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Abstract 

In this master thesis research, service contract determination for the maritime sector is addressed. 

The maritime sector is characterized by a shift towards more outsourcing activities because 

systems onboard of vessels are becoming more complex. Maintenance tasks need to be executed 

more efficiently to assure a high operational availability against lower life cycle costs. This research 

contributes by investigating whether service contract decision-making can be based on the 

quantitative differences among service contracts. A model is proposed where with use of factors 

that describe the quantitative differences of service contracts, the performance of several service 

contracts is compared. This model incorporates several aspects of system configuration and is 

applied to several maintenance strategies. The outsourcing benefits of the model are evaluated 

by a case study that is performed for the Royal Netherlands Navy. The Electrical Power 

Distribution system of HNLMS Johan de Witt is used for the case study. A sensitivity analysis 

and several scenario analyses are performed to provide managerial insights. The impact of the 

comparison factors is assessed and the influence of the system configuration and maintenance 

strategy on the type of service contract is investigated.  

  



iv 

 

Management summary 

This report is addresses the service contract decision-making in the maritime sector. It is the 

result of the master thesis project that has been conducted at the Royal Netherlands Navy. The 

Royal Netherlands Navy is the navy of the Netherlands, the fleet is deployed worldwide in the 

interests of ensuring security at and from sea. In order to provide peace and security at sea, the 

fleet has to be flexible and therefore high availability of vessels is of paramount importance. 

Systems onboard of vessels are becoming more complex and maintenance needs to be executed 

efficiently in order to increase the operational availability and reduce the life cycle costs. The ever 

increasing complexity of systems and the necessity to focus on the assigned mission has led to 

more outsourcing activities at the RNLN and the maritime environment in general. 

Research assignment 

The underlying goal of outsourcing is to improve the system performance and/or reduce the 

system LCC. If, however, in the event of considering a new or different service contract, the 

improvement in system performance and reduction in LCC are uncertain, a disadvantage for 

both customer and service provider be non-efficient collaboration. In order to be able to compare 

the differences between optional service contracts, the operational availability and system LCC 

are calculated for each type of contract. This requires understanding of how the maintenance 

strategy affects a customer’s decision which type of service contract to choose. Furthermore, the 

system configuration could also affect this decision. In this research, the system configuration is 

expressed as the structure of components and characteristics of the system in terms of usage, 

criticality and type of components. Both of the elements are considered in the main research 

question: 

“How may service contract decision-making be improved, when taking the maintenance 

strategy and system configuration into account?” 

In the research is concluded that the operational availability and system LCC are the two 

overarching performance measures in a maritime environment. Those measures are used to 

evaluate the service contract effectiveness in terms of system performance. In order to compare 

the quantitative improvements of the service contracts, the approach of the usage of comparison 

factors is proposed in the research. With use of the factors, the degree of difference among the 

service contracts can be quantified. Through qualitative interviews with the companies involved 

in the research, multiple quantitative factors that explain the differences in operational availability 

and system LCC among the service contracts are identified.  

Model formulation 

The service contract decision model that has been developed, aims to provide an overview of the 

performance of several service contracts to facilitate in the selection process. The system 

configuration is integrated by defining the usage rate, criticality and failure distributions of 

components. There is distinguished in components that follow a Weibull failure distribution and 

components that follow an Exponential failure distribution. The foundation of the model is a 

combination of time and failure based maintenance. Moreover, inspection and maintenance by 
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condition monitoring are integrated by evaluating its effect on the general model. Finally, the 

comparison factors are integrated to distinguish in the operational availability and system LCC of 

service contracts. 

Analysis 

The model is applied for the outsourcing of the Electrical Power Distribution of HNLMS Johan 

de Witt. From the results of the case study, the conclusion can be drawn that the current cost-

plus contract is not optimal for both customer and service provider. If a PBC is selected, 

downtime will be reduced by 42% and the system LCC decrease approximately with €10.000. 

Insights in the influence of the comparison factors is gained by mains of a sensitivity analysis. 

From sensitivity analysis in Figure 1.1 is concluded that the factors that represents the difference 

in maintenance time and administrative delay time of the service contracts are most important for 

service contract decision-making. 

 

Figure 1.1: Sensitivity analysis of the comparison factors 

To provide managerial insights for different settings of the system configuration, several 

scenario analyses are performed. For each scenario in Table 1.1, there is a small modification in 

the system configuration that are maintained according to several maintenance strategies. 

Table 1.1: Optimal service contracts for several system configurations 

  
Time based 

maintenance 

Inspection based 

maintenance 

Maintenance by 

condition monitoring 

Case study PBC    PBC  FPC   

Low criticality PBC  FPC  FPC  

Low usage rate houseIn   houseIn   houseIn   

Increasing failure 

rate  
PBC  PBC  PBC  
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Conclusions and recommendations 

The innovative method of the integration of comparison factors has proven its functionality by 

means of a case study performed at the RNLN. It can be concluded that the integration of 

comparison factors is an innovative approach to facilitate service contract decision-making. The 

differences are quantified and the relevant factors are identified using the sensitivity analysis. 

Moreover, the conclusion can be drawn that the service contract decision-making should be 

based on the type of system configuration and maintenance strategy. Since there is a high variety 

of systems onboard of vessels that can be maintained according to several maintenance strategies, 

the contract types can be different, since each combination of system configuration and 

maintenance strategy has its unique most suitable contract. The relevance of the model is that it 

generates the quantitative differences among the service contracts by means performance. If such 

a model is applied, it may facilitate the service contract negotiation with customer and service 

provider. Furthermore, with use of the sensitivity analysis, the factors that are important for a 

specific system are identified. The most suitable service provider can be selected based on the 

comparison factors.  

Based on the insights obtained from this research, several recommendations are given to the 

RNLN. It is the goal to improve the system performance by facilitating the service contract 

selection process of the RNLN with a potential service provider. The case study of the Electrical 

Power Distribution shows that performance of the system in terms of operational availability and 

life cycle costs can be improved by selecting a different contract type. The performance based 

contract has outperformed the current cost-plus contract, assuming that the customer is ready to 

engage in a performance based contract.  

From interviews it became clear that engaging in a PBC is interpreted as risky for the involved 

companies. An issue is that the service provider is not always capable of monitoring the systems.  

Moreover, the maintenance schedule may be delayed due to mission uncertainty. It is important 

that the responsibilities of customer and service provider are elaborated upon in detail for the 

contingencies that can occur throughout the service contract length. This results in a better 

collaboration because of less misunderstandings.  

In conclusion, by selecting the most suitable service contract for a type of system that is 

maintenance by a particular strategy, the system performance increases. Under the particular type 

of contract, the service provider will perform maintenance as is agreed upon which results in a 

specific level of operational availability and system life cycle costs as is determined in this report.  
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 Research introduction 

This chapter starts in section 1.1 with an introduction about the research environment. Its maintenance 

process and outsourcing department are described shortly. Hereafter, in section 1.2, an overview of 

the various maintenance service contracts is given. Finally, section 1.3 provides the layout of the report. 

 Research environment 

The research is conducted as part of the Integrated Maintenance and Service Logistics Concepts for 

Maritime Assets (MaSelMa) project. MaSelMa focuses on the development of concepts to improve 

the predictability of maintenance and service logistics optimization, supply chain coordination and 

cooperation. The projects in MaSelMa are executed in three work packages (WPs). In WP1, the 

failure behavior of components is defined. In WP2, the maintenance optimization models are 

developed. WP3 focusses on the organizational and financial activities. The WPs serve as an input for 

each other.  

In WP2, a master thesis project is designed in collaboration with the Royal Netherlands Navy 

(RNLN) and Alewijnse Ltd. This firm designs, delivers and integrates electrical systems and 

components for the maritime sector, including the RNLN. The research is conducted at the RNLN, 

the RNLN is described briefly below. 

1.1.1 Royal Netherlands Navy 

On January 8
th

 1488 the RNLN was founded as the navy of the Netherlands. It is capable of carrying 

out both independent operations and joint operations with the Army, Air Force and Marechaussee, 

as well with international allies. The motto of the RNLN is “Security at and from sea” (Dutch: 

“Veiligheid op en vanuit zee”). It has a wide variation of ships and submarines containing state of the 

art equipment. The organizational structure of the RNLN contains three directorates, this is shown in 

Appendix A.  The research is conducted at the Directorate Materiel Sustainment (DMI) located in 

Den Helder. This directorate has many responsibilities, including the maintenance and outsourcing 

of ships. Specialists work here on high-tech installations such as propulsion and weapon systems 

onboard of ships. The DMI also owns a repair-shop. In this shop, failed components are repaired 

using advanced equipment. Raw materials and spare parts are stored in a warehouse.  

In order to provide peace and security at sea, the fleet has to be flexible and therefore availability 

of vessels is of paramount importance. In order to prevent the occurrence of downtime, maintenance 

during missions should be avoided at all costs. The ship’s focus ought to be on the assigned mission. 

It is imperative that vulnerable systems are designed and maintained correctly to assure high 

operational availability. The RNLN is a non-profit government-funded and controlled organization.  

