an available cycle time of ∼ 20 days, and a likely actual cycle

time of 30 days, the kit is shipped to the next service visit while unreplenished. Too often,

the replenishment lead time is dependent on the MRP run and item lead times. This matter

is further addressed in chapter 4, where the inventory management of Additive Industries is

investigated.
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4 Inventory Management

The decision on a purchase location and a replenishment location should be better aligned

with stock levels and lead times. The stock levels should be sufficient, to prevent stock out on

SKU level. These are the main findings resulting from the investigation on RQ-2: ”What are

the inventory levels and costs at Strijp TQ and Base HQ?”. This chapter is devoted to the

inventory management strategy and policies used within Additive Industries.

4.1 Inventory locations

The stock location defined in the ERP system are both internal and external. The external

stock locations are divided in two parts, namely at Base Logistics, and suppliers. The stock at

suppliers is left out of scope. Internally, four stock locations are defined.

4.1.1 External stock locations

Additive Industries works with two external stock locations. In order to fulfill demand globally,

two external locations in cooperation with Base Logistics are set up. One location is based

in Los Angeles (referred to as Base LA), which serves the NA region, and one in Moerdijk

(referred to as Base HQ), which serves the EMEA and APAC region. Base HQ serves as the

central warehouse, from which locations Base LA, Strijp TQ, and customers can be served. As

this research is initially scoped at EMEA, further in-depth analysis on the inventory for Base

LA, will be left out of scope.

4.1.2 Internal stock locations

Additive Industries has four internal stock locations, namely Strijp TQ, CLS, CLS US, and CLS

SG. CLS is split up in three bin locations; PM KIT 1, PM KIT 2, and PM KIT 3. CLS US is

split up in two bin locations; PM KIT 4, and PM KIT 5. At Strijp TQ, the inventory is mainly

designated for operations. Furthermore, there is a two-bin system to maintain inventory levels

for things like screws, bolts and nuts. There is no dedicated stock for service items, regardless

of the items in the kits. The CLS locations contain items reserved for service, i.e. items in PM

kit or needed for additional service activities. As this is a pick location, no physical stock is

reserved from inventory in ERP. Items booked on this location can be picked by the service

engineer and stocked in a PM kit. In general, this also holds for the CLS locations CLS US in

NA and CLS SG in APAC.

4.1.3 Flow of goods

This section describes the flow of goods containing the suppliers, stock locations, pick locations

and the customer. Figure 9 shows a graphical overview of the goods flow.

Initially, parts are coming form the suppliers. For service items, it holds that the purchase

location is by default Base HQ. This means that the stock levels are maintained at this location.
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Figure 9: Graphical overview goods flow

Base HQ functions more or less as a main local warehouse, from where inventory of stock

locations Base LA and Strijp TQ are maintained. It is possible for suppliers to ship directly to

Strijp TQ, but for service items this almost never happens. Items that are needed for PM are via

a WTO shipped from Base HQ to Strijp TQ where they are prepared for picking. This means

the items are booked on the pick location CLS (or CLS SG/US). Base LA is always restocked

via Base HQ. Customers demand concerns mainly consumables, and is always directly arranged

via a Base location. In case customer demand comes from a maintenance activity, the demand

is generated via a SE and is arranged via a pick location.

4.2 Inventory policy

The inventory levels for service items are maintained via ROP and ROQ. ROP is defined as

the level of inventory, on which is decided to order parts. The ROQ is defined as the amount of

parts that is ordered, when after reviewing of the inventory levels is decided to order parts. The

items that are controlled via this policy are marked in the ERP system as CLS ROP part. This

list is defined by the CLS department in cooperation with supply chain. The ROP is calculated

as follows:

ROP = DduringLT × % safety stock

DduringLT is defined as the demand during the lead time of the part. This consists of two parts,

namely the lead time as defined in ERP, and additional lead time to ship parts from Base HQ
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to Strijp TQ. The lead time in ERP contains the time between sending the PO and the arrival

at the purchase location. This value thus contains an estimation on the duration of the PO

process of the supplier, and the shipping time of the part. The additional shipping time from

Base HQ to Strijp TQ is relevant in case the items are needed to replenish a PM kit, as Base

HQ is the purchase location of all these items.

• Base HQ being the purchase location for service items, incurs additional lead time of one

week for every service demand regarding maintenance activities.

The ROQ is defined as the amount of parts that is ordered when after reviewing is decided to

order. In practice, the ROQ value is set equal to the ROP.

• The order quantity is not optimized in terms of costs (ordering and holding).

Processing demand

The set of items of which the stock levels are maintained with ROP and ROQ are the CLS

ROP parts. This is a set of items defined by the CLS department for which certain inventory

availability is required. These inventory levels are maintained by ROP and ROQ values. The

planning method used is MRP, which is a scheduling method that calculates order dates and

production dates backwards from the delivery date. The review period is once every two weeks.

The MRP run generates a planning sheet. Every line is checked manually on the following

items:

1. Check demand per location.

2. Check bin contents for inventory per location.

3. Decide if line proposed in planning sheet is relevant based on above information. If line

is relevant leave as is, if not, delete line from planning sheet.

These steps have to be executed per line. In one run around 500 lines are generated. We

conclude that the MRP run is a process that mainly runs manually. This causes it to be error

prone and time consuming. As all stock levels of CLS ROP parts are depending on this, it is

important that the demand is processed correctly. Especially for the parts that are needed for

service activities. At this moment, the MRP run is not aligned with the set ROPs, as stock

outs are experienced 50% of the time (order parts process, section 3.3.3). This is one of the

root causes for experiencing stock outs. One of the consequences is that the PM kit parts are

not at Strijp TQ in time, to execute the replenishment before the next shipment.

4.3 Holding costs

The holding costs in this section are split in two parts, the holding costs at Base and the holding

costs at Strijp TQ.

4.3.1 Base HQ

The holding costs at Base HQ concern separate items. As we only have data on all items

stored, we make an estimation on the part that is accountable to service items for PM. The
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total amount of distinct item numbers at Base is 182. The amount of distinct item number is

the PM kit is 36, which is 20%. Therefore, we decided to account 10% of the total holding costs

to service items. From a total of e28,500 for storage costs, e2900 is assigned to PM.

4.3.2 Strijp TQ

As all stock on item level is stored at Base HQ, the holding costs at Strijp TQ are only incurred

by the PM kits. The value of 1 kit is around e25,000, based on cost price data in ERP. For

an estimation of the holding costs, we take 10% of the total value. For three kits, the value

is e75,000, so the holding costs are estimated at e7,500 per year. The total holding costs for

service parts is estimated at e2900 + e7500 = e10,500

4.4 Conclusion on inventory management

The decision to assign Base HQ as the purchase location, and from there supply Strijp TQ,

NA and SG, is fundamentally not a wrong decision. However, this decision should be better

aligned with the replenishment of the PM kit. The stock levels, should prevent stock outs on

SKU level. However, up to now these inventory levels are not maintained properly, such that

during every replenishment, a stock out is encountered. The total holding costs per year for

service items are ∼ e10,500. The holding costs are not considered logistical costs, but can be

added to total yearly costs. The logistical costs are analysed in the next chapter, chapter 5.
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5 Logistical costs

The custom and operating costs are the main cost drivers for logistical costs. Additionally, costs

are incurred due to poor performance of the process. These findings are concluded during the

investigation of RQ-3: ”What is the structure of the currently incurred logistical costs?”. This

chapter is devoted to explaining the different cost types. An overview of the structure of the

costs is presented in figure 10.

Figure 10: Structure logistical costs

5.1 Data collection

The data used for this section is obtained by gathering all invoices from Base Logistics over 2022

in one Excel overview. All costs are split up in categories, meaning the costs for one shipment

can may include 5 lines. This detailed information enables accurate assignment of costs to cost

types. All categories are analyzed in cooperation with the Buyer Transport & Logistics, to

assign the right costs to the intended cost types. Some categories only account for PM, and

therefore can be easily extracted from the Excel-file. Other categories are an estimated part

of a category. The values found per cost type are verified using the expertise of the Buyer

Transport & Logistics and the service coordinator and service manager. Taking an iterative

approach between the data and experts, the costs are adjusted when needed.

5.2 Transportation costs

Transportation costs are defined as a variable cost item containing costs associated with moving

goods from one place to another. The transportation costs in this research contain cost items

as defined by Base Logistics: the actual transportation of goods by one of the four primary

transportation modes, fuel charge, and administration costs. As transportation is almost always

arranged via Base Logistics, we have a detailed overview of the costs. We distinguish two types

of transportation costs:

1. Transportation of the PM kit. Referring to the primary process (3.3.1).
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In total, the transportation costs of the PM kit are e15000 per year, of which conveying

goods by one of the four primary transportation modes is 75%, fuel charge 15%, and

administration costs 10%. This means that every transportation action incurs a trans-

portation costs of ∼ e300. This value is an average and will in practice not often be close

to e300, as transportation costs highly depend on distance.

2. Transportation of items for emergency shipment

(a) for replenishment of PM kit. Referring to the preparation process (3.3.2).

The additional transportation costs for emergency shipments are mainly incurred

by an emergency replenishment of the kit. According to the service engineers, this

occurs every PM. The regular replenishment costs are filed under operating costs

(see section 5.5). This type of shipments are over a small distance, from Base HQ

to Strijp TQ. We estimate the transportation costs per shipment to be e30. The

total transportation costs for replenishment of the kit in the preparation phase are

therefore ∼ e1500 per year.

(b) for emergency shipment while executing PM. Referring to the primary process

(3.3.1).

An emergency shipment while executing PM, see the first loop in the process flow

in figure 5, occurs in roughly 20% of the PMs which means 10 times per year. The

distances for these shipments vary all across Europe. The transportation costs are

averagely estimated at e50. This means that the additional transportation costs for

emergency shipments while executing PM are estimated at e500 yearly (e50 × 10

emergency shipments).

In table 3, an overview of the transportation costs is given.

Table 3: Overview transportation costs

Cost type Individual
value

Total

1. Transportation of PM kit e15,000
2. Transportation of emergency shipment
(a) Replenishment PM kit e1,500
(b) During PM e500
Total transportation of emergency shipment e2,000
Total transportation costs e17,000

5.3 Emergency costs

Emergency costs are defined as costs associated with urgency or rush only known shortly before

action is required. The emergency costs are divided in the extra time that is needed for resources

to arrange this emergency shipment, and the extra costs incurred by Base Logistics for rush. As

we assume all transportation is arranged via Base Logistics, we take the total emergency costs

invoiced in year 2022. The total emergency costs in 2022 invoiced by Base Logistics are e3600,
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and the total number of shipments is 446. The average costs per emergency shipment are ∼ e8.
As of 2023, Base Logistics applies a standard emergency fee of e25. This means the emergency

costs will increase significantly compared to the 8 euros stated above. The cost savings by

reducing the number of emergency shipments will therefore be even higher. The extra time

spent by the service coordinator, service engineer, order manager, the transport buyer and the

warehouse employee is expected to be in total 2 hours per shipment, costing e65 per hour.

We distinguish two types of emergency shipment.

1. Emergency shipment to complete missing items in PM kit. Referring to the preparation

process (3.3.2).

(a) Emergency costs

As explained in section 3.3.2, the kit is never replenished at the moment a service

engineer needs it for PM. Items that are needed for that PM visit are ordered with

emergency. The transportation costs for this emergency are addressed in the previous

section. The emergency costs are, calculating with 50 PMs, e400 (50×8,09).

(b) Resource costs

The additional costs for resources are e6500 per year (2 hours × e65 × 50 PMs).

The total costs are ∼ e7000.

2. Emergency shipment for items needed while executing PM. Referring to the primary

process (3.3.1).

(a) Emergency costs

We estimated the number of emergency shipments in 2022 at 10, see appendix B.

This means, 50×0.2 = 10 emergency shipments occurred in 2022. Therefore, we can

only assign ∼ e100 to the emergency costs of the PM process.

(b) Resource costs

The costs for resources for this process are e1300 (10 times × 2 hours × e65).

The total yearly emergency costs are presented in an overview in table 5.

Table 4: Overview emergency costs

Cost type Individual
value

Total

1. Complete missing parts in PM kit
(a) Emergency costs e400
(b) Resource costs e6500
Total costs to complete missing parts in PM kit e7,000
2. Parts needed during PM
(a) Emergency costs e100
(b) Resource costs e1300
Total costs for parts needed during PM e1,400
Total emergency costs e8,400
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5.4 Custom costs

Custom duties is charge levied when goods cross international borders. Within the EU, these

customs do not have to be paid. Outside EU, not to be confused with Europe, customs are paid

for importing and exporting goods. The amount of customs fee percentage is not determined

based on the size or weight, but on the Harmonized System code. The Harmonized System

code consists of eight or ten digits, of which the first six are similar worldwide. The last two of

four digits imply additional rules, for example if a product comes from China, The Netherlands

incurs a higher customs fee as they judge the price to be too low that their economy is harmed.

These digits can vary nationally. The HS-code defines categories of products. Based on the

application, the product is assigned to a certain category. Each category has a percentage of

import and export duties that have to be paid over the value of the good. In this case, customs

are paid for importing and exporting goods from the UK and Switzerland. The total number of

systems in those countries is 9, which accounts for almost 35% of the install base in the EMEA

region. This means, high costs are incurred for customs fees.

• Customs expenses are high due to relatively large market in UK and Switzerland.

In the custom costs, we include the categories customs clearance, import duties, import duties

VAT, and advance fee (extra charge by Base Logistics for prepaid fees). We distinguish two

types of customs:

1. Customs due to PM kit shipments.

The total number of importing and exporting on a yearly basis is 18 times (9 systems × 2

PMs). Based on the total costs for customs pair for PM kit shipments, we estimate that

each PM kit shipment to and from a non-EU country costs e1000 (two-way). This is a

rough estimation, as the value of the kit can be manipulated or even be preserved from

costs. Calculating with e1000 per PM, means the yearly customs fee is e18000.

2. Customs due to emergency shipments for PM.

Emergency shipments to UK or Switzerland, incur therefore also additional customs fees.

The average custom fee for non PM kit shipments is e100. We estimated a total of

10 emergency shipments per year for the total install base in EMEA (figure 5). The

install base in non-EU countries is 35%. We estimate therefore the number of emergency

shipments to non-EU countries at 4 (10 × 0.35 = 3.5, rounded up to 4). This incurs

additional e400 (e100 × 4).

Table 5: Overview custom costs

Cost type Total

1. Customs due to PM kit shipments e18,000
2. Customs due to emergency shipments for e400
parts needed during PM

Total custom costs e18,400
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5.5 Operating cost

The operating costs are costs that account for all operational steps regarding the PM service

activity, in order to enable the process to function. We distinguish the warehouse handling

costs, the replenishment costs and the preparation costs.

1. Warehouse handling costs

The warehouse handling costs consist of the categories inbound, non stackable, non con-

veyable, packaging and outbound. The main source of these costs are the combination

of having Base HQ as purchase location and Strijp TQ as replenishment location. We

distinguish the following warehouse handling costs:

(a) Inbound of goods at Base HQ.

Incoming goods account for inbound, non stackable, non conveyable costs. The total

incoming costs for Base HQ invoiced in 2022 are ∼ e3300. This amount is not fully

accountable for PM, as Base HQ holds stock for other purposes, such as CM, as well.

We estimate that 50% of these inbound lines can be account to PM costs, which

results in e1700.

(b) Outbound of goods from Base HQ.

The warehouse handling costs for shipments account for outbound and packaging.

Shipments from Base HQ to either Strijp TQ or customers are estimated at e2500.

This includes handling for emergency shipments during PM and shipments form Base

HQ to Strijp TQ for kit replenishment.

(c) Inbound of goods at Strijp TQ.

For handling, we account one hour for handling of the PM kit as well as items that

are shipped from Base HQ to Strijp TQ for replenishment (in the primary process

and the preparation process). Based on 50 PMs, we have 50x regular replenishment

inbound, 50x additional replenishment inbound, 50x PM kit inbound. This means

the costs are 1× 50× 3× 65 ≈ e10, 000.

2. Replenishment costs

The replenishment costs are the second part of the operating costs, and hold the trans-

portation of items from Base HQ to Strijp TQ for the regular replenishment of the kit

and the resources needed to make the SE (by service engineer), arrange those shipments

(supply chain), to take care of the handling (warehouse) and actual replenishment (service

egineer). The total transportation costs from Base HQ to Strijp TQ invoiced in 2022 are

e4300. We again assume that 50% is for PM, so this means the transportation costs are

e2150. The replenishment costs in terms of hours are 1 hour, which means on a yearly

basis account for e3400 (1 hour × 65 × 50 PMs). This results in a total of e5500.

3. Preparation costs

The preparation costs are defined as the costs incurred by the preparation process (section

3.3.2). This process, as indicated in figure 6, incurs unneeded labor costs. The steps at

the beginning of this process until the replenishment of the kit are double executed. We
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estimate that these steps have a throughput time of 3 days, of which the service engineer

spends actually four hours of work. These resource costs are accounted for in the operating

costs. The costs incurred by preparation are e260 per PM (4 hours × e65 labor costs).

This accounts for e13500 additional costs per year.

An overview of all cost items is given in table 6.

Table 6: Overview operating costs

Cost type Individual
value

Total

1. Warehouse handling costs
(a) Inbound of goods at Base HQ e1,700
(b) Outbound of goods from Base HQ e2,500
(c) Inbound of goods at Strijp TQ e10,000
Total warehouse handling costs e14,000
2. Replenishment costs e5,500
3. Preparation costs e13,500
Total operating costs e33,000

5.6 Relation costs with literature on RKP

The RKP is mainly concerned with the holding costs and penalty costs. Some researchers

extended the model with ordering costs (Prak et al., 2017), or delivery costs (Rippe, 2022),

but this is far from complete compared to the costs concerned with the process of a repair kit.

For example, deciding on single period replenishment or multi-period replenishment has a large

impact on transportation costs. For a deliberate consideration on how to use the repair kit,

the main costs that need to be considered are the operating costs. From above analysis we

conclude that the operating costs are almost half of the total costs concerned with the usage of

the kit. When deciding on whether or not to use a repair kit, these costs need to be part of the

considerations from practical point of view.

5.7 Conclusion on the logistical costs

In this section we answer RQ-3: ”What is the structure of the currently incurred logistical costs?”

To gain more insight into the logistical costs, we defined four cost items that are investigated

in more detail. The four cost items are transportation costs, emergency costs, customs and

operating costs. In table 7, we show an overview of the total costs.

Table 7: Overview logistical costs

Cost type Value (in eper year) % of total

Total transportation costs e17,000 22
Total emergency costs e8,400 11
Total custom costs e18,400 24
Total operating costs e33,000 43

Total e77,000
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The total yearly logistical costs for the processes of the PM service activity with a PM kit is

estimated at e77,000 per year. The custom costs and the operating costs are the main cost

drivers, as they account respectively for 24% and 43% of the total logistical costs. Customs

follows with 22% and the emergency costs are 11%. Part of these costs are incurred due to

design choices of the process, such as transportation costs of the PM kit and operating costs for

replenishment of the kit. However, part of the costs are incurred due to poor performance of the

process, such as the additional transportation costs for replenishing the kit in the preparation

phase.

5.8 Conclusion on part I

This section concludes on part I, summarizing the main findings of the chapters discussed in

part I.

5.8.1 Process

The current process using the kit is not performing well because of the unreliability and un-

controllability of the process. The main root cause is in the replenishment process, where parts

do not arrive before the next shipment is scheduled. The inventory levels are maintained via

ROP and ROQ, but this process performs low, as stock outs on SKU level are experienced

during every replenishment action. This results in unreplenished kits at service locations, as

well as additional workload on service engineers for preparing a service visit. As we assume to

resolve item shortage with an emergency shipment, these unreplenished kits also lead to extra

transport and emergency shipments.

5.8.2 Costs

The usage of a kit is in this case a trade-off between the transportation costs, the operating costs

and holding/part costs. Fundamentally, the current PM parts strategy, is workable for Additive

Industries. The transportation costs are manageable, as the distances within Europe are rather

short. Furthermore, the operating costs can unfortunately not be ignored as they account for

almost 50% of the total costs, but can be improved significantly by alignment inventory location

and replenishment location. The holding costs associated with this strategy are moderated, as

the total set of spare parts can assigned to all systems in the EMEA region. Furthermore, when

parts from kits are not used at a PM, they can be assigned to other systems.

All information on the current situation is now obtained. With this information, we developed

a conceptual design which is analyzed in part II.
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6 Solution directions

In this chapter, we find that the replenishment process of the PM kit needs to be revisited, in

order to achieve the highest optimization in terms of costs and on time availability of the kit.

This means that the proposal is to optimize the current kit strategy. This chapter provides

evidence on this decision.

6.1 Advantages kit

Part usage per system

The wear of certain parts is dependent on the type of material (level of abrasiveness) and the

intensity of system usage (24/7 production or only development). Furthermore, based on the

number of CM actions that are currently executed, it seems the PM is at this moment not

entirely serving its purpose, as the goal is to maintain the system such that the customer does

not encounter unscheduled breakdowns. Using a kit, with a relative extensive assortment of

parts (compared to the current kit content) enables the service engineer to replace additional

parts when other failure is encountered during PM.

Inventory

At this moment, the inventory that is held at Strijp TQ contains three kits, which is in total a

value of e75,000. Additionally, stock is held at Base HQ. When using a kit, the total capital

in inventory is kept limited. Items that are not used can be assigned to other customers. As

the price of some items is relatively high, the operating costs of the kit will probably outweigh

higher part usage.

Reverse logistics

For executing PM, the service engineer also needs tools. Tool management is currently arranged

from Strijp TQ location. This contains tools that are stored and transported in the PM kit,

but also larger and more expensive tools that are transported separately. These tools need to

come back to Strijp TQ after every service visit. We state that this already existing reverse

logistics stream enables Additive Industries to return parts for repair and set up a controllable

and stable repair process. From a practical standpoint, the PM kit also serves as packaging for

these parts.

We put these arguments in perspective by first calculating the total yearly PM costs for the

proposed solution directions. Based on the advantages in combination with costs, a decision is

made regarding the PM parts and tools strategy.