It is therefore RNLN’s goal to maximize fleet availability within the assigned government budget. For 

many years, the total budget for the Dutch ministry of Defense has shrunk dramatically in percentages 

of the Gross National Product. The decrease in maintenance budget has led and leads to a decrease 

in system specialists and maintenance employees at the RNLN. Furthermore, systems are becoming 

more complex and maintenance needs to be executed efficiently in order to increase the operational 

availability. This has resulted in more outsourcing activities at the RNLN. 
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1.1.2 Maintenance organization of the DMI 

The DMI’s maintenance organization is elaborated upon in the Integrated Logistic Support (ILS) 

manual (NL MoD., 2007). ILS is a management concept with the objective to achieve the required 

availability against the lowest Life Cycle Costs (LCC). The lifetime of a system can be differentiated in 

three different phases. These are, purchase, exploitation and decommissioning.  

During the purchase phase, a market investigation is done to investigate in the possibilities to 

acquire a new system. The system that fulfills the requirements best is selected by engineers of the 

DMI. The DMI deals with complex systems and for this reason, engineers of the DMI are trained 

and educated about the system specifics. The engineers construct the maintenance program and 

negotiate the documentation and standards concerning the use and maintenance on vesssels.  

During the exploitation phase, the system is in operation. The maintenance schedule is elaborated 

upon in the system program (NL MoD., 2006). The maintenance activities can be split into three 

levels and are based on the definitions described in Blanchard (2004). (i) Operational level 

maintenance concerns preventive and corrective maintenance tasks that can be performed by ship 

operators without assistance of the DMI. The ship operators have the particular knowledge, 

documentation, spare parts and test-equipment to perform this type of maintenance. Operational level 

maintenance is done when simple failures arise or when protocols prescribe to do so. (ii) Intermediate 

level maintenance concerns preventive and corrective maintenance tasks that are done by the DMI or 

outsourced to suppliers. They are usually performed whenever a ship is in harbor. This type of 

maintenance is triggered by a system failure or planned in advance and requires specific knowledge 

and tools. (iii) Depot level maintenance is conducted by the DMI or outsourced to suppliers. Depot 

level maintenance is conducted every 4 years. It consists of several steps. Firstly, docked ship’s systems 

are dismantled. Secondly, the systems are transported to the repair-shop. Lastly, the systems are 

disassembled into subcomponents at the repair-shop to conduct the maintenance. 

The last phase of the system lifetime is the decommissioning phase. In the decommissioning phase, 

the ship undergoes maintenance to restore the ship to the state as prescribed by standards. Hereafter 

the ship is sold to other international defense organizations or the systems are disassembled and stored 

in the warehouse. Whenever a vessel is sold, instruction about ship and documentation are part of the 

aftersales service program. 

1.1.3 Outsourcing department of the DMI 

External parties consume approximately 60% of the maintenance expense budget. The DMI’s 

Programming Unit (Appendix A) deals with maintenance outsourcing. It focuses on the internal 

investigation of opportunities where outsourcing could be beneficial with regard to the material 

logistics and maintenance efficiency. It also has the responsibility to investigate current and potential 

new suppliers to find more beneficial opportunities of outsourcing.  

Currently, the DMI is outsourcing according to two service contract strategies. The contracts are 

described in section 3.1. The service contract types are: 

- Cost-plus contract; 

- Fixed-price contract. 
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The DMI performed a feasibility study (NL MoD., 2013) where the options for outsourcing are 

investigated. This need emerged from the importance of good collaboration between the DMI and 

the defense related industry. The study concluded that the outsourcing of a complete ship is not 

feasible due to the variety of high-complex systems. For this reason, the ship is split up into different 

systems. For example, the propulsion system and the HVAC (heating, ventilation and air conditioning) 

are different systems. The study also concluded that a fixed-price contract with specialized suppliers 

can be more efficient in terms of economics and system performance as compared to a cost-plus 

contract. The service provider has more responsibility and is likely to perform maintenance more 

efficiently. Moreover there are fewer administrative activities for the DMI. Furthermore, the study 

concluded that the DMI and the defense related industry are not ready to engage in a performance 

based contract. This is because of the lack of insights of the DMI and defense related industry in the 

improvement of LCC and system performance.  

 Service contract overview 

Several service contracts are described in literature and used in business practice. This paragraph 

summarizes the commonly used service contracts in the maritime sector. In literature, many authors 

have a different perspective on how to divide the service contracts. An example is the work of Martin 

(1997). The author discusses three distinct contract types, namely, a work package contract, a 

performance contract and a facilitator contract. In a work package contract, the predetermined 

maintenance is carried out by the service provider and paid on unit rate or fixed-price principle. Under 

a performance based contract, the service provider guarantees a set availability and is paid per 

performance. In a facilitator contract the client is the user of a technical system of which the service 

provider is the owner. Alternatively, Huber and Spinler (2012) divide the contracts into full-service 

contracts and on-call contracts. Full-service contracts are defined as contracts where the Original 

Equipment Manufacturer (OEM) performs all maintenance activities under a fixed fee per time unit. 

In an on-call contract, the service provider is contacted whenever maintenance is necessary. 

Subsequently, the service provider is paid for the labour and materials needed. In this research, service 

contract types are divided into two main groups: 

- Time & material contracts; 

- Performance contracts. 

According to literature (Kim et al., 2007; Roels et al., 2010) there are three categories in time and 

material contracts, namely, a cost-plus contract, a contract based on unit rates and a fixed-price 

contract. These contracts describe the price-structure and responsibility of the performed 

maintenance. A cost-plus contract is a contract where the service provider is paid for all the amount 

of work. The payment is based on a predetermined tariff plus additional profit payment. Under a cost-

plus contract, the maintenance activities are in advance set in an agreement together with the service 

provider. Under a fixed-price contract (Dutch: “Raamwerk contract”) the scope of work is described 

in a detailed way. As opposed to the cost-plus contract, the payment amount does not depend on the 

resources used or time expended. The price for the executed maintenance activities is agreed upon in 

advance. This maintenance contract strategy is often used by customers to shift the risk to the side of 

the service provider. The contract based on unit rates is a contract where there is a high standardization 

among the maintenance tasks. Such contracts are usually applied when there are several systems with 
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similar requirements. The value of the contract can be the total sum of the fixed price per unit of 

work. 

Performance contracts can be divided into service agreement and performance agreement 

contracts (Murthy and Jack, 2014). Performance contracts do not focus on price-making, but focus on 

the quality of services that must be delivered against an agreed price structure. Performance based 

contracting replaces traditionally used fixed-price and cost-plus contracting. According to Kim et al. 

(2007), a performance based contract aims to improve the product availability and reduce the cost of 

ownership by tying a provider’s compensation to the quality of the output. The quality of output is 

agreed upon in advance with the service provider, this can be a minimally required availability level 

for instance. A distinction is made between Service Level Agreements (SLA’s) and Key Performance 

Indicators (KPI’s). Under Service Level Agreements the content and quality of services that must be 

delivered by the service provider is described in a detailed way while under KPI’s the quality is defined 

in quantitative measures. The maintenance process is described in section 3.1. 

The contracts are displayed in Figure 1.1 as the level of service against the service provider 

responsibility. In order to provide a good literature and business practice overview, integral 

outsourcing and partnership/alliance contracts are also included in the figure. The purpose of integral 

outsourcing is to outsource not only the maintenance tasks, but also the project design, preparation, 

purchasing, etc. This can be in the form of an integrated project team, where the team consists of 

experts from both the customer and service provider. Both parties are responsible for the involved 

risks. In partnership/alliance contracts, multiple parties participate and finance the company. Both 

parties strive to work more efficiently (Gulati, 1995). Maintenance is executed to optimize the system 

performance for the customer as well as the service provider. 
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Figure 1.1: The service level as a function of the service provider’s responsibility 
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 Report layout 

The outline of the thesis consists of several consecutive parts. Each chapter starts with an introduction 

of the contents. In chapter 2, the research framework of the thesis is presented. The problem 

definition is formulated and the scope and boundaries of the research are defined. In the last part of 

the chapter, the relevance of the research is supported. Chapter 3 analyses the service contracts that 

are included in the scope of the research. In order to identify the factors that compare the service 

contracts, the procedure and contract characteristics are presented. Chapter 4 elaborates on the service 

contract decision model. First, the model is conceptualized. Hereafter, the models of the operational 

availability and system life cycle costs are derived. Finally, with the output of the models, the service 

contract decision model is defined. Chapter 5 provides an analysis of the model. It clarifies the 

relationship of the system configuration and maintenance strategy with service contract decision-

making. In chapter 6, the case study to validate the model is presented. The electrical power 

distribution of HNLMS Johan de Witt is used for the case study. The results of the case study are 

given and in order to provide managerial insights, a sensitivity analysis and scenario analysis is 

performed. In Chapter 7, the conclusions, recommendations to the RNLN, limitations and 

suggestions for future research are discussed. Finally, chapter 8 gives an overview of the references 

used. The appendices to support the research can be found after chapter 8. 
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 Research framework 

This chapter clarifies the approach and methodology used for this research. In section 2.1, the 

problem is introduced that drives the research. In order to tackle the problem, research questions are 

defined. Afterwards, in section 2.2, the research approach is discussed. In section 2.3, the scope and 

boundaries of the research are defined. Finally, section 2.4 seeks to sustain the relevance of the 

research choice.  

 Problem definition 

The underlying goal of outsourcing is to improve the system performance and/or reduce the system 

LCC. The system performance is defined by operational availability, system maintainability, system 

reliability etc. When the level of ownership shifts to the service provider, its level of risk automatically 

increases. For the customer this may be advantageous as it may result in more focus on the primary 

business processes. Moreover, maintenance tasks may be executed more efficiently. Another 

advantage might be a potential improvement in economics. For that matter, the service provider might 

be better aware of technological advantages and it may provide a stable source of income. If, however, 

in the event of considering a new or different service contract, the improvement in system performance 

and reduction in LCC are uncertain, a disadvantage for both customer and service provider be non-

efficient collaboration. 

For example, a customer may consider a more favorable outsourcing strategy where more 

responsibilities are delegated to the service provider. In this scenario, the service provider may charge 

extra due to higher risks. If the quantitative improvement in system performance is uncertain, the 

customer is likely to reconsider a new outsourcing strategy. The same applies to service providers, if 

the quantitative improvements in terms of productivity and logistics are uncertain. They may charge 

extra due to higher risks and the customer is likely to reconsider the new contract. For this reason, it 

is imperative that customer and service provider are aware of the quantitative improvements before 

considering a new service contract. 

In order to be able to compare the differences between optional service contracts, the operational 

availability and system LCC are calculated for each type of contract. This requires understanding of 

how the maintenance strategy affects a customer’s decision which type of service contract to choose. 

Furthermore, the system configuration could also affect this decision. In this research, the system 

configuration is expressed as the structure of components and characteristics of the system in terms of 

usage, criticality and type of components. The system configuration affects the system performance. 

This project deals with service contract decisions taking into account the type of maintenance 

strategy and system configuration. The influence of both aspects are investigated. 
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2.1.1 Research objective and questions 

The objective of this research is to develop a model that incorporates the system configuration and 

maintenance strategy to improve service contract decision-making. It could benefit service contract 

negotiation between customer and service provider. Furthermore, it may provide a basis for both 

customer and service provider to decide which service contract is most suitable for a certain 

combination of system configuration and maintenance strategy. The model has to be supported by a 

qualitative service contract analysis.  

Quantitative differences in system performance and LCC for service contracts may justify the 

choice for customer and service provider. The research question is defined as follows: 

“How may service contract decision-making be improved, when taking the maintenance strategy 

and system configuration into account?” 

In order to answer the research question a set of sub-questions need to be answered. The sub-

questions are formulated as follows: 

1. Which parameters form the basis to evaluate the differences in service contract performance? 

Parameters need to be identified that explain the quantitative difference in system performance of 

the several service contracts that are include in the scope of the research. 

2. How does the maintenance strategy affects service contract decision-making? 

It is important to understand the relationship of the maintenance strategy with each type of service 

contract. To answer this question, the maintenance strategy has to be incorporated in the model. 

Another important aspect in service contract decision-making is how the system configuration affects 

the decision on the service contract. This leads to the following question: 

3. How does the system configuration affects service contract decision-making? 

 Research approach 

Van Aken et al. (2012) distinguish explanatory research from design science research. The former 

aims to create understanding of the object of study. This also holds for the latter, as the understanding 

is necessary to design a solution. However, understanding the problem does not imply the solution of 

the problem. The objective of design science research is to develop alternative solutions for the 

problem. This research project can be classified as design science research because of its problem 

solving nature. 

To answer the problem described in section 2.1, a research approach is provided in Figure 2.1 to 

structure the problem. The research approach exists out of four phases. The first phase, the problem 

definition, is conducted prior to this research. Interviews, a literature review and documentation of the 

RNLN resulted in the research proposal wherein the research plan is defined. The remaining three 

phases of the research approach are described as follows: 
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Modeling:  

The modeling phase investigates the individual aspects of the problem statement. The output of the 

modeling phase is the model that derives the performance of a given service contract. The sub-activities 

within the modeling phase are the investigation on how the service contracts can be compared in terms 

of performance and how the maintenance strategy and system configuration influence service contract 

decision-making. To compare the performance of the service contracts, first, relevant service contracts 

that are included in the research are analyzed. Hereafter, comparison factors are identified that explain 

the quantitative differences among service contracts. And finally, the comparison factors are integrated 

in the model. In order to investigate the influence of the maintenance strategy and system configuration 

on service contract decision-making, first, performance measures are identified that are imperative in 

the maritime sector. Hereafter, the system configuration and maintenance strategy are integrated in 

the model. The model is translated into a tool in Microsoft Excel, this tool provides the decision 

support model. By filling in the parameters and comparison factors, the service contracts are evaluated 

in terms of performance. Appendix C clarifies the integration of the comparison factors. 

Analysis 

In the analysis phase, the model is validated with a case study. To generate useful managerial insights, 

a sensitivity analysis and several scenario analyses are performed.  

 

Conclusions 

The results of the analysis phase serve as an input for the last phase. Conclusions are drawn and 

limitations and recommendations are discussed. 

Interviews

Literature 

review

RNLN 

documentation

Research 

proposal

Develop tool

Evaluate maritime 

performance 

measures

Investigate influence 

maintenance 

strategy

Investigate influence 

system configuration

Identify comparison 

factors

Analyze relevant 

service contracts

Investigate influence 

comparison factors 

Run the model

Case StudyObtain data

Perform sensitivity 

analysis

Perform scenario 

analysis

Conclusions, 

limitations and 

recommendations

Problem definition Modeling Analysis     Conclusions

 

Figure 2.1: Research approach that exists out of four phases 

Throughout the research, multiple research methods are used: 

- Interviews: To create a better qualitative understanding of the service contract differences, 

interviews are held with the service contract stakeholders. 

- Desk Research: As depicted by name, this research technique is mainly acquired by sitting at 

a desk. This includes both internal research at the research environment and the use of 

scientific articles. 

- Modeling: A model is created during the design phase of the project in chapter 4. 

- Simulation: In order to validate the model, simulation is used in the form of a case study. 
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 Scope and boundary 

The definition of the scope and boundaries is an important step for the research. The research 

includes the development of a tool that contributes to service contract decision-making. This tool 

generates the system performance for various service contracts. It is not within the boundaries of the 

research to specify the contract details for the customer and service provider. The contract agreements 

are not defined, it is the purpose of the tool to facilitate in service contract negotiation. 

This research focusses specifically on service contract decision-making in the maritime sector. 

Because the research is conducted in a maritime environment, it is eventually decided to maintain this 

as a scope due to time restrictions. Service contract decision-making cannot be generalized since every 

sector has its own perspective on system performance. In this paragraph, the scope is defined of the 

service contracts, maintenance strategies and system configuration that are included in this research. 

2.3.1 Service contracts 

In paragraph 1.2 an overview is given of the generally used service contracts in literature and business 

practice. The relevant contract types that are included in this research are: 

1. Cost-plus contract (CPC); 

2. Fixed-price contract (FPC); 

3. Performance based contract (PBC); 

4. In-house (throughout research, in-house is also defined as a contract type). 

For the CPC and the contract based on unit-rates, the costs of the customer depends on the amount 

of maintenance executed and both contracts are subjective to competitive bidding. However, a unit-

rate contract is commonly used for systems where there is high standardization among the 

maintenance tasks. In a maritime environment, there is no high standardization. Due to the limited 

space in a vessel, most systems are unique. For this reason, the contract based on unit-rates is left out 

of the scope. 

In a FPC, the service provider has more responsibilities compared to a CPC. The costs are defined 

for a specific maintenance task, this is in contrast with the CPC where the costs are based on the time 

and materials involved. In a maritime environment, it is imperative that the amount of downtime is 

reduced. Under a FPC where maintenance costs are fixed in advance, the service provider aims to 

perform maintenance as efficient as possible. This may lead to an improvement in system 

performance and reductions in costs. For this reason, the FPC is interesting to include in scope of the 

research. Under a PBC, the service provider aims to maximize system performance for the assigned 

costs. These potentials make this type of contract interesting for the maritime sector where a high 

availability is imperative. Finally, if an outsourcing department considers to engage in a service contract 

for a system where in-house maintenance is done, it is important that the system performance and 

LCC improvements are compared to the old situation. In-house maintenance is the fourth contracting 

strategy that is included. The service contracts within the scope of the research are described in 

paragraph 3.1. 
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2.3.2 System configuration 

As explained before, the system configuration is expressed as the structure of components and 

characteristics of the system in terms of usage, criticality and type of components. 

When considering an operational system, the system could be differentiated into a structure of 

systems, subsystems, the subsystems of subsystems until component level. If the complete component 

structure is included, it reduces the relevance of the research since the model becomes too complex. 