6.2 Solution directions

In this section we investigate three solution directions. First, the current situation is presented

as an option. Second, we propose to improve the current strategy. Third, we propose a fixed

replacement strategy, where a predefined set of items is replaced during PM on every system.

For both strategies, we estimate costs, and compare those costs to the current strategy.
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6.2.1 Current strategy

The current strategy is explained in detail in chapters 3, 4, and 5. The advantages of using a kit

are described in the previous section of this chapter. Solution direction 1 and 2 are compared

to the current situation.

6.2.2 Solution direction 1: Kit strategy

The first solution direction is named the kit strategy, and considers improving the current

strategy. This means pursuing a spare parts and tool management strategy where the PM kit

is used to ship parts and tools. The improvements when holding the PM kit, would mainly

focus on stabilizing the replenishment process, such that it is reliable. The improved process

furthermore should focus the optimization of the transportation, custom and the operating costs

to achieve a cost reduction.

6.2.3 Solution direction 2: Fixed replacement strategy

As an alternative, we investigate the possibility where we define a set of parts that is replaced

at every service visit, irrespective of the condition of the part. Additive Industries should

be able to gather data on the failure of certain parts, and therefore can preventively replace

parts. This alternative considered for two reasons. The first reason is that Additive Industries

holds a preference for this strategy, with the argument that the costs of every PM are known.

Furthermore, this strategy could be a valid alternative when the set of items is optimized per

system, as this could save costs mainly in custom countries. The second reason for analyzing the

fixed replacement strategy is that this eliminates all operating costs in terms of replenishment

and simplifies the process. For the fixed replacement strategy, it is initially decided to base

the replacement on the worst performing system, i.e. the system with the highest spare part

consumption. In the costs is accounted for higher part replacement costs and higher labor costs

compared to the current strategy. The expectation is that the PM visit needs to be extended

with factor 1,5 to be able to replace all the parts. The main goal of this strategy is to reduce

the costs spend on CM.

6.2.4 Total yearly costs

The costs and considerations are based on a cost overview of previous years interpreted by the

researcher, the service coordinator and service manager. The cost savings are estimated based

on expectations, where the opinion of the researcher as well as from the knowledge experts are

incorporated. For a fair comparison between solution directions, we include the part and labor

costs.

1. Current strategy

(a) Part costs: average costs of part usage over the PMs in 2022 are e3000 per PM,

which means e156,000 per year.
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(b) Labor costs: duration of one PM is five working days (à 10 hours). This means

e162,500 of labor costs (e65× 50 hours ×50 PMs).

(c) Logistical costs: e76,700 (see chapter 5)

2. Kit strategy

(a) Part costs: Increase with ∼ 15% to cover for CM

(b) Labor costs: stay constant.

(c) Logistical costs:

i. Transportation costs decrease with α, after optimization of the kit dimensions.

ii. Emergency costs are expected to be close to eliminated in this strategy.

iii. Custom costs decrease with β, by adopting a alternative strategy for custom

countries.

iv. Operating costs decrease with γ, as mainly the preparation process can be opti-

mized.

v. Number of CM cases decreases with δ because of more accurate kit content.

3. Fixed part replacement strategy

(a) Parts costs increase with ∼ 25%.

(b) Labor costs increase with ∼ 50%.

(c) Logistical costs

i. Transportation costs decrease with α (only one way), but eliminates possibility

to repair parts.

ii. Emergency costs are expected to be close to eliminated in this strategy.

iii. Custom costs decrease with β, by adopting a beneficial strategy for custom

countries.

iv. Operating costs are expected to be e10,000, for only arranging the parts, and

no replenishment activities.

v. Number of CM cases decrease with δ because of preventive replacement.

This alternative strategy reaches the topic on how is the PM service activity executed and what

data do we have on performance of the system, so that upcoming failures can be prevented.

We recommend to further investigate these topics to improve the availability of the system and

determine more accurately what impact the system usage has on the spare parts degradation

behavior.

In case this strategy is adopted, we expect to see below stated changes in costs compared to

the current situation:
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6.2.5 Cost analysis solution directions

Based on the costs changes stated above, the costs elaborated upon in section 5 and cost data

of 2022 interpreted by the service coordinator and service manager we calculated the costs for

a fixed replacement strategy and compared this to the improved kit strategy. The results are

presented in table 8.

Table 8: Cost consideration, current situation, kit strategy, and fixed replacement strategy

Costs Current Kit strategy Fixed replacement
strategy

Part costs e156,000 e175,000 e225,000
Labor costs e162,500 e162,500 e227,500
Transportation costs e17,000 e17,000 - α e10,000
Emergency costs e8,400
Custom costs e18,400 e18,400 - β e18,400 - β
Operating costs e33,000 e33,000 - γ e10,000
CM costs e164,000 e164,000 - δ e164,000 - δ

Total e560,000 e569,900 e654,900

Before an analysis is made on the differences in costs, we estimate values for α, β, γ, and δ. The

cost estimations are made in collaboration with the service manager and service coordinator,

and progressive insights in possible improvements. These cost savings are rough estimations,

but are representative on how the changes in solution direction 1 and 2 impact the cost model.

α = 20%, percentage improvement space occupation PM kit

β = 50%, propose alternative strategy for custom countries

γ = 10%, when PM kit cycle works, preparation time decreases

δ = 50%, optimize set of items, and activities based on historical data, to reduce CM cases

For β and δ holds the same expectation for the kit strategy and the fixed replacement strategy.

These cost improvements will be explained in more detail in part III of the thesis, where the

process design is explained.

Part costs

The part costs of the kit strategy compared to the current strategy are increasing from e3000

to e3500 per PM, as we propose to extend the content of the kit with the goal to reduce CM.

The part costs in the fixed replacement strategy are expected to increase to e4500 per PM,

which results on a yearly basis in e225,000.

Labor costs

The labor costs in the current situation are similar to the kit strategy, as the duration of PM

stays 1 week (i.e. 5 working days). When deploying the fixed replacement strategy, we expect

the PM visit to increase with factor 1,5 in duration, as more parts need to be replaced. This

means the labor costs increase with 50%.

Transportation costs

The significant lower transportation cost for the fixed replacement strategy can be explained
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by the fact that items are only transported one way. Also, the transportation of items from

Base HQ to Strijp TQ is eliminated. As the number of items increases compared to the current

situation and the kit strategy, we expect the costs not to halve, but account for e10,000. The

transportation savings (α) achieved with the kit strategy compared to the current situation are

achieved by an optimization on the kit dimensions.

Emergency costs

The emergency costs are expected to be eliminated in both solution directions. The purpose of

the extended content of the kit in solution 1 and the extended part replacement is solution 2

is to prevent emergency shipments for additional parts needed during PM. A total elimination

might be optimistic, but at least the share of emergency costs in the total yearly costs will be

negligible.

Custom costs

The custom costs decrease with β in both strategies, as we will propose in section 7 to distinguish

the strategy in custom countries. We therefore expect to achieve the same cost saving for the kit

strategy and the fixed replacement strategy. Either way, one of the alternative strategies incurs

lower costs for customs than the current strategy. This cost item therefore does not impact the

decision for solution direction 1 or 2.

Operating costs

The operating costs are in the fixed replacement strategy significantly lower. The main reason

is the simplicity of the action, where a fixed set of items is ordered for each system every

year. Furthermore, there is no replenishment action to execute. The operating costs in the

kit strategy, compared to the current strategy, are optimized in terms of a cost saving in the

preparation costs. When the kit strategy works, the preparation process will be more efficient.

CM costs

One of the arguments of Additive Industries to implement the fixed replacement strategy is that

it will reduce the number of CM activities. It is highly desirable to reduce these activities, as

they cost a lot of money in terms of unscheduled downtime and ad hoc measures. This disturbs

the regular process. Based on the CM cases reported in the CRM system in 2022, the number of

CM cases in the current situation was 36. Together with the CLS department we estimated that

the number of CM cases can be reduced with 50% by optimizing the items replaced during PM.

However, this cannot only be achieved by the fixed replacement strategy. This improvement

can also be achieved by the kit strategy, where the kit content is optimized.

6.2.6 Conclusion on solution direction

Concluding on the solution directions, we see cost benefits (taken into account the expected

cost savings of α, β, γ, and δ) as well as qualitative benefits of keeping the PM kit in the tool

and part strategy, we decide to design a process for the tool and part strategy of the

PM service activity using a kit. This decision is supported by table 9, where the estimated

cost savings are incorporated in the costs values.
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Table 9: Estimated costs current situation, kit strategy, and fixed replacement strategy

Costs Current Kit strategy Fixed replacement
strategy

Part costs e156,000 e175,000 e225,000
Labor costs e162,500 e162,500 e227,500
Transportation costs e17,000 e13,500 e10,000
Emergency costs e8,400
Custom costs e18,500 e9,000 e9,000
Operating costs e33,000 e30,000 e10,000
CM costs e164,000 e82,000 e82,000
Total e560,000 e472,000 e563,500

The fixed replacement strategy has significantly higher costs with respect to part costs and labor

costs. The higher costs for transportation and operating in the kit strategy are compared to the

significant higher costs for parts and labor in the fixed replacement strategy, negligible. The

improved kit strategy mainly reduces costs in operating and CM. As for qualitative reasons,

using a kit enables functionalities in the process, such as part usage per system. These are not

achieved by using the fixed replacement strategy. The design parameters and the process design

are described in section 6.3. The detailed explanation will be further described in sections 7,

and 8.

6.3 Design input

In this section we describe the process design of the kit strategy. In section 6.3.1, we get back

to the design parameters as discussed in literature, and describe how we deal with them in the

design of the process. In section 6.3.2, we describe how the desired PM kit cycle looks, and

compare it to the cycle presented in figure 8.

6.3.1 Design parameters

In this section, we elaborate on how literature inputs the process design parameters. The topics

addressed are space constraint, the replenishment lead time, the replenishment occurrence and

shortage resolution.

Space constraint

Using a PM kit, the dimensions of the kit play a key role. The usage of standard dimensions

save costs for storage and transportation. Standard dimensions differ between countries, but in

general the EU pallet is a widely accepted standard. The optimal dimensions of the PM kit are

1.2 × 0.8 × 1.25 m (l × w × h). The current dimensions are 1.2 × 1 × 0.8 m. This means that

the dimension exceeds the standard with 0.2 m in width. This affects the transportation costs

and the storage costs as in these situations the charges for the space are based on standard

pallet places. The height is not a strict dimension set by standard pallet places, but in terms

of optimization a maximum height of 1.25 m is desired, as this would mean a second kit can

be shipped on top of one another (reasoning: height of truck - 20 cm space for handling with

forklift, divided by two). We expect to save transportation costs up to 20%.
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Replenishment lead time

Most models presented in literature do not include replenishment lead time, and assume ample

capacity of the warehouse. As this is in practice not feasible, we include a replenishment lead

time of five days in capacity calculations. Furthermore, we propose a stock level for parts that

are needed for PM, such that the PM kit can be replenished from stock.