The system structure in the research is limited to a structure with three levels. This could be extended 

by applying simple changes to the model, but to indicate its functionality only three levels are included. 

The naming of ‘system’, ‘subsystems’ and ‘components’ are used throughout the report to indicate the 

system structure. Let i  denote a subsystem with }...,2,1{ Mi  , j  is the component index in each 

subsystem with }...,2,1{ iNj  . The component identification is defined as ji,  in the remaining part 

of this research. The system structure is shown in Figure 2.2. 
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Subsystem     
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M, 1
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M, 2
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2, 1
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2, 2

Comp 

2, N2

System

 

Figure 2.2: System structure within the scope of the research 

In this research, the usage rate is defined as the usage ratio of a subsystem compared to the 

overarching system. It is important to integrate the usage of subsystems in the model, since the usage 

rate among the subsystems may be different. Furthermore, components are classified as critical if a 

failure causes overall system downtime, otherwise it is classified as non-critical. Component criticality 

is important to include since not all systems on a vessel cause overall system downtime. The 

component types within the scope of the research are defined as a component with an increasing 

failure rate or a component with a constant failure rate.  

2.3.3 Maintenance strategies 

In the maritime sector, maintenance activities can be differentiated in several activities. Blanchard 

(2004) differentiates in operational, intermediate and depot level maintenance. Intermediate and 

depot level maintenance are included in the scope of the research. Intermediate and depot level 

maintenance are more complex maintenance activities (section 1.1.1). These maintenance activities 

are performed during a maintenance period that is planned after the operational period. Operational 

level maintenance is (simple) maintenance that is performed by ship operators without assistance of 

engineers. For this reason, operational level maintenance is left out of the scope.  

The operational cycle of a ship consists of an operational period and a period that the ship is in 

harbor for maintenance or other purposes. When a ship is operational, failures of critical components 
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cause overall downtime. The operational cycle of a vessel is displayed in Figure 2.3. Let cT  and pT  

be the expected preventive and corrective maintenance time in an operating cycle. cT  and pT  are 

stochastic variables. oT  denotes the operating time in a cycle, oT  is a deterministic variable. The total 

of oT  and pT  represents the operational cycle time. In the model, corrective maintenance does not 

influence the length of the operational cycle.  

cT

pT
oT

System

time

 
Figure 2.3: Illustration of an operational cycle 

Now that the operational cycle has been defined, multiple maintenance strategies may be applied 

to maintain the system as efficiently as possible. In the work of Arts (2014), an overview is given of 

maintenance strategies. The following maintenance strategies are included in the scope of the research: 

Failure based maintenance: 

Failure based maintenance is commonly applied in a maritime environment. Under a failure based 

maintenance strategy, a component is replaced when it fails. It is a suitable maintenance strategy for 

components that have a constant or decreasing failure rate because preventive replacement does not 

reduce the failure rate. Onboard of vessels there are many electrical systems, electrical components 

do not wear so a failure based maintenance strategy is an attractive option (Arts, 2014). For this reason, 

failure based maintenance is included in the scope of the research. 

Time based maintenance: 

Time based maintenance is a preventive maintenance strategy where the operation time determines 

the replacement interval. A component is replaced after a predetermined amount of time has been 

reached or it fails before this threshold. Time based maintenance is commonly applied in the maritime 

sector since vessels visit the harbor regularly and maintenance can be executed. With use of time based 

maintenance, the probability of corrective failure in operation is reduced.  

Inspection based maintenance: 

Inspection based maintenance is a preventive maintenance strategy where the condition of a part is 

inspected and the maintenance strategy is based on the physical state of the component. In a maritime 

environment, inspections usually take place when a vessel is docked. Inspection based maintenance is 

commonly applied in a maritime environment since the replacement interval may be estimated more 

accurately compared to time based maintenance. 

Maintenance by condition monitoring: 

Condition based maintenance where the system is continuously monitored has become more relevant 

in the maritime sector. It assures a low level of unexpected failure since the degradation behavior of 

components is monitored. For this reason, condition based maintenance is included in the scope of 
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the research. Improved system reliability and decreased maintenance costs are the two main 

advantages of condition based maintenance (Jardine et al., 2006). 

The integration of the maintenance strategies in the model is elaborated upon in paragraph 4.2. 

 Relevance of the research 

This research presents a model that incorporates the system configuration and maintenance strategy 

to improve service contract decision-making in the maritime sector. It is the objective of the research 

to provide a tool that derives the system performance of various service contracts to facilitate service 

contract decision-making. This tool establishes the system performance for both customer and service 

provider. For effective collaboration in outsourcing, it is important for customer as well as service 

provider to benefit from outsourcing. For this reason, the tool presents the ideal system performance 

for both parties to facilitate the process of service contract negotiation. The service contracts are 

compared using innovative comparison factors. Those factors complement current literature by 

explaining the quantitative differences among service contracts in terms of system performance. The 

comparison factors are determined together with the companies involved in the research and by 

examining the characteristics and maintenance process of the service contracts. 

In literature, multiple frameworks are presented where the best outsourcing strategy is selected 

based on qualitative models. For example, Campbell (1995) provides a framework where the 

outsourcing strategy is defined in a systematic way. Furthermore, in the research done by van ’t Holt 

et al. (2016), the business interests of outsourcing are identified to structure the outsourcing process. 

For those models, the outsourcing strategy and service contract selection is based on a qualitative 

foundation. This research is a relevant addition to those papers by explaining the quantitative 

differences among the various service contracts. 

The decision model incorporates the maintenance strategy and system configuration. In current 

literature about service contracting, the configuration is fixed and service contract decision-making is 

based on a predetermined maintenance strategy (Tsai et al., 2004; Wang, 2010). Wang (2010) 

developed three service contract models from three different maintenance strategies. However, the 

author based the model on a system which is modeled as a single item. This research seeks to extend 

current literature by explaining how the maintenance strategy and system configuration affect service 

contract decision-making. In order to explain the relationship, several scenario analyses are described 

in the case study. By varying system configuration and maintenance strategy, an analysis is performed. 

In practice, critical items could have an impact on the overall maintenance strategy. Therefore, the 

model is executed in a multi-component configuration to conform to the practical relevance. 

Moreover, service contract decisions are based on various performance measures. Rahman et al. 

(2008; 2010) based service contract decisions on the long-term costs for a given system and 

maintenance strategy. In practice, decision-making is affected by more aspects than costs. For this 

reason, decision-making in this research is based on several performance aspects that describe the 

system performance in a maritime environment. 
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 Service contract analysis 

This chapter provides an analysis about the service contracts that are included in the research. In order 

to answer the first sub-question (“Which parameters form the basis to evaluate the differences in 

service contract performance?”), the maintenance procedure and characteristics of each contract type 

are analyzed. Once the maintenance procedure and characteristics are clear, the performance 

measures that explain the system performance in a maritime environment are identified. Based on the 

performance measures, factors are identified that describe quantitative differences of the service 

contracts. By interviews with employees of the companies involved in the research, understanding is 

created about the procedure and characteristics of the service contract types.  

The procedure and characteristics of each contract type are described in section 3.1. Hereafter, in 

section 3.2, the measures that explain the quantitative differences among service contracts are 

identified.  

 Service contract procedures 

It is important to create understanding of the procedure and characteristics of each contract type to 

identify the differences. If maintenance needs to be performed, the stakeholders have different 

responsibilities and intentions. The procedure of corrective and preventive maintenance for the 

contracts is described firstly. Secondly, a comparison is done on the service contract characteristics.  

3.1.1 Maintenance procedures of the contracts 

Cost-plus contract: 

The corrective maintenance process of a CPC is as follows. A critical component breaks down and 

the breakdown details are communicated to the engineering department of the system owner. The 

engineering department creates an outsourcing document (Dutch: “Voorstel tot inkoop"). In the 

outsourcing document, the outsourcing agreements and technical descriptions of the maintenance 

tasks are included. A concept contract is drawn and potential service providers are invited to tender. 

Hereafter, multiple or a single potential service provider performs an inspection onboard to determine 

the scope of maintenance and which costs are involved. Each service provider consequently makes an 

offer to the customer. Then, a service provider is selected and the CPC is negotiated. The service 

provider performs the maintenance, whereafter the customer inspects if maintenance is executed 

according to the contract agreements. The customer reimburses the costs to the service provider plus 

additional payment to allow for a profit. 

In the event of preventive maintenance, the contract is agreed upon with the service provider in 

advance of the maintenance period. This results in zero downtime due to administrative delay. The 

process of service provider selection is similar as the process for corrective maintenance. 

Fixed-price contract: 

A customer engages in a FPC with a service provider before an operational period. The contract can 

be applied for a new system or for a system that is already operational. The FPC is fixed for a 

predetermined amount of time with the service provider.  
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When a component breaks down or preventive maintenance needs to be performed, the service 

provider is responsible to perform the maintenance within the predetermined amount of time. This 

is according to agreements defined in the service contract. After maintenance is performed, the 

customer compensates the service provider for the executed maintenance tasks. The price-structure 

of the contract is based on the type of maintenance performed. The original contract price can change 

due to additional unexpected work. 