Replenishment occurrence

The replenishment occurrence is set at single period replenishment for two reasons:

1. PMs can differ in part usage (in terms of quantity and dimension).

2. Service locations are geographically separated.

The uncertainty in part usage implies that the part list increases exponentially relative to the

number of PMs. Furthermore, in case parts for multiple PMs are included in one kit, the

number of parts per item increases exponentially. With the proposed dimensions for a PM kit,

it is infeasible to carry parts for more than one service visit.

Shortage resolution

In literature, only second visits are considered to resolve an part shortage. In the situation of

Additive Industries, looking purely to PM, the only shortage resolution considered and applied

is emergency shipments. This is remarkable, as at this level theory and practice are diametrically

opposed. A possible explanation could be that geographically separated service locations incur

high additional costs for a service visit, as opposed to service location within a region of a

country for example where service engineers travel daily instead of for a whole week. Further

in this research, we solve an part shortage with an emergency shipment.

6.3.2 Process design

The goal we want to achieve with the new process design is to make the PM kit cycle, as

shown in figure 8, shorter than in the current situation, and more reliable. This is achieved by

controlling the replenishment process, as the other steps in the PM kit cycle are quite constant.

The improved and desired PM kit cycle looks as shown in figure 12. For reference, the current

PM kit cycle is shown next to it, in figure 11.

As can be seen in figure 12, the total duration of the PM kit cycle takes 20 days, without

uncertainty. The main differences with the PM kit cycle in figure 11 is the preparation process,

which is now taken out of the loop, and the duration of five days for the replenishment of the

kit. For the replenishment of the PM kit to take five days, a precondition is that the stock levels

are maintained properly. This matter is further discussed in section 8.5. After arrival of the kit

and examining the content, the repairable items are taken out. From a reliable replenishment

process, a controllable and maintainable repair process can be set up, for which supply can be

calculated. The repaired items become part of the stock and will lower the value of the stock.

However, the repair process is in figure 12 gray-colored, as this is not in scope of this research.

With the current number of PMs, and the realization of these 20 days of PM kit cycle, the

number of PM kits needs to increase with 1 (20> 19.6 days as calculated in section 3.4.3). In case
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Figure 11: PM kit cycle current situation

Figure 12: Desired PM kit cycle

the number of systems that need PM is increasing, the number of kits should be recalculated.

Days per cycle per kit =
340days

52PM kit cycles
= 6.5 days per cycle

number of kits =
20days

6.5days per cycle
= 3.1 kits

The number of kits was in the current situation three. We therefore advise to invest in one

more kit, to be able to achieve a reliable process.

6.3.3 Conclusion on the design input

The design input describes in section 6.3.1 the input parameters that are defined based on

literature. In section 6.3.2, we present the desired PM kit cycle, where all the steps are controlled

and finished within a set time duration such that the on-time availability of spare parts and tools

increases. This means that mainly the replenishment process of the kit needs to be revisited.

Further details on the improved process of the PM parts and tool strategy are described in chap-

ter 7 and 8. The location decision contributes to the controllability of the replenishment process.

The replenishment strategy contributes to achieving a short and controllable replenishment lead

time, such that the kit is replenished before the next service visit.
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7 Location Analysis

The highest cost saving with regard to the replenishment location of the PM kit, can be achieved

by the elimination of the preparation process. Furthermore, a conclusion is that the cost savings

for choosing Base HQ or Strijp TQ as replenishment location, are of similar magnitude. These

are the main findings during the analysis on RQ-4: ”Which location should PM tools and parts

have?”. In this chapter, the costs and practical implications of the locations Base HQ and

Strijp TQ are examined. The cost savings presented throughout this chapter, are based on the

analysis on process steps and costs in chapter 3, and 5.

7.1 Possible work flow at Strijp TQ

The current work flow of the PM kit is executed at the location Strijp TQ. In case we keep

Strijp TQ as the replenishment location, the process flow will look as shown in figure 13.

The process start with the execution of the PM service activity, which still takes ± 5 days. We

expect that the number of emergency shipments decreases assuming the extended set of parts

will be the new content of the kit. Therefore, we estimated the need for emergency shipments

during PM at 10%. The service engineer notifies warehouse / logistics that the PM kit can be

picked up. Base Logistics takes care of the transportation and delivers the kit at Strijp TQ. The

warehouse employee stores the kit at the red stock location. The service engineer prepares an

SE to establish the demand to replenish the kit. The demand on the service order can be picked

from the warehouse and the kit is replenished. The kit is transported to the green location.

The biggest difference with the process flow of the primary process in figure 5 is that the order

parts process is taking place out of the loop. By introducing a dedicated stock for PM, or for

service in general, the duration of replenishment is transferred into a predictable and controllable

process. When the service engineer and the kit are back at Strijp TQ, the replenishment can

easily take place with parts from stock. Furthermore, we advise to implement two different

stock locations for the PM kit; red suggests that the kit is unreplenished and therefore not

ready for the next shipment, as opposed to kits stored at the green location. This is to avoid

shipment of an unreplenished kit.

For this process to work efficiently, it is important that the purchase location for PM parts is

changed from Base HQ to Strijp TQ, as at this moment additional transportation costs are

incurred for replenishment. However, this means to inventory holding costs increase at Strijp

TQ. As space is limited, we estimate the price per square meter to be higher than in case parts

would be stored at Base HQ. As at this moment, space is available, the costs for space are not

taken into account.
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Figure 13: Primary process PM improved - Strijp TQ
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To further improve the performance of the process, and eliminate the involvement of the service

engineer with the PM kit after a service visit, we can decide to assign a dedicated resource

responsible for the replenishment of the kits. A warehouse employee would be a good candidate,

as this person is working on-site and knows the work flow in the warehouse. This resource checks

the content of the kit after return at Strijp TQ, prepares a replenishment order to be able to

pick the missing parts from the warehouse, replenishes the kit and stores the kit at a green

stock location (see detailed overview in table 10). Important is that we design a feedback loop

between this resource and the service engineer, to verify the findings after examining the kit

content after a service visit. This could be done by still asking the service engineer to make an

SE, and compare it to the replenishment order. In case of any differences, the service engineer

is consulted for what parts are used at a PM. The other parts will of course still be replenished,

as otherwise the kit stays unreplenished, but cannot be assigned to a certain PM visit and thus

to a customer.

Table 10: Resource time spent on replenishment

Action Time
(in hours)

Receive PM kit 0.5
Check content PM kit 1
Make pick order 0.5
Pick parts 1
Replenish kit 0.5
Store PM kit at stock location 0.5
Total 4 hrs

Currently, the checking of the content is estimated at 1 hour, because of the unstructured

situation in the PM kit. We recommend to structure the content of the kit, such that the

duration of the content check can be optimized.

Observations in logistical costs for Strijp TQ relative to current situation

This part describes the observations in terms of benefits (green), and costs (red). At the end, an

overview of all costs and benefits is presented (table 11). The changes in costs are based on the

costs linked to actions in chapter 5. Throughout the text is referred to applicable sections. With

regard to transportation costs, the costs of transporting the PM kit to and from customer stays

constant (section 5.2, 1). The transportation costs for emergency shipments for additional

replenishment (section 5.2, 2a) will decrease to 0 (benefit e1750), as we intend to achieve a

successful replenishment within one iteration. Lastly, the transportation costs for emergency

shipments during PM (section 5.2, 2b) are estimated to decrease from 20 to 10 per year, which

means the costs will be e250 instead of e500, which means a saving of e250.

The emergency costs will in total be e700, instead of e8400. Due to holding stock at the

replenishment location, we expect the emergency costs for completing the kit (section 5.3, 1a,b)

to decrease to zero (e400 emergency costs and e6500 hours). Furthermore, the number of

emergency shipment during PM (section 5.3, 2a,b) decreases with 50%, thus the costs decrease

with e700, to a total of e700.
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With regard to customs, not much benefits can be achieved by the replenishment location Strijp

TQ or Base HQ, as the main cost driver for this cost item has to do with the PM kit itself.

Optimizing these costs will be further elaborated in section 7.4. We only gain a mere benefit

of e250 for reducing the number of emergency shipments (section 5.4, 2), also in European

countries not part of the EU.

The operating costs are subject to several changes in this new process. The warehouse han-

dling (section 5.5, 1) of Base HQ for PM related activities will be transferred to Strijp TQ, so

initially this value is set to 0 on the benefits side (benefit = e1650). However, these costs will

come back at Strijp TQ and are expected to be 1.5 × higher due to non-core activities. This

results on the cost side to a value of ∼ e2500 (1650×1.5). The warehouse handling costs in

case of incoming goods at Strijp TQ becomes redundant as well, which saves e2500 (benefit).

These costs will be eliminated as Base will not send any parts to Strijp TQ regarding PM.

Lastly, the inbound costs at Strijp TQ, for receiving the parts for replenishment from Base

HQ, will be replaced by directly receiving the parts from suppliers. We estimate that the costs

will increase with one hour per PM (e3400 = 1 hour × e65 × 52 PMs). Furthermore, the costs

for additional replenishment will be eliminated, which saves one hour on resources (e3400).

With this we conclude that the total inbound costs at Strijp TQ remains constant compared

to the current situation. The transportation part of the replenishment costs, section 5.5, 2

(e2150), and the preparation costs, section 5.5, 3 (e13500) will be eliminated by choosing

Strijp TQ as replenishment location, but these costs will come back for the check of the kit

content.

These changes result in the following benefit-cost overview in table 11.

Table 11: Benefit-Cost overview replenishment location Strijp TQ

# Cost type Benefit Costs

1 Transportation costs e1750
2 Emergency costs e7700
3 Custom costs e250
4 Operating costs e23,200 e19,400
Total e32,900 e19,400

Resulting from the cost overview in table 11, we conclude that this work flow saves e13500 on

a yearly basis compared to the current situation. This results in the following yearly logistical

costs (table 12):

Table 12: Logistical costs location Strijp TQ

# Cost type Costs

1 Transportation costs e15,000
2 Emergency costs e700
3 Custom costs e18,000
4 Operating costs e29,000
Total e63,000

Compared to the e76,700 logistical costs in the current situation, changing the location to Strijp

TQ will, based on the estimated values, result in e63,000. This means that nearly 20% cost
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reduction is achieved. In section 8 we will elaborate on the impact on the inventory costs, but

first the work flow for Base HQ as replenishment location is presented.

7.2 Possible work flow at Base Logistics

In this section we explain the work flow of the primary process of the PM kit in case Base HQ

becomes the replenishment location. The process flow is shown in figure 14.

The first part of the process, executing the PM service activity, is similar to choosing Strijp

TQ as replenishment location. The only difference is that in case of an emergency order, the

parts need to be requested and shipped from Base HQ, instead of from Strijp TQ. This saves

the warehouse / logistics department time. Also, the shipment will probably be cheaper as

the package can join an already scheduled transportation activity. After finishing the PM, the

service engineer requests the return of the kit to warehouse / logistics. A shipment request

is made via Klairy and Base is picking up the kit. Base is in this scenario responsible for

transportation and replenishment of the kit. Practically, a PM kit is then listed as a stock

location, such that the inventory in the kit is visible in Klairy. The demand after a service visit

however will still be generated via a SE. It is not possible to check the kit content as proposed

in section 7.1 by a resource, but the kit content is then visible in Klairy. This serves as the

feedback loop. The approval of a SE results in a WTO generated by supply chain, such that the

parts can be transferred from one stock location to another. Listing a kit as a stock location

means that the kit can be replenished from a Base stock location.