Performance based contract: 

In a PBC, it is the service provider’s responsibility to perform maintenance in agreement with the 

KPI’s that are determined in advance. Otherwise, a penalty fee must be paid. The service provider 

has the responsibility to decide on the type of maintenance that needs to be executed. This strategy 

results in a behavior of the service provider to maintain the system as efficient as possible in order to 

comply with the KPI’s. The payment fee per time unit is predetermined with the service provider and 

involves all types of costs plus a profit margin. 

In-house maintenance: 

When a component breaks down, the engineering department creates a statement with technical 

descriptions of the maintenance tasks. This statement is communicated to the maintenance personnel 

and maintenance is conducted internally. In the case of preventive maintenance, the period is 

predetermined and the technical descriptions are prepared in advance of the maintenance period. 

 

3.1.2 Contract characteristics 

As can be concluded from the service contract procedures, the maintenance process and 

responsibilities of both parties differ per contract type. In order to provide a comprehensive overview, 

the service contract characteristics are provided in Table 3.1. 

The table characterizes the service contract types based on a set of aspects. Firstly, a distinction is 

made of the scope of work. This aspect explains if the maintenance content is known before 

maintenance is executed. Secondly, the payment structure of the contract types is described. Thirdly, 

the contracts are compared on how maintenance quality is guaranteed. Fourthly, the maintenance 

preparation of the contract types is described. Fifthly, the differences in risks among the stakeholders 

are identified. Finally, the total cost of ownership is discussed. 

Table 3.1: Contract characteristics of the service contracts 

   Contracts 

Aspects 

1. Cost-plus 2. Fixed-price 3. Performance 

based contract 

4. In-house 

Scope of 

work 

The scope of work 

is difficult to define. 

Well described 

maintenance tasks, 

service provider is 

well-informed. 

Scope of work is 

determined by 

contractor. It is 

provided by a 

quotation. 

Scope of work 

is defined by 

responsible 

engineering 

department. 

Payment 

structure 

Time and materials 

are reimbursed plus 

additional profit 

payment. 

Fixed-price for the 

performed 

maintenance 

actions. 

Price per time unit 

based on the system 

performance. 

Intern material 

and labor costs. 
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Quality Less price execution 

conditions. Quality 

checked afterwards 

by customer. 

Execution 

conditions are well-

known by service 

provider. 

Guaranteed quality 

according to the 

KPI's. 

Internal quality 

check by 

engineering 

department. 

Maintenance 

preparation 

Preparation is done 

by contractor due to 

uncertain scope. 

Precisely prepared 

tasks since the 

system is well-

known by both 

parties. 

Preparations is done 

by service provider 

according to KPI's. 

Preparation is 

done by 

engineering 

department. 

Risks High risks for 

customer due to 

uncertain scope. 

Little contractual 

risks. Contract price 

can change due to 

additional work. 

Risks are delegated 

to service provider. 

New risks due to 

responsibility shift. 

Customer is 

responsible for 

all risk sources. 

Total cost of 

ownership 

Small part of 

scheduled and 

unscheduled 

maintenance costs 

are fixed. 

Costs of scheduled 

maintenance are 

fixed and a part of 

the unscheduled. 

Costs are fixed 

before the service 

contract period. 

No costs are 

fixed. 

 

 Service contract comparison factors 

Now that the characteristics of the service contracts have been identified, an elaboration is done on 

the performance measures that describe system performance in the maritime sector. To answer the 

first sub-question of the research, it is important to understand the difference in system performance 

of the service contracts. The stakeholders engage in service contracting in the conviction that they have 

the biggest influence on the possibly generated value and competitive advantages. However, based on 

what factors can service contracts be compared to identify the benefits of service contracting? First, 

the performance measures are identified that explain the system performance in the maritime sector. 

Hereafter, factors are identified that compare the performance of the service contracts. The factors 

are identified by interviews with the companies involved in the research. 

3.2.1 System performance in the maritime sector 

In the maritime sector, it is important to keep the ships up and running against the lowest system LCC. 

Van Horenbeek et al. (2012) generated a framework for maintenance performance criteria. With use 

of this framework and insights from the companies involved in the research, relevant overarching 

performance measures with its drivers are identified. To evaluate the effectiveness of service 

contracting, four overarching performance measures are designated in the maritime sector. These are, 

operational availability, system reliability, system response time and system LCC. In order to create 

better understanding of the performance measures, drivers behind the performance measures are 

identified. An overview of the overarching performance measures with their underlying drivers is 

provided in Table 3.2. 

In a maritime environment, operational availability is imperative to keep the ships up and running. 

Operational availability is driven by multiple drivers, including the system reliability, usage rate, 

maintenance strategy, spare parts, replacement time, repair time, delay time and component criticality. 

System reliability is driven by drivers that have an influence on the reliability of the system. A high 
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system reliability causes less undesired downtime, which is of great importance in the maritime sector. 

The system response time explains the maintainability of the system. When maintenance needs to be 

executed, the system response time implies the length of system downtime. The last performance 

driver is the system LCC. An assumption is made that the purchasing and disposal costs of the system 

are not within the scope of the system LCC under service contracting. The maintenance, downtime, 

administrative, holding and outsourcing costs define the LCC of the system. 

As can be concluded from Table 3.2, operational availability comprises both system reliability and 

system response time. A high system reliability and a quick system response time positively affects the 

operational availability. This is also defined in literature (Ebeling, 2004; Van Horenbeek et al., 2012). 

Operational availability may be the preferred measure for a repairable system since it comprises both 

failures and replacements. Furthermore, the system LCC explains the system’s performance in terms 

of LCC. Operational availability and system LCC are concluded to be the overarching performance 

measures that describe the system performance in the maritime sector. The relationship and a formal 

definition of the performance measures with its drivers are provided in Appendix B. 

Table 3.2: Overarching performance measures in the maritime sector 

Performance 

measures 
Performance drivers 

Operational 

availability 

system reliability, usage rate, maintenance 

strategy, spare parts, replacement time, 

repair time, delay time, component 

criticality; 

System reliability component failure distribution, usage 

rate, maintenance strategy; 

System response 

time 
administrative delay time, replacement 

time, spare parts, repair time; 

System life cycle 

costs 

maintenance costs, downtime costs, 

administrative costs, holding costs, 

outsourcing costs. 

3.2.2 Comparison factors 

Now that the contract characteristics have been summarized and the overarching performance 

measures have been defined, the factors that compare performance of the service contracts are 

identified in this part of the chapter. With use of the factors, the degree of difference among service 

contracts is quantified. By qualitative interviews with the companies involved in the research, multiple 

quantitative factors that explain the differences in operational availability and system LCC among 

service contracts are identified. These factors are as follows: 

Capacity of personnel: this factor represents the difference in maintenance time due to capacity 

restrictions of maintenance personnel. For each contract, the stakeholders have their own strategy to 

determine the capacity of maintenance personnel. For example, under a PBC the influence of KPI’s 

determines the capacity of maintenance personnel. On the other hand, if maintenance is executed in-
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house, it could be outsourced because of capacity restrictions. This factor influences the length of a 

maintenance interval where maintenance tasks can be executed simultaneously.  

Maintenance time: this factor represents the effect on the maintenance time due to system expertise 

and pooling of activities. A service provider could be more efficient in executing the maintenance 

tasks. The efficiency and pooling of activities influence the replacement time. 

Repair cycle time: this factor explains the difference in the spare part repair time.  If the service 

provider has more system expertise, they are able to reduce the spare part repair time. 

Administrative delay time: this factor explains the difference in administrative delay. For each 

contract, the administrative delay time is different. This differs per contract due the service level of the 

service contract as shown in Figure 1.1 and the maturity of collaboration between customer and service 

provider.  

Purchase costs: this factor represents the difference in purchase costs of components. Considering 

strategic purchasing, the service provider might be capable to buy components cheaper due to a bigger 

lot size or better market awareness.  

Holding rate: this factor explains the difference in spare parts holding rate. The holding rate 

represents the costs for holding a Stock Keeping Unit (SKU) in inventory for an amount of time. The 

holding rate could differ when the spare parts are stored at the supplier’s warehouse. 

Profit margin because of risks: this factor represents the difference in profit margin that the service 

provider charges to the customer. The risks affect the profit margin. 

3.2.3 Factor integration  

As stated above, the factors represent quantitative differences of system performance among service 

contracts. The factors are integrated in the model that derives the system performance to compare the 

service contracts. A service contract is considered for a system that is already operational or for a new 

system. The factor integration in the model is different for the both scenarios, the two scenarios are 

described below. Appendix C provides a framework for both scenarios. 

If a service contract is considered for a system that is already operational, the current system is 

considered as the benchmark. The factor values of the service contracts are normalized relative to the 

current system. So, the factors of the current service contract are filled in as 1 and the factors of the 

other contracts are relative to the current system. 