Observations in logistical costs for Base HQ relative to current situation

The observations with regard to transportation costs (as defined in section 5.2) are similar to

the observations described in section 7.1. The total savings are e1750. This also holds for the

decrease in emergency costs (as defined in section 5.3), and custom costs (as defined in section

5.4). This results in a cost saving of respectively e7700 and e250. For the operating costs,

there are some differences. The warehouse handling costs (section 5.5, 1) are expected to face

the following changes. The inbound costs at Base HQ stay constant. The outbound costs

are in this case eliminated, which results in cost savings of e2500. The inbound costs for Strijp

TQ (e10000 benefit) are replaced for extra handling costs of the PM kit by Base Logistics. We

estimate these costs to be around e3400 [10000-(52×65×2)]. The inbound costs at Strijp

TQ count three times inbound, namely regular replenishment, additional replenishment and

kit inbound. In this situation we eliminate the replenishment and additional replenishment

inbound costs. The replenishment action, initiated by the WTO, is estimated to cost e10

per item, based on the current handling costs invoiced by Base Logistics. We assume 5 parts

to be replenished per PM visit results in e2600. The replenishment costs (section 5.5, 2)

regarding transportation are eliminated (e2150). The preparation costs (e13500) as a result

of an incomplete kit (section 5.5, 3) are eliminated in its old way, but transferred to the time

of the kit content check after a service visit. In table 13 we present an overview of the benefits

and costs of this process in perspective of the current process.
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Table 13: Benefit-Cost overview replenishment location Base HQ

# Cost type Benefit Costs

1 Transportation costs e1750
2 Emergency costs e7700
3 Custom costs e250
4 Operating costs e28,000 e19,500
Total e38,000 e19,500

Resulting from table 13, choosing Base HQ as replenishment location results in a cost saving of

e18500 compared to the current situation. This results in the following yearly logistical costs

(table 14):

Table 14: Logistical costs location Base HQ

# Cost type Costs

1 Transportation costs e15,000
2 Emergency costs e700
3 Custom costs e18,000
4 Operating costs e24,500
Total e58,000

This is nearly a 25% cost reduction compared to the total logistical costs calculated in the

current situation (e77,000).

Work flow at Base HQ with full replenishment responsibility

As the demand for replenishment is still generated via a SE, the dependency on a correct SE

that fully complements the kit remains unchanged. In section 3.3.1, this finding is marked as

a risk for the process performance, and will not entirely be mitigated by this solution. Only

Base Logistics checking the content of the kit for missing parts, can contribute to reducing this

risk. Base Logistics is at this moment not willing to take this responsibility. However, it would

be of great interest for Additive Industries to try and convince Base Logistics to cooperate on

this process and weigh this option against the existing process. We expect that this option is

beneficial for Additive Industries. Therefore, this process flow is developed to gain insight in

how this process would look like. The process is shown in figure 15.

For this process, we are not able to estimate the costs at the same level of detail as in the

previous two sections. We expect the costs to be higher than in case the PM kit is replenished

at Strijp TQ or at Base HQ as presented in figure 14. However, the inventory management and

availability of spare parts as well as taking care of the replenishment are risks that are fully

mitigated.
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Figure 14: Primary process PM improved - Base HQ
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7.3 Conclusion on location regular process

In this section we analyzed the impact of locations Strijp TQ and Base HQ on costs. For both

locations, a process flow is developed, to visualize the differences with the current process as

well as between the processes at the two different locations. Based on cost savings compared to

the current process, the two locations achieve a benefit from the same magnitude, resulting in

yearly logistical costs of respectively e63,000 and e58,000. This means the decision is based on

practical aspects. Since the process is currently not under control, we advise to initially execute

the process at Strijp TQ. This maximizes the learning curve in setting up the improved process

and getting the inventory under control. When the install base increases, the available space

at Strijp TQ is expected to be too small. In this case, the process needs be transferred to Base

HQ, which affects costs in a positive way.

7.4 Work flow for non-EU countries

Following from the findings in section 5.4, shipping parts to and from non-EU countries is

expensive in terms of customs. In this section, a work flow for non-EU countries is presented,

meaning countries in Europe but not part of the EU.

7.4.1 Install base in non-EU countries

The install base counts in total 4 customers and 1 additional office in two non-EU countries,

namely Switzerland and the UK. In table 15, we present the install base in these countries.

Table 15: Install Base Non-EU countries

Country Customer # systems

Switzerland
Customer 1 1
Customer 2 1
Customer 3 4

United Kingdom
Customer 4 1
Additional office 2
location 1

Total number of systems 9

The total number of systems in non-EU countries is 9. Knowing that the total install base in

the EU is 25 systems, more than one-third of the total install base is covered by Switzerland

and the UK. Thinking of a spare parts strategy for those countries, will save costs. Customs

are paid over import and export shipments. This means that shipping a PM kit to customers

in a non-EU country, customs are paid for import, and after shipment of the kit back to the

Netherlands, customs are paid for export. At this moment all parts are bought from a Dutch

supplier network, and shipped to customer in the PM kit. As the customs paid is a percentage

of the total value of the shipment, Additive Industries could examine which parts require a

dedicated supplier, i.e. are based on own designs and not possible to order at another (local)

supplier, and what parts can be bought locally. parts bought locally are not subject to additional

custom duties. For the parts that cannot be bought locally, we investigate two options in 7.4.2.
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Figure 15: Primary process PM improved - Base HQ Total
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7.4.2 Alternative work flows in non-EU countries

This section describes two options for spare part and tool handling for PM:

1. Only ship needed parts from either Base HQ or Strijp TQ.

2. Open a Base location.

1. Only ship needed parts

This strategy holds that only the parts needed for that PM visit are shipped to the customer.

This means that the PM visits in these countries have to be prepared more carefully than

others. The service engineer has to estimate in advance what parts are needed for this PM.

This estimation could be done in advance because of three reasons:

1. Dedicated service engineer: each customer has a dedicated service engineer, which means

service engineers maintain their own systems. This means that they are well aware of the

status of the system.

2. Issue logging: all urgent and non-urgent issues customers report are logged in a CRM

system. This information gives insight in the performance and therefore in the possible

to estimate which spare parts are needed.

3. Remote support: service engineers are, in most cases, able to log on into a system and

see how the system is printing. The printing process reveals a lot of information on the

status of certain parts.

The above-stated reasons form a solid base on how to execute the preparation of the PM. The

preparation of the PM visit could be executed more thorough by getting in contact with the

customer asking additional questions on printing experience. The preparation time will be

needed to accurately assess the state of the system. However, this way of working introduces

new uncertainties, as service engineers need to predict what parts need to be replaced. The

impact on the regular running process and the accurateness of the predictions needs to be

further examined. The certainty of reducing the emergency costs is low.

2. Open a Base location

An alternative could be that parts needed for PM in non-EU countries are stocked at a Base

location in Switzerland. Parts are imported once, and used at customers when needed. End-

of-life parts are either scrapped or repaired. In the first scenario, the item is scrapped in

Switzerland, so no export duties have to be paid. In the second scenario, the parts needs to

return to the Netherlands for repair, and be shipped back. Custom costs for exporting and

importing the part need to be paid, but this will be lower than for new parts as the value of

the part has decreased.

Store spare parts in Switzerland for Swiss customers would save around 50% in customs. Fur-

thermore, transportation costs will decrease, as distances are shortened for shipments within

Switzerland. We expect the transportation costs to decrease with 50%. It is likely that the

holding costs at Base CH do not outweigh the savings in customs and transportation. The

further details are not discussed in this research.
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As opening a Base location in Switzerland only partly reduces the customs paid because of the

customers in the UK, additionally is initiated to hold some stock at the Bristol location. As

Additive Industries has an office in the UK, there is the possibility to reclaim duties paid. As

at this moment only one customer is located in the UK, this is a suitable solution.

7.4.3 Conclusion on location in non-EU countries

Two options are weighed to execute spare parts and tool management in non-EU countries. This

is relevant to investigate, as importing and exporting goods in these countries incurs customs

and import duties. As more than one-third of the install base in the EMEA region is located in

these countries, there is high potential of saving custom costs. Option 1 suggests the possibility

to only ship needed parts instead of a set of parts. The additional preparation time spent by the

service engineer, will increase the costs. Furthermore, the reduction in emergency shipments

is not evident. Option 2 suggests to open a Base location in Switzerland. This is likely to

save costs in terms of customs and transportation, as parts are imported and transported once.

Although a valid quantification of these options is with the current information not possible, it

is likely that option 2 will achieve a 50% cost reduction (meaning e9,000) in customs, and a will

result in a more reliable process. Therefore, we advise Additive Industries to implement

option 2.

7.5 Conclusion on location analysis

Two location for replenishment of the PM kit are considered, namely Strijp TQ and Base HQ.

This analysis is supported by RQ-4: ”Which location should PM tools and parts have?”. A

process flow is build to gain insight in the duration and costs of the process. For both locations,

a cost reduction of similar magnitude is achieved. At Strijp TQ, additional benefit is achieved

by exploiting a learning curve in the process. Therefore, it is decided to choose Strijp TQ as

replenishment location. This results in e63,000 yearly logistical costs, meaning ∼ 18% cost

reduction. Additionally, a distinguished work flow for non-EU countries is proposed, to reduce

custom costs. The advise is to hold local stock at the Additive Industries location in Bristol,

and at a Base location in Switzerland. This results in additional reduction in logistical costs

of e9,000. At this point, this work flow is not quantified, but will result in a reliable process

such that the on time availability of parts is not compromised. The conclusion on replenishment

location, and the location for non-EU countries, results in yearly logistical costs of e54,000.

This is a cost reduction of 30% compared to the current logistical costs of e77,000.
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8 Replenishment Strategy

The replenishment strategy for replenishing the PM kit should focus on enabling replenishment

from stock. This is the main conclusion resulting from RQ-5: ”How should parts be replen-

ished?”. In order to provide a suitable stock proposal, historical demand analysis is conducted

to define a set of parts that are needed for executing PM. This analysis forms an answer on

RQ-6: ”Which parts should be involved in the PM service activity?”. This chapter describes

why the PM kit should be replenished from stock, how this can be achieved and what costs will

be involved.

8.1 Replenishment from stock

This section shortly recaps the problems that are experienced with the replenishment of the

PM kit. The process currently fails for several reasons:

1. The availability of the parts is highly uncertain.

2. The availability of the service engineer is highly uncertain.

The goal is to eliminate uncertainties as much as possible, to enhance the reliability of the

process. To eliminate the dependency on the parts, we suggest to hold dedicated stock for PM

kit replenishment. In this way, the order parts process is taken out of the loop with the main aim

to minimize the out of stock occurrences. Tackling the uncertainty regarding the availability of

the service engineer availability is handled in section 7, where we propose to assign a warehouse

employee to execute the replenishment. The process becomes uncertain and uncontrollable in

case of a part stock-out, as explained in section 3.3.3. A dedicated stock at the replenishment

location of the PM kit in combination with a dedicated resource for replenishment enables a

stable and reliable process.

8.2 Historical demand analysis

The information needed to answer this research question is obtained via historical demand

analysis. Only demand data of 2022 is included in the analysis due to improved machine

stability and performance. Demand from previous years is significantly higher and considered

not relevant for the current system configuration.

8.2.1 Data preparation

Demand for PM parts is generated via a SE. After a service visit, the service engineer prepares

a SE, containing the parts that were used during the PM. Each part gets a unique service line

with a fault code. The relevant lines are extracted from the ERP system and selected on fault

code PM, as well as CM. The relevance of the last category is support by the the reasoning that

a part that is regularly needed for CM, should be part of PM. The initial list that resulted from

these actions is reviewed with the service coordinator and a service engineer. They also provided

input on the criteria, presented in the next section, that are suitable for getting an acceptable
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list of parts. After applying the criteria, this list is validated with the service coordinator and

service engineers.

8.2.2 Criteria of parts

This section presents a set of criteria that are defined to decide whether or not to include parts

in the PM kit. This holds the following three criteria:

1. Part size < kit size: a must for part selection in order to ship the parts efficiently. Note

that the kit size must adhere to standard pallet sizes, in order to optimize transportation

costs. This therefore also holds for ’regular’ used parts. When a part exceeds these

dimensions, it is only shipped when needed and as part of the regular set of parts.

2. Cost price ≤ e5000: is set at e5000 in order to keep the total value of the spare parts

in the kit manageable. parts that are more expensive require an additional approval, and

a specific case which justifies the usage of this part.

3. Hits in 2022 ≥ 3: This value is chosen in consultation with the service coordinator and

service manager, and serves as a baseline for initial analysis. However, this criteria is not

as strict as criterion 1 and 2, as for cheap parts with 2 hits or 1 hit it might be beneficial

to put in the kit. These parts are verbally discussed with the service coordinator and

service engineer.

Note: The number of data points is limited, as only the year 2022 is taken into account. We

advise to monitor the demand, with the goal to optimize set of parts. The list of parts included

in this research is presented in appendix E.

8.2.3 Conclusion on set of parts

In this section we answer RQ-6: ”Which parts should be involved in the PM service activity?”.

The set of parts included in this research, is defined by using historical demand analysis. Thepart

usage is extracted from the ERP system. After the data analysis, the list is reviewed with the

service coordinator, to exclude parts with exceeding kit dimensions (information not available

in ERP), and mistakes resulting from manual actions. This set of parts will be included in the

research. However, this list is not yet matched with the PM service activities. Therefore, we

advise to revise the PM service activity accordingly. Furthermore, we advise to update this set

on a regular basis, as this contains only data from 2022.

8.3 Demand distribution of parts

To determine the stock levels, we first need to gain insight in the demand distribution. According

to Syntetos et al. (2012), in spare parts management is often assumed parts arrive according to a

Poisson process with exponentially distributed inter-arrival times. For determining the demand

distribution it is important to note that all demand is initiated by a PM, so the demand is

linked to the planning of PM visits. This causes demand in certain amounts in certain months.
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We examine the demand of the set of parts defined in 8.2. We distinguish two types of parts:

1. parts that are possibly replaced upon checking.

2. parts that require a time dependent replacement action.

1.part replacement upon checking

The first type of parts are replaced depending on the condition of the part. The service engineer

executes measurements in order to determine if the part should be replaced or not. Those parts

require a demand distribution, where demand is generated in case a part needs replacement, in

order to be able to calculate the stock levels. We model the demand in a bar chart with a width

of one month, indicating how many units of that part are asked in that period. The graphs are

shown in appendix F. We assume Poisson for the set of parts that are replaced upon checking.

We calculate the λ for these parts:

λ = dLT = dweek × LT (1)

In order to determine the stock levels, we used the Probability Mass Function:

f(k, λ) = P (X = k) =
λke−λ

k!
(2)

For stock level k, we calculate the probabilities starting from 0, until the cumulative value comes

above the required service level. We calculated the stock levels for the probabilities 0.95, 0.90

and 0.85. The input variables used for calculations are shown in appendix H, table 20.

2. Time dependent part replenishment

The second type of parts defines a set of parts that is replaced upon time dependency. This

demand is therefore deterministic and linear with the number of systems. The SKUs that defines

this set are SKU 6, 19, 23, 25 and 31. As we imply that the demand contains no uncertainty, we

can state that no stock for these parts is needed. However, in practice, a process is never 100%

deterministic. The part lead time most certainly contains stochasticity. As PM is a recurring

service activity, it can be scheduled ahead resulting in known demand. Therefore, these parts

can be ordered when needed based on the PM planning schedule. We propose to hold a safety

stock of 10% of the total yearly demand. The inventory levels are shown in table 19.

Observations on dedicated stock

Note that this inventory is proposed to enable reliable replenishment of the PM kit. The aim

is to reserve these parts physically as well as administratively, such that it cannot be used

for other purposes. Currently, the ERP system reserves the demand of parts sorted by origin

(production, service, assembly, ...) but is not deducted from the total inventory. This means

that the full inventory is visible in the system. Demand that exceeds inventory is only processed

when inventory level is high enough (often when demand orders are processed and parts are

added to stock). Implementing dedicated stock results not necessarily increasing the total stock

levels, but due to losing some flexibility in the system, the total stock will probably increase

slightly. The current stock levels include demand from PM for these parts.
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8.4 Proposed inventory levels for replenishment

We propose to hold dedicated stock for PM at the replenishment location in order to replenish

the kit from stock. In appendix G.1, the stock levels per SKU are shown, for three service

levels. The service level indicates the probability of having enough stock to meet demand. For

SKU 6, 19, 23, 25, and 31, the proposed stock levels are given in appendix G.2.

Per SKU is indicated how many parts are needed on stock to reach a certain service level. For the

highest service level, 0.95, the total number of parts on stock is 151, representing a total value

of e86,200. For a service level of 0.90, the total number of parts on stock is 125 and represents

a value of e76,800. A service level of 0.85 results in 119 SKUs in stock and a corresponding

value of e71,300. We propose to hold inventory for a 90% service level. The service level is a

trade-off between the risks of holding inventory and the ability to serve the customer, in this

case via the PM kit. A service level of 95% is desired, but incurs high capital requirements.

The capital requirement decreases with almost 11% when choosing for 90% service level over

95%. The decrease when choosing an 85% service level over 90% is 7%, and downgrades the

service level for another 5%. To get a full overview of the costs of holding this inventory we

include holding costs at 10% of the total value, which means e7,700 on a yearly basis when a

service level of 0.90 is pursued. Resulting from the values in appendix G, the total inventory

value is e78,800. For the deterministic parts, the holding costs are e190, which means the total

holding costs are e8,100.

8.5 Maintaining stock levels

The stock levels should be updated on a regular basis to maintain accurateness. The variables

on which the levels are determined, such as yearly demand and lead time, are important to

keep up to date. Furthermore, the increase in systems results in higher demand on parts. The

changes that affect demand or lead time result in changes in stock levels so it is important

to keep this master data up to date. Currently, inventory is managed via ROP and ROQ, as

explained in section 4. Bi-weekly, the MRP run is executed to process all demand. At this

moment, the ROP and ROQ are not set to the right levels, due to the quality of master data,

such that parts are often out of stock. For the replenishment strategy to work, regardless of the

location (Strijp TQ or Base HQ), maintaining the stock levels is critical. We advise to review

the ROPs and ROQs.

8.6 Relation replenishment strategy and literature on RKP

Literature on the RKP is not extended with information on a best suiting replenishment strategy

when using a repair kit. The RKP is mainly focused on what parts to put in the kit and how

many units of each part to include. Regarding replenishment, only the replenishment occurrence

and the replenishment lead time are incorporated as decision parameters. The importance of

the part availability is underestimated, as this has a great impact on the performance of the

replenishment process. In literature, often ample capacity from the warehouse and overnight

replenishment is assumed. We find in this case that replenishment from stock enables efficient
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usage of the kits. The efficient usage of the kits and replenish from stock outweighs the option

to not hold stock and increase the replenishment time. Holding stock initiates holding costs

and risks, but as the content of the kit is aligned with the service activities, demand on those

parts is evident (so the risk impact is reduced). Concluding, the replenishment strategy by

itself is not directly relevant for RKP, but we do recommend to replenish the kit from stock to

reduce the replenishment time. The way in which these stock levels are maintained is indirectly

important.

8.7 Conclusion on the replenishment strategy

The replenishment strategy needs to serve the primary process such that the kit can be replen-

ished from stock. The set of parts needed for PM serves as direct input for determining what

parts should be held on stock. The stock levels are determined based on the demand distribu-

tion. Two groups of parts are distinguished; 1) demand due to part replacement upon check,

and 2) demand due to time dependent part replacement. For all parts in those two groups,

the desired stock levels are calculated. Pursuing a 90% service level, the inventory capital is

around e80,000, with holding costs of e8000. Important is that this stock is dedicated for PM,

physically as well as administratively. These statements answer RQ-5: ”How should parts be

replenished?”. The literature on RKP does not touch upon replenishment strategies. We find

in this case that it is only indirectly relevant, as replenishment from stock enables the most

efficient use of the kits. How the stock levels are maintained to enable replenishment from

stock, is indirectly relevant but has a large impact on the process performance.
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9 Conclusions, Recommendations, Future Research & Limita-

tions

With this chapter, we conclude this thesis. In the first section, section 9.1, the conclusions

are presented. Section 9.2 gives recommendations to Additive Industries. Finally, section 9.3

presents future research directions and section 9.4 addresses the limitations of this research.

9.1 Conclusions

The main research question of this Master Thesis Project was stated as follows:

How is the logistics (process and financial impact) of tools and parts regarding PM currently

managed, and what improvement can be proposed that results in a reduction of yearly logistical

costs and higher on-time availability?

The thesis is split up onto three parts. In part I, the current logistical process is described from

a process perspective and from a cost perspective. In part I is concluded that the logistical

process is highly dependent on the availability of parts for replenishment and of the service

engineer. Root causes found are stock outs on SKU level, and unavailability of service engineers

to replenish the kit. This both results in unreplenished kits at PM service visits. These problems

in the process directly result in higher logistical costs. Furthermore, the custom costs are found

to be a large part of the total logistical costs. The insights in the existing process are analyzed

to identify opportunities for improvement.

In part II, solution directions are identified and compared to the current situation. The com-

parison is made based on the total yearly costs per strategy for executing PM. This includes

part costs, labor costs and costs of CM. As a reason for considering solution direction 2 was

the reduction of CM costs, these costs are considered relevant in the decision-making. We find

that solution direction 1, can achieve the same cost reduction for CM as solution direction 2,

but has lower part and labor costs. Therefore, solution direction 1 is detailly worked out in part

III of the thesis.

In part III, three topics are defined on which the design is analyzed; 1) the location of the parts

and tools, and 2) the replenishment strategy of the parts, and the 3) the parts and tools needed

for PM.