In the scenario of a new system, the parameters that derive the system performance are based on 

how the system is designed by engineering. The factor values of the service contracts are normalized 

relative to the “engineered design” of the system. 
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 Service contract decision model  

This chapter elaborates on the service contract decision model. The formulas that define the system 

performance in the maritime sector are derived. In the previous chapter, the conclusion is drawn that 

operational availability and system LCC define the system performance in a maritime environment.  

The identified factors in paragraph 3.2.2 are integrated in the formulas to compare the performance 

of service contracts. This model is implemented in a tool to facilitate service contract decision-making 

for customer and service provider. The tool is elaborated upon in the implementation part of 

paragraph 7.2.2.  

In paragraph 4.1, the model is conceptualized. Hereafter, in paragraph 4.2, the influence of the 

maintenance strategies is defined. In paragraph 4.3, the formula of the operational availability is 

derived. Then, the formula of system LCC is derived in paragraph 4.4. Finally, the factors are 

integrated in the model in paragraph 4.5. 

 Model conceptualization 

Multiple aspects influence the contents and relevance of the model.  In this paragraph, the model is 

conceptualized. An elaboration is done on how the following important aspects are integrated in the 

model: 

- Component dependence; 

- Subsystem usage rate; 

- Component criticality; 

- Component failure distribution. 

4.1.1 Component dependence 

Dependencies between components are important to take into account when considering a multi-

component maintenance model. Dependencies are distinguished in economic, structural and 

stochastic dependence (Nicolai and Dekker, 2007). 

Economic dependence refers to the economic impacts in terms of downtime caused by 

unavailability of the system. Since ships also visit the harbor for other purposes than maintenance, it 

is hard to quantify the costs of downtime. The downtime costs can be defined as opportunity costs. 

Economic dependence is included in the model by incorporating a downtime rate that penalizes 

unexpected downtime that is caused by failures of critical components.  

Another type of dependence is structural dependence. Structural dependence applies if 

components structurally form a part. When doing maintenance on complex systems, maintenance of 

a component often requires to dismantle a set of components. The costs are defined as set-up costs. 

If maintenance on multiple components can be clustered, the set-up costs are shared among the 

components and it contributes to an overall cost reduction. The structural dependencies between 

components are time related in this research. The set-up costs are the wages of engineers that 

dismantles the system. Structural dependencies are included in the model by including the set-up time. 

The work of Vermeulen (2016) can be used as a reference to optimize maintenance clustering. 
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Stochastic dependence is dependence between the failure probabilities of components. The 

breakdown of one component affects the failure or degradation rate of other components. In literature 

(Jin et al., 2013; Öner et al., 2010), most multi-component maintenance models assume that the 

components operate independently. However, in most mechanical systems there exists stochastic 

dependence between components. Incorporating this kind of dependency would create a very 

complex model. Furthermore, the size of effect is unknown to the companies involved in the research. 

For this reason, the research assumes that there are no stochastic dependencies between the 

components of a system.  

4.1.2 Subsystem usage rate 

The different systems onboard of vessels are not constantly operational. In the maritime sector, the 

degree of usage differs per operating mode. This affects the operational availability. For this reason, 

the usage rate is important to include in the model. The usage rate is incorporated by a factor that 

represents the usage in an operating cycle. This is done in the work of Jin et al. (2013), they define the 

operational availability taking into account the usage variability. Jin et al. (2013) define the usage rate 

as the ratio between the operating time and the uptime. The latter consists of the total of operating 

and standby time. The operating time in the work of Jin et al. (2013) is independent of the downtime. 

However, in this research the downtime is part of the operating time. For this reason, the expected 

downtime cT  has to be subtracted from the operating time. The usage rate of subsystem i  is denoted 

by i , ]1,0[i . The usage rate is derived as follows: 
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(4.1) 

s

iT  is the expected standby time in an operational cycle of subsystem i . oT  denotes the operating 

time in an operational cycle. 
s

iT  and oT  are both deterministic variables.  

An alternative approach to incorporate the usage rate is presented in the work of Eruguz et al. 

(2016). In the work of Eruguz et al. (2016), an infinite horizon Markov decision-process is presented 

where the different operating modes affect the degradation level. 

4.1.3 Component criticality 

In an operational system, each component has its individual criticality. It may be very costly to perform 

corrective maintenance in some operational states. Therefore it may be beneficial to postpone 

corrective maintenance if a component is non-critical. This decision is included in the model by 

defining if a component is critical or non-critical. If a non-critical component fails, maintenance is 

postponed to the subsequent maintenance interval. Critical components that fail in operation are 

maintained directly and cause overall system downtime.  
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4.1.4 Component failure distribution 

In this research, two types of failure rates are included in the model, namely, components with an 

increasing failure rate and components with a constant failure rate. Components with an increasing 

failure rate are assumed to follow a Weibull failure distribution with scale parameter 
ij  and shape 

parameter 
ij . The Weibull distribution is a widely used lifetime distribution in reliability engineering 

since it is commonly used to model components that are degrading over time. Components with a 

constant failure rate are assumed to follow an Exponential failure distribution, the scale parameter is 

denoted by 
ij . The Exponential distribution is important in reliability engineering because of the 

memoryless property, which means that the remaining lifetime of a part has the same distribution as 

the preceding lifetime. For example, the Exponential failure distribution can be used to model 

electrical components that usually do not wear out long after the expected life of the subsystem in 

which they were installed. 

 Maintenance strategy integration 

This paragraph elaborates on the integration of the maintenance strategies described in paragraph 

2.3.3. In paragraph 4.2.1, the general maintenance strategy is described. Hereafter, in paragraph 4.2.2, 

the integration of condition based maintenance is defined. 

4.2.1 General maintenance strategies 

The foundation of the model is a combination of failure based maintenance and time based 

maintenance. For components with a constant failure rate, replacements do no alter the failure rate. 

Therefore, a failure based maintenance strategy is integrated in the model for those components. For 

components with an increasing failure rate, a time based maintenance strategy is applied. Preventive 

maintenance is performed during the docking period and corrective maintenance is performed when 

a critical component fails in operation. Since the system consists of several components and replacing 

a component each operational cycle is expensive, components have their individual replacement 

period. The replacement period of a component is denoted by 
ij , e.g., if 

ij  of a component is 2 , 

it is replaced every second operational period. 
ij  accounts for all positive integers. Condition based 

maintenance by inspections or continuous condition monitoring is integrated by evaluating its effect 

on the general model, this is clarified in the subsequent paragraph. 

In conclusion, three maintenance strategies are included in the model, Table 4.1 provides an 

overview. If all components in the model have a continuous failure rate, only a failure based 

maintenance strategy is applied. It is assumed that systems do not only have components with a 

continuous failure rate. 

 

Table 4.1: Maintenance strategies included in the model 

Strategy Increasing failure rate Continuous failure rate 

1 Time based maintenance Failure based maintenance 

2 Inspection based maintenance Failure based maintenance 

3 Maintenance by condition monitoring Failure based maintenance 
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4.2.2 Model integration of condition based maintenance  

Under condition based maintenance, the component replacement interval is based on the component 

degradation level. Applying condition based maintenance has an impact on the strategy that is based 

on the combination of failure and time based maintenance. The failure probability is reduced, the 

replacement times are improved and there are additional costs. 

If inspection based maintenance is applied, the system is inspected if the ship is in harbor. The 

degradation of components is established and a decision is made by engineers when components are 

replaced. Since the degradation is known, the lifetime of components can be better estimated. This 

results in a reduction of failure probability. If a system is monitored continuously, the degradation 

behavior over time is known. 
is and 

cm denote the reduction of failure probability of inspection 

based maintenance and condition based maintenance by condition monitoring, ]1,0[ . The failure 

probability will be reduced more with condition monitoring as compared to periodical inspections. 

For this reason, the variable is different for inspections and condition monitoring.   is 1 for the 

general model described in the previous paragraph. The variable is multiplied with the failure 

distribution for both components with an increasing and constant failure rate. For components with a 

constant failure rate, there still can be very little degradation, therefore condition based maintenance 

may improve the reliability. 

Inspection and condition monitoring influence the corrective maintenance times. The degradation 

of components is inspected or monitored, thus the failure or degradation characteristics are 

communicated to the maintenance department. The engineers will have acquired greater knowledge 

in advance of the maintenance, so corrective maintenance can be conducted faster. It is assumed that 

condition based maintenance does not influence preventive maintenance times. The improvement in 

the component replacement time with inspections and condition monitoring is denoted by 
is  and 

cm , ]1,0[ .   is 1 for the general model described in the previous paragraph. 

If inspections are performed or the system is continuously monitored the result will be higher costs. 

In the event of inspection based maintenance, wages of maintenance engineers that perform the 

inspections account for the higher expense. The average total inspection costs in an operating cycle is 

denoted by 
isc  and are rising each preventive replacement interval. In the event of condition 

monitoring, the maintenance performing organization will acquire systems that are able to monitor the 

condition of machinery. Those systems are usually very expensive. For this reason, purchase costs for 

acquiring the condition monitoring systems are integrated in the cost formula. Purchase costs are 

denoted by 
cmc . 