The location where these parts should be located is weighed based on costs and practical

implications. Strijp TQ and Base HQ are considered as replenishment location. Both reach

cost savings of similar magnitude. We advise Additive Industries to set up the process from

Strijp TQ, to maximize the learning curve on further process development. An increasing install

base will force at some point outsourcing due to space limitation. Then, Base HQ is a suitable

alternative. The replenishment strategy should be replenishment from stock, as holding stock

on SKU level outweighs holding more kits. In order to define which SKUs need to be on stock,

a set of parts is defined based on historical demand analysis.

The logistical costs is for the improved situation roughly estimated at e54,000. Opposing to the
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current logistical costs of almost e77,000, this is a 30% logistical cost improvement. Im-

plementing the proposed improvements will lead to a stable replenishment process, contributing

to a reliable primary process which eliminates the preparation process. A higher reliability will

increase the on-time availability of parts and tools, as complete kits are sent to customers. The

aim is to achieve a 95% on time availability of complete kits at PM service visits.

Should Additive Industries decide to not continue using the PM kit for their spare parts and

tool management, specific parts of the improvements remain valid. The demand analysis is

based on all demand during PM and CM, not constraining on the current PM kit content.

Furthermore, the proposal to adhere a different strategy for custom countries is independent of

the kit strategy. Therefore, the improvements are not solely constraining on the usage of the

PM kit.

9.2 Recommendations

The recommendations are divided into a part that serves as implementation of the proposed

strategy and how Additive Industries can further improve this strategy. The second part con-

tains recommendations that contribute to an easy execution of the process and looking towards

future systems sales.

Implementation and improvements on the kit strategy.

1. Outsource responsibility of PM kit replenishment

We advise Additive Industries to work with Base Logistics on a strategy where the responsibility

for the on-time availability of parts is outsourced. In chapter 7, choosing Strijp TQ or Base

HQ as the replenishment location is discussed. At this point, Base HQ is only an option in

case the demand is still generated via a SE. The work flow in case Base HQ is generating the

demand shows great opportunity in simplifying the usage of the kit for Additive Industries. In

the future, when the install base keeps increasing, the replenishment location should either way

shift to Base HQ. It would be beneficial for Additive Industries to work with Base Logistics on

a strategy where the responsibility for the replenishment is at Base Logistics.

2. Buy parts for PM locally

We recommend investigating what parts needed for PM, can be bought locally. This is an

option initially only considered for reducing customs. However, this might be beneficial for

more customers. Additive Industries should investigate if this is applicable on the set of parts,

and to what extend this complicates the supply chain. Buying locally also means the fixed

content in the kit decreases. This will lead to further logistical cost reduction, in terms of

transportation and custom costs as well as holding costs.

3. Get further details on opening a Base location in Switzerland

Base Logistics confirmed that they have warehouse possibilities at their disposal in Switzerland.

Additive Industries should further investigate how the logistical process can be set up and what

direct costs are incurred. The expectation is that this option outweighs the currently incurred

custom costs.
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4. Continue analysis on the demand of parts in the PM kit

Additive Industries should continue analyzing the demand on spare parts. In this research we

proposed an increase of the kit content, but it should not be the goal to keep extending the

content. As development on the system continues, we expect improved performance on part

level. This means that we expect to see a decreasing demand on certain parts, or even no

demand at all. The kit content as well as the stock level need to be adjusted based on the

demand data, with the goal to minimize the kit content.

5. Monitor inventory levels to prevent stock out

Resulting from section 8.5, monitoring the inventory levels closely to verify if stock is sufficient

to fulfill demand. As stock-out is one of the main root causes for the uncontrollability of the

process, it is important to administratively as well as physically monitor the stock levels to be

able to adjust in time. To achieve this, Additive Industries should revise their inventory control

strategy with ROP and ROQ, or at least regularly update the variables on which these values

are calculated. This requires extensive cooperation with the Supply Chain Department.

Recommendations that contribute to better process performance and future system sales.

1. Structure the PM kit

We advise to find a way to structure the content of the PM kit. Currently, the box is one large

space, where bigger and smaller parts are stored in. Finding a way to divide the box into smaller

spaces, where parts for certain modules, or parts with the same size are stored together, will

provide a better overview of the content in the kit. This will benefit Additive Industries in two

ways. First, the SE that the service engineer prepares after his service visit has a higher chance

on being accurate as he/she has a better overview in the box. Second, in case the checking

of the kit content after arriving at the replenishment location will be outsourced either to a

warehouse employee or to Base Logistics, the duration of the checking as well as the chance on

errors will be shorter and reduced.

2. Exploit usage of kit

This recommendation is a follow up on the previous recommendation. Additive Industries can

exploit the usage of the kit further by covering for containment actions. In case an issue is

encountered on multiple systems, a temporary fix could be a replacement before a permanent

solution is developed. The PM twice per year in combination with the kit strategy can serve

as a solution for implementing this containment action. Bringing an extra part in the kit does

not directly increase costs, and can save high costs in terms of CM visits.

3. Monitor locations install base

We recommend monitoring locations of customers, in case the install base increases. As the

costs in the EMEA region are highly dependent on location, meaning distance of customer from

replenishment location and EU or not, Additive Industries should be aware that the increase in

costs is dependent on the location of the customer. This could mean that a different strategy

for a certain customer might be highly beneficial in terms of costs but is process-wise harder

to maintain. Additive Industries should carefully consider when process outweighs costs and

vice-versa.
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9.3 Future Research

The first possibility for future research is investigate a strategy that has best of both worlds

regarding the kit strategy and the fixed replacement strategy. The operating costs are a signif-

icant part of the total process costs. Ideally, the kit is eliminated from the process, but the set

of parts is allowed to differ per system. Research should be conducted on the impact of running

hours and material choice on the failure behavior of the system.

Second, it would be worthwhile to examine to what extend process can be automated. At this

moment, the replenishment of the kit is highly dependent on manual tasks. This contains the

physical replenishment as well as the preparation of the SE, to make sure the kit is complete

after replenishment. The proposal in this research enables visibility of the content of the kit in

the system which is a step in the right direction. This could be further exploited when parts

are provided with tags such that item usage is visible real time. Mainly for the expensive parts,

this could be beneficial. This could also enable a lower inventory.

9.4 Limitations

In this research, we did not examine the impact of the proposed set of parts on the activities

conducted during PM. We assume that the increased set of parts does not cause the PM

duration to increase. The activities should be planned such that the duration does not increase,

unless there is quantitative evidence that this reduces the number of CM cases. This is because

we found that labor and part costs are the main cost drivers for the total yearly costs for PM.

The stock proposal presented in this research is only regarding PM. A higher added value can

be achieved for the CLS department when the total service demand is included. This could

exploit the benefits of dedicated stock for all maintenance and service activities.

With the current way of cost logging of Additive Industries, it is not easy to gather data

in individual cases. This resulted in estimations based on total costs over a year or over a

customer. The accuracy is therefore probably lower but did not affect judgments made based

on these costs.

Additive Industries wished to generalize the proposed work flow worldwide. This research was

only focused om the EMEA region. Therefore, the considerations for the NA and APAC region

are not incorporated. We expect that the usage of the PM kit with the current install base will

be less beneficial in those regions, as generally speaking the distances between stock location

and customers are long. We did not investigate whether it is cost-effective to pursue a standard

work flow worldwide.
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Appendices

A Literature

A.1 Model type

The basic RKP is defined as a cost model, i.e., the objective is to minimize holding costs and

penalty costs. However, the cost model can be extended with a service level constraint and

is then named a service model. The cost model is described in section A.1.1, and the service

model in section A.1.2.

A.1.1 Cost model

The cost model is initially introduced by Smith et al. (1980). The cost model imposes a penalty

cost for each broken job, to minimize the expected total cost. The penalty cost should include

both the actual cost of returning to a service location (e.g., transportation and labor costs) and

the fictitious cost of loss of goodwill (Teunter, 2006). The general objective of the cost model

is to minimize costs. However, according to Rippe and Kiesmüller (2022), the costs of holding

inventory and penalty costs can be extended with for example replenishment costs. Saccani

et al. (2016) also developed a cost model in their research but extended it with replenishment

costs, and a possibility for management to include an inventory budget level and a replenishment

frequency parameter.

A.1.2 Service model

Additional to the research of Smith et al. (1980), who seek to find a trade-off between holding

costs and penalty costs, Graves (1982) proposed a relaxation of the model on the penalty cost

under single period conditions. Instead, the model has the objective to minimize holding costs,

subject to a service level constraint. The function of the service level constraint is to require

the model to adhere to a minimum service level received by the customer. From the literature

reviewed in this study, we derive three different service level constraints. These are discussed

in section A.2.1. Graves (1982) were the first who modeled the RKP as a service model. We

distinguish three types of service level constraints, which are presented in section A.2.1.

A.2 Model constraints

Constraints are a limitation or a restriction the model needs to adhere to. In case the model

needs to adhere to a service level, the model includes a service level constraint. Furthermore, in

the RKP we might need to deal with the space limitation incurred by a vehicle or a kit. Both

these constraint types are explained respectively in section A.2.1, and 2.1.1.
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A.2.1 Service level constraint

The service level constraint enables the model to adhere to a minimum service level. The service

level can be defined in three ways; 1) job fill rate, 2) part fill rate, 3) tour fill rate. The three

service measures will be explained below.

Job fill rate

The job fill rate is defined as the number of jobs that have all required spare parts available to

fix the machine (Bijvank et al., 2010). This is a relevant service measure because only in this

case, the customer will be satisfied. The job fill rate is defined as the fraction of jobs completed

without stock out (Smith et al., 1980), i.e. the fraction of jobs executed from the parts in the

kit Mamer and Smith (1982). According to (Mamer and Smith, 1982), the job fill rate is also

known as the job completion criterion. In this review, the term job fill rate is used. In case the

model objective is concerned with job completion, the objective function differs from models

with another type of objective function due to inseparable contributions of items (Smith et al.,

1980). This emphasizes the uniqueness of the RKP. The goal of the service model for the RKP

presented in Teunter (2006), is to minimize the holding cost (which is proportional to the value

of the repair kit) while keeping the job fill rate restricted.

Part fill rate

The part fill rate displays the fraction of parts that is missing for a job (Teunter, 2006). The

part fill rate is defined as the fraction of parts that is not missing (Teunter, 2006). In Smith

et al. (1980), the part fill rate is reflected against the job fill rate. They state that since the

service engineer will be able to get all unavailable parts in a single trip once an equipment

failure has been diagnosed, the penalty for the shortage is largely independent of the number

of unavailable components. In these circumstances, the probability of requiring one or more

unavailable parts rather than the anticipated quantity of missing parts is a better indication of

shortage (Smith et al., 1980). Teunter (2006) decided to develop a heuristic based on the part

fill rate because that service measure is much easier to calculate compared to the job fill rate

and has an overall good performance. Teunter (2006) is the only one solving the multiple-job

RKP with a service model using the part fill rate as a service measure.

Tour fill rate

The last service level is the tour fill rate, which measures the sufficiency of parts to complete

the tour of service visits, i.e. all service visits between two replenishment activities (Teunter,

2006). The tour fill rate is a service level measurement that is originally defined in Teunter

(2006) as the fraction of tours that is executed without a second visit. In practice, the tour

fill rate is rarely used as the only service measure. An important aspect regarding the tour

fill rate is the tour length. Tour length can be dependent on a period of time or the number

of service visits. There are also various approaches to modeling the length of a tour in the

multi-job problem. The tour length can be either modeled deterministic, or stochastic. Mamer

and Smith (1982), March and Scudder (1984), Heeremans and Gelders (1995) consider a tour

with a fixed length, i.e. a deterministic tour length. The model defined by Heeremans and

Gelders (1995), is built with a job completion criterion but in the problem formulation they

assume that the inventory on hand at the start of a tour should be sufficient to complete jobs
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during the day. Replenishment of the parts will be done overnight. Teunter (2006) assume in

the problem formulation that the tour length is variable, but this is limited to fixed lengths

in the expressions to approximate the job fill rate. Bijvank et al. (2010), and Brumelle and

Granot (1993) consider a tour with variable length. From this description of the tour fill rate,

accompanied by the tour length it can be concluded that the tour fill rate is not often used as

a service level measure, as mostly a decision on the tour length is included.

A.3 Item inclusion

When modeling the RKP, one needs to decide if multiple units of one item can be included in

the composition of the kit. The decision often depends on if the problem is a single-job or a

multi-job problem. In a single job problem, it is often assumed that only one unit of each item

is needed. Therefore, it makes sense to constraint the model on only including one unit per

item. In case multiple service visits between two replenishments are executed, this constraint

needs to be relaxed so that multiple units of one item can be included in the model.

A.3.1 Single unit per item

This decision holds that of each item of which is decided to include in the repair kit, only one

unit can be included. In Smith et al. (1980), and Graves (1982), this assumption is made in

combination with the single job assumption. Hausman (1982) presented another approach to

the problem described in Graves (1982), so here the assumption of one unit per item also holds.

In case the model is a single unit and single job model, at most one unit of each item can be

included to reach optimal composition of items in the kit.

A.3.2 Multiple units per item

The decision to include multiple units of one item in a repair kit is often made in case multiple

jobs have to be finished between two replenishments. The multi-unit decision is often related

to the multiple-period decision. Multiple units per item in combination with multi-period

decisions, often goes with the assumption that only one unit of each item is used per service

visit. According to Bijvank et al. (2010), Teunter (2006) his study can be considered a single

unit (though multi-item) problem because a single-unit assumption is made when a closed-form

expression for the job fill rate is derived.
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B Discussion session service engineers

The researcher organized a discussion session with the service engineers in order to gain infor-

mation on the performance of the current PM kit process. In total, seven engineers attended

the session, of which five are located in Eindhoven, one in Singapore and one in the US.

1. What is the average duration of PM?

For the above stated configuration we can assume even workload on the six-month and

12-month PM. We agree on a duration of 4 to 5 days.

2. What should be the average duration of PM?

Every service engineer thinks the duration of PM is OK right now. Comment service

coordinator: it is desirable that the duration of PM is shortened to three days. In this

case, the service engineer does not have to travel during weekends. Furthermore, in general

holds the shorter PM, the better for the customer (reduces downtime of machine). Shorter

PM duration can lead to higher customer satisfaction.

3. How often arrives the kit unreplenished at the customer?

Unanimous answer: Always

4. How often results an emergency shipment in a longer stay / second visit?

Mixed answers, varying from 50%, 20% (3x), 10%, 5% Judgment of service engineer; is the

item really necessary for the machine to run? If the answer is yes, order it with emergency.

Otherwise, order it, but no emergency. Take the part with you on the next visit. NOTE:

while making this decision, the service engineer assumes a return visit after 1 to 2 months

for CM. Observation: There exists a large variety among service engineers on when to

initiate an emergency shipment, ranging in answers from in 5% of the cases up to in 50%

of the cases (six service engineers consulted: 5, 10, 20 (3x), 50). It would be beneficial to

dive into the causes of the emergency shipments and make arrangements on when these

extra costs are valid. For further calculation, we averaged to value to 20 %.

5. How often results an emergency shipment in a longer stay / second visit?

Every PM leads to a second visit. In this case, shipment is not send with emergency,

but leads either way to a second visit. Not a clear answer on how often an emergency

shipment results in a longer stay.

6. Name five parts that are typically replaced during PM. See table 16.

Table 16: Typical replaced items during PM

SKU Number of votes SKU Number of votes

SKU 3 2 SKU 22 1
SKU 4 1 SKU 24 3
SKU 5 2 SKU 25 2
SKU 6 2 SKU 26 3
SKU 16 4 SKU 28 2

SKU 17 / 18 4 SKU 31 1
SKU 19 3 SKU 32 / 33 2
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C Gantt charts process flows

Figure 16: Gantt Chart primary process
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Figure 17: Gantt Chart preparation process
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Figure 18: Gantt Chart order parts process (1)
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Figure 19: Gantt Chart order parts process (2)
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D Gantt charts improved process

Figure 20: Gantt Chart primary process PM improved - Strijp TQ

Figure 21: Gantt Chart primary process PM improved - Base HQ
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Figure 22: Gantt Chart primary process PM improved - Base HQ Total
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E Part analysis for Periodic Maintenance

E.1 List of parts resulting from historical demand analysis

Table 17: List of parts for PM

SKU Unit Cost (e) Quantity SKU Unit Cost (e) Quantity

Parts
SKU 1 7.16 4 SKU 19 150.00 8
SKU 2 19.00 4 SKU 20 243.96 4
SKU 3 17.73 2 SKU 21 9.42 1
SKU 4 69.75 1 SKU 22 2655.54 1
SKU 5 4.43 5 SKU 23 7.54 2
SKU 6 2.13 2 SKU 24 2534.85 1
SKU 7 11.95 1 SKU 25 74.00 2
SKU 8 553.26 1 SKU 26 1193.14 1
SKU 9 2716.90 1 SKU 27 223.89 1
SKU 10 189.23 2 SKU 28 1343.85 1
SKU 11 9.65 1 SKU 29 406.68 4
SKU 12 17.25 1 SKU 30 1317.03 4
SKU 13 7.24 2 SKU 31 81.31 1
SKU 14 42.03 1 SKU 32 779.64 1
SKU 15 1.01 1 SKU 33 723.96 1
SKU 16 340.09 2 SKU 34 312.18 1
SKU 17 1771.33 1 SKU 35 54.45 2
SKU 18 1852.49 1 SKU 36 95.00 2
Tools
TOOL 1 187.32 1
TOOL 2 4.79 7
TOOL 3 437.26 1
TOOL 4 1059.98 1
TOOL 5 74.00 1

Based on the current kit content and the input of the service coordinator, the quantities of the

parts are completed. This results in a total value of the kit being ∼ e29000. This is calculated
by multiplying the quantity with the unit cost.

E.2 Comparison items demand analysis and parts in PM kit

In this section, we compare the list defined in table 17 to the current existing set in the PM kit.

For completeness, we also need to include the optical kit in this analysis. The optical kit is a

kit in which spare parts specifically for the exposure module, where all the optics are located,

are included. This kit is also always taken to a PM visit. The findings are listed below:

1. All parts currently in the PM kit are included in the list in table 17.

From this statement we can conclude that the current set of items in the PM kit is relevant

for executing this service activity.

2. 8 parts are included in table 17, which are currently part of the optical kit.
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The optical kit can remain a separate kit, but can more easily (transportation wise as well

as administratively wise) be integrated in the PM kit.

3. 7 parts are included which are currently not part of the PM kit and the optical kit.

These parts are considered missing in the current PM kit, which reveals that these items

are based on the demand analysis often failing in the field. These parts should be included

in the PM kit, as this will contribute to reducing the CM cases. To achieve this, it is

essential to match the PM activities with the proposed set of items. We advise to look

into the changes of the PM service visit, following from the proposed set of items.
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F Demand analysis per SKU

Figure 23: Demand per month in 2022 SKU 1, 2, 3, 4

Figure 24: Demand per month in 2022 SKU 5, 7, 8, 9
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Figure 25: Demand per month in 2022 SKU 10, 11, 12, 13

Figure 26: Demand per month in 2022 SKU 14, 15, 16, 17
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Figure 27: Demand per month in 2022 SKU 18, 20, 21, 22

Figure 28: Demand per month in 2022 SKU 24, 26, 27, 28
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Figure 29: Demand per month in 2022 SKU 29, 30, 32, 33

Figure 30: Demand per month in 2022 SKU 34, 35, 36
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G Information on inventory

G.1 Inventory per service level

Table 18: Inventory levels per service level

Item Service level Item Service level
0.95 0.90 0.85 0.95 0.90 0.85

SKU 1 1 1 1 SKU 18 1 1 1
SKU 2 2 2 2 SKU 20 8 7 7
SKU 3 5 4 4 SKU 21 1 1 1
SKU 4 3 2 2 SKU 22 2 2 2
SKU 5 3 2 2 SKU 24 3 3 2
SKU 7 1 0 0 SKU 26 12 10 10
SKU 8 1 1 1 SKU 27 2 1 1
SKU 9 1 1 1 SKU 28 9 8 7
SKU 10 1 0 0 SKU 29 2 2 2
SKU 11 1 0 0 SKU 30 3 2 2
SKU 12 0 0 0 SKU 32 11 10 9
SKU 13 1 1 1 SKU 33 13 12 12
SKU 14 1 0 0 SKU 34 2 2 1
SKU 15 1 1 1 SKU 35 2 1 1
SKU 16 21 19 18 SKU 36 3 3 3
SKU 17 2 2 2

G.2 Inventory deterministic demand

Table 19: Inventory levels for SKUs with deterministic demand

SKU Demand Inventory level Cost price Total costs
per year per item

SKU 6 8 1 e2.00 e2.00
SKU 19 69 7 e150.00 e1050.00
SKU 23 21 3 e8.00 e24.00
SKU 25 34 4 e74.00 e296.00
SKU 31 52 6 e81.00 e486.00
Total 21 e1900
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H Parameters stock level calculations

Table 20: Variables for stock level calculations

SKU Demand LT λ SKU Demand LT λ

SKU 1 0.25 1 0.25 SKU 19
SKU 2 0.33 2 0.65 SKU 20 0.71 6 4.27
SKU 3 0.60 4 2.38 SKU 21 0.10 3 0.29
SKU 4 0.42 2 0.85 SKU 22 0.10 8 0.77
SKU 5 0.88 1 0.88 SKU 23 0.46 1 0.46
SKU 6 SKU 24 0.19 6 1.15
SKU 7 0.08 1 0.08 SKU 25
SKU 8 0.06 3 0.17 SKU 26 0.25 28 7.00
SKU 9 0.06 5 0.29 SKU 27 0.08 5 0.38
SKU 10 0.10 1 0.10 SKU 28 0.27 18 4.85
SKU 11 0.06 1 0.06 SKU 29 0.19 4 0.77
SKU 12 0.10 0.43 0.04 SKU 30 0.25 4 1.00
SKU 13 0.19 1 0.19 SKU 31
SKU 14 0.21 0.43 0.09 SKU 32 0.33 19 6.21
SKU 15 0.06 3 0.17 SKU 33 0.44 19 8.40
SKU 16 0.60 24 14.31 SKU 34 0.10 3 0.46
SKU 17 0.13 5 0.67 SKU 35 0.15 3 0.46
SKU 18 0.06 5 0.67 SKU 36 0.31 4 1.23
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