 Operational availability 

Operational availability and the system LCC are considered as the performance measures that define 

the system performance in a maritime setting. This paragraph elaborates on the derivation of the 

operational availability. The relationship of the performance drivers with operational availability is 

clarified in section 4.3.1. Subsequently, the operational availability in a multi-component setting is 

derived in 4.3.2. 
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4.3.1 Drivers of operational availability 

System reliability and system response time are the two overarching performance measures that drive 

operational availability. Under a high system reliability, few system failures occur over time and the 

operational availability increases. Similarly, if the system has a short response time, it also leads to an 

increase in operational availability. System reliability and system response time are commonly defined 

as reliability and maintainability (Ebeling, 2004; Van Horenbeek et al., 2012). Appendix B clarifies 

the relationship among the measures and provides a formal definition. 

System reliability depends on several drivers, such as, the component failure distribution, 

maintenance strategy, subsystem usage rate and component criticality. The failure distribution of a 

component explains the failure behavior of a component. The failure distributions described in 4.1.4 

are included in the model. Another important performance driver is the maintenance strategy. An 

optimized maintenance strategy maximizes the system performance. The influence of the 

maintenance strategies is described in the previous paragraph. Furthermore, the system reliability also 

depends on the usage rate of subsystems. In an operational cycle, some subsystems are fully 

operational but others could be standby for a period of time. For this reason, this driver is included in 

the model, as an increase in the usage rate leads to more failures over time. Lastly, the criticality of 

components is included in the model. The number of critical components has an impact on the 

amount of corrective maintenance.  

The system response time/maintainability primarily depends on the replacement time and the 

maintenance delay time. When maintenance is conducted, administrative activities first take place. 

This is defined as administrative delay time and each service contract has its specific administrative 

delay time. An increase in administrative delay time leads to a decrease in maintainability. The 

replacement time also plays an important role in sustaining the maintainability of repairable systems. 

For a repairable inventory model, the total replacement time comprises of the component 

replacement time and the repair time if a spare part is out of stock. Firstly, an increase in component 

replacement time leads to an increase in the component maintainability. Every component has its 

individual maintenance tasks that together determine the replacement time of a component. Secondly, 

an increase in the spare parts stocking level leads to an increase in maintainability since the probability 

of backorders is decreased. 

4.3.2 Operational availability derivation 

Notation 

ji,  component j of subsystem i , }...,2,1{ Mi  , }...,2,1{ iNj   

ij  Weibull scale parameter of component ji,  

ij  Weibull shape parameter of component ji,  

ij  Exponential scale parameter of component ji,  

i  usage rate of subsystem i , ]1,0[i  

ijs  basestock level of component ji,  

oT  operating time in an operational cycle 

s

iT  standby time of subsystem i  in an operating cycle 
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ij  replacement period of component ji, , 
ij  accounts for all positive integers 

k  maintenance type with  cmpmk , , preventive or corrective maintenance 

k

ijtm  replacement time of component ji,  with maintenance type k  

k

ijtr  repair cycle time of component ji,  with maintenance type k  

kta  administrative delay time with maintenance type k   

its  set-up time of subsystem i  

 
)(tRij

 reliability distribution of component ji,  

)(tFij
 failure distribution of component ji,  

z

ijF  probability that component ji,  fails before time oT ,  coinz ,  

ij,  aggregate replacement rate, incl. PM & CM replacements of component ji,  

ijO  repair pipeline stock of component ji,  with mean 
ij (

ij  is a random variable) 

pT  expected preventive maintenance time in an operating cycle 

cT  
expected corrective maintenance time in an operating cycle 

A  system operational availability 

This paragraph derives the operational availability for the described system configuration in paragraph 

2.3.2 that is maintained according to the maintenance strategy described in paragraph 4.2.1. In short, 

referring to the system configuration described in paragraph 2.3.2. The model incorporates a system 

where the subsystem usage rate, the criticality of components and the failure rate type are taken into 

account. Referring to the maintenance strategy described in paragraph 4.2.1, maintenance is 

performed during the docking period and when a critical component fails in operation. The 

foundation of the model is a combination of failure based maintenance and time based maintenance. 

Condition based maintenance by inspections or condition monitoring is integrated by evaluating its 

effect on the model. 

The operational availability is influenced by both planned and unplanned replacements. As 

explained in paragraph 2.3.3, an operating cycle includes both operating time oT  and expected 

preventive maintenance time pT . The summation of expected corrective cT  and preventive 

maintenance time accounts for the downtime in an operating cycle. cT  and pT  are stochastic 

variables, oT  is a deterministic variable. The operational availability of the system is defined as: 
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(4.2) 

The Weibull and Exponential reliability distributions are affected by the usage rate, as derived in 

Jin et al. (2013). The Weibull reliability distribution that includes the usage rate is as follows: 
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The Exponential reliability distribution with the integrated usage rate is: 

            t

ij
iijetR


  

(4.4) 

In order to calculate the operational availability, the expected preventive and corrective downtime 

are derived. As stated in the previous paragraph, the downtime of corrective and preventive 

maintenance is the summation of the administrative delay time, the component replacement time, the 

subsystem set-up time and the repair cycle time if a component is out of stock. Let 
kta  be the 

administrative delay time for maintenance type k ,  cmpmk , .  The replacement time is the 

summation of the component replacement time plus the subsystem set-up time. k

ijtm  denotes the 

mean replacement time with maintenance type k  of component ji, . It is multiplied by   to include 

the different maintenance strategies. its  denotes the set-up time of subsystem i . The repair cycle time 

if component ji,  is out of stock is denoted by k

ijtr . A component is out of stock if the complete set 

of spare parts are in repair, the spare parts on stock are defined as the basestock level 
ijs . The spare 

parts in repair are defined as the repair pipeline stock 
ijO . The assumption is made that components 

enter the pipeline stock according to a Poisson process with mean 
ij  and each components stays on 

average a time k

ijtr  in the repair pipeline, 
ij is a random variable. The repair pipeline may be seen 

as a queueing system with infinitely many servers and repair times of k

ijtr . The repair center can be 

treated as a single // 11 GM  queuing system and thus Palm’s Theorem (Palm, 1938) may be applied. 

The probability that a spare part is available equals: 
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(4.5) 

The probability that a spare part is not available is }Pr{1 ijij sO  . The mean, 
ij , is calculated 

differently for components with a Weibull failure distribution compared with components with an 

Exponential failure distribution. In the case of the Exponential failure distribution, components are 

only replaced when a failure occurs. For this reason, all replaced parts are defective parts. The 
ij  of 

components with an Exponential failure distribution is calculated by: 

          i

cm

ijijij tr    (4.6) 

The subsystem usage rate affects the mean repair pipeline stock (Jin et al., 2013). If a subsystem is 

often in standby, the repair pipeline stock of components becomes less.  The 
ij  of components with 

a Weibull failure distribution equals: 

           )()(, oijij

cm

ijoijij

pm

ijijij TFtrTRtr     (4.7) 

Note that components with a Weibull failure distribution can be repaired with probability 

)(1)( oijijoijij TRTF    and reconditioned with probability )( oijij TR  . Since the component is 

replaced at its individual replacement time, the time index is 
oijT . 

ij,  denotes the aggregate 
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replacement rate including planned and unplanned replacements. The aggregate replacement rate is 

calculated by: 
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(4.8) 

 The total replacement time of component ji,  with maintenance type k  equals: 

            ijij
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(4.9) 

Expected preventive maintenance time: 

The expected preventive and corrective maintenance time in an operating cycle are calculated 

differently. The expected preventive maintenance time is derived as follows. The assumption is made 

that there is infinite capacity of maintenance personnel, so maintenance tasks are executed 

simultaneously. This indicates that the expected preventive maintenance time in an operating cycle is 

equal to the longest component maintenance time plus the system administrative delay time 
pmta . 

The preventive replacement time pm

ijtm , subsystem set-up time its  and the repair cycle time pm

ijtr  

determine the longest component maintenance time. Not every component is maintained in each 

operating cycle, this is due to the component replacement period ij . This implies that the longest 

maintenance time differs per operating cycle. To calculate the average longest maintenance time, the 

maximum among the preventive maintenance times is calculated for each operating cycle throughout 

the system’s lifetime. The summation of the maximum preventive maintenance times divided by the 

number of cycles n  gives the average preventive maintenance time. The expected preventive 

maintenance time in an operating cycle is defined as: 
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(4.10) 

Only components ji,  with an increasing failure rate are included in formula 4.10. As explained 

in section 4.2.1, it is not optimal to preventively replace components with a continuous failure rate 

since the components are not degrading. 

Expected corrective maintenance time: 

The corrective downtime of critical component ji,  in an operating cycle is the multiplication of the 

cumulative distribution function (CDF) with the total corrective downtime as defined in equation 4.9. 

It is multiplied by   to include the different maintenance strategies as described in paragraph 4.2. 

The derivation of the CDF differs for degrading and non-degrading component since the failure rate 

of non-degrading components is constant and it is increasing for degrading components. The 

probability that a component fails before time oT  is denoted by 
z

ijF , with  coinz , . in  denotes a 

component with an increasing failure rate, co  denotes a component with a constant failure rate. The 

probability that a component with an increasing failure rate fails in an operating cycle depends on the 

replacement interval of the component. Since the probability that a component fails in an operating 

cycle increases in time, the average probability in the operational cycle is used. This is equal to the 
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probability that a component fails before it is replaced at time oijT  divided by the number of periods. 

The Weibull distribution is used for components with an increasing failure rate. The CDF of a 

component with an increasing failure rate in an operating cycle is: 
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(4.11) 

For components with a constant failure rate, the Exponential distribution is used. The probability 

that a component fails before time oT  is: 
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(4.12) 

The expected corrective maintenance time in an operating cycle is defined as: 
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(4.13) 

Only components ji,  that are critical are integrated in formula 4.13. Non-critical components are 

not causing corrective maintenance time. As derived in formula 4.11 and 4.12, 
z

ijF  is calculated 

differently for components with an increasing and constant failure rate.  

In conclusion, the operation availability is derived by integrating formula 4.10 and 4.13 in formula 

4.2.  

 System life cycle costs 

The system LCC is the second overarching performance measure that describes the system 

performance in the maritime sector. This paragraph derives the system LCC for the described system 

configuration in paragraph 2.3.2 that is maintained according to the maintenance strategies described 

in paragraph 4.2.1. 

4.4.1 Cost categories 

For every service contract, the costs incurred to the stakeholders of the contract are different. The cost 

categories from Table 3.2 are as follows:  

Maintenance costs: the maintenance costs comprise the personnel and material costs of 

maintenance. Personnel costs are translated into the time needed to perform maintenance, the costs 

are the summation of the system set-up time and the replacement time multiplied by the maintenance 

labor rate. The material costs comprise the costs of components that are replaced. The maintenance 

costs are incurred to the company that performs the maintenance. 

Downtime costs: the downtime costs are a consequence of system downtime. In a maritime 

environment, the downtime costs are difficult to define. Within this research, the downtime costs are 
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defined as costs of downtime per time unit cause by corrective maintenance. The downtime costs are 

incurred to the customer, since it is the owner of the system. 

Administrative costs: administrative costs account for the administrative costs of personnel. Before 

and after the maintenance, administrative activities take place. Before the maintenance, the 

maintenance execution plan needs to be defined and materials need to be ordered by engineers, and 

afterwards, the executed maintenance is inspected. The administrative costs are incurred to both 

customer and service provider. 

Holding costs: the holding costs consist of costs for holding the spare parts in inventory. This is 

defined as the stock holding rate for holding a Stock Keeping Unit (SKU) in inventory for an amount 

of time. The holding costs are incurred to the company that holds the spare parts in stock. The 

assumption is made that the maintenance performing organization is the stock owner. 

Outsourcing costs: the outsourcing costs are the reimbursed costs from the customer to the service 

provider. This includes the total of costs from the service provider plus an additional profit payment.   

4.4.2 System life cycle costs derivation 

Notation 

T  service contract duration 

 

 

 

 

ijc  
purchase costs of component ji,  

 ijm  
number of maintenance employees to maintain component ji,  

a  number of administrative employees 

mr  
maintenance labor rate in costs per time unit 

ar  
administrative labor rate in costs per time unit 

d  downtime rate in costs per time unit 

h  holding rate for holding a SKU in inventory in costs per time unit  

p  profit margin in percentage of the revenue 

ast  
subsequent administrative time 

totC  total costs throughout T  

MC  maintenance costs throughout T  

DC  downtime costs throughout T  

AC  administrative costs throughout T  

HC  holding costs throughout T  

OC  outsourcing costs of the customer throughout T  

totP  Total profit of the service provider throughout T  
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The system LCC, denoted by totC , is the summation of the maintenance costs MC , the downtime 

costs DC , the administrative costs AC , the holding costs HC  and the outsourcing costs OC and 

equals: 

          OHADMtot CCCCCC   (4.14) 

For each contract type, the LCC structure differs for the customer and service provider, an 

overview of the costs incurred to the customer and service provider of each service contract type is 

provided in Appendix F. The cost categories are elaborated below. 

The number of cycles throughout the service contract period T  equals: 

          
pTT
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(4.15) 

The maintenance costs are the summation of the material and personnel costs. The material costs 

of component ji,  are denoted by 
ijc  . The personnel costs are the multiplication of the maintenance 

labor rate mr  and the number of maintenance employees ijm  for component ji, , with the 

replacement time 
k

ij
tm  plus the subsystem set-up time its . If components of the same system are 

maintained, the set-up time is shared among the components. The maintenance costs for maintenance 

type k  are given by: 

            ijmi

k

ij mrtstmc
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   (4.16) 

The total maintenance costs throughout service contract period T  includes both preventive and 

corrective maintenance. The CDF of critical components is denoted by 
z

ijF . For degrading 

components, the average number of replacements in a cycle is 

ij

1
. The inspection costs 

isc  are 

incurred each preventive maintenance interval. The costs of condition monitoring cmc  are incurred 

once throughout the service contract period. The total maintenance costs are: 
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(4.17) 

Downtime costs imply the costs due to a disruption in the operational status because of the failure 

of critical components. The CDF of downtime in an operating cycle, 
z

ijF  , is multiplied by the 

downtime. The total expected amount of downtime throughout the service contract period is 

multiplied by the downtime rate that is denoted by d . The total of downtime costs are given by: 
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(4.18) 

The administrative costs are the total of administrative time multiplied by the administrative labour 

rate ar  and the number of administrative employees a . The total administrative time is the 

administrative delay time before the maintenance is executed 
kta  and the subsequent administrative 

delay time ast .  The administrative costs of maintenance type k  is given by: 

            artta aas

k   
(4.19) 

Administrative time for preventive maintenance is shared among the components. For corrective 

maintenance, each failure causes administrative time. The administrative costs throughout the service 

contract are defined as follows: 
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(4.20) 

The holding costs are the multiplication of the holding rate with the spare parts inventory for all 

components, the total holding costs are as follows: 
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(4.21) 

The customer has to refund the costs of the service provider plus an additional profit margin. The 

outsourcing costs are denoted by OC . The profit margin is the percentage of revenue and accounts 

for both the profit and risks, p  denotes the profit margin. The total profit of the service provider is 

derived as follows: 

          Otot pCP   (4.22) 

 Factor integration in operational availability and system LCC 

This paragraph elaborates on the integration of the factors that are identified in paragraph 3.2.2. Each 

factor is integrated in the formulas of the operational availability and system LCC in order to compare 

the service contract types. The allocation of the factors is described below in equation 4.23 to 4.30. 

y

xF  represents the comparison factor for the service contract types. x  represents the factor type, 

with  rihparemcx ,,,,,,  ; y

cF  represents the factor for the capacity of personnel; y

mF  

represents the factor for the maintenance time; y

reF  represents the factor for the repair cycle time; 

y

aF  represents the factor for the administrative delay time; y

pF  represents the factor for the  purchase 

costs; y

hF  represents the factor for the holding rate and; y

riF   represents the factor for the profit 

margin because of risks. y  represents the service contract type, with  ipfcy ,,, ; c

xF  represents 
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the factor for the cost-plus contract; f

xF  represents the factor for the fixed-price contract; p

xF  

represents the factor for the performance based contract and; i

xF  represents the factor for in-house 

maintenance. 

y

cF influences the preventive maintenance time in equation 4.10. If there is limited capacity of 

personnel, maintenance tasks cannot be executed simultaneously. For this reason this factor is 

multiplied by the length of the preventive maintenance interval. 
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(4.23) 

Due to the system expertise and pooling of activities, the set-up time and component replacement 

time may be executed more efficiently if maintenance is outsourced. Therefore, y

mF  is multiplied by 

set-up and replacement time. 

          
i
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m tsF  (4.24) 

          k

ij

y

m tmF  (4.25) 

y

reF  influences the repair cycle time. If the service provider has more expertise, they may be able 

to reduce the repair cycle time k

ijtr . 

          k

ij

y

retrF  (4.26) 

For each service contract, the administrative delay time is different. y

aF is multiplied by the 

administrative delay time. 

          ky

a taF  (4.27) 

y

pF  influences the purchase costs of component ji, . The purchase costs vary per service contract 

type. 

          
ij

y

p cF  (4.28) 

y

hF  explains the difference in holding rate. The holding rate may differ when spare parts are stored 

at the supplier’s warehouse. 

          hF y

h
 (4.29) 

y

riF  represents the differences in risk among the service contracts. It is multiplied by the costs of 

outsourcing OC . 

          
O

y

ri CF  (4.30) 

In conclusion, the model accounts for service contract decision-making based on the system 

configuration and maintenance strategy. By integrating the factors in the formulas that derive the 

operational availability (formula 4.2) and the system LCC (formula 4.14), the performance of the 

service contracts is compared. 
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 Model analysis 

Now that the model has been derived in the previous chapter, this chapter provides an analysis on 

how it contributes to service contract decision-making. Since service contract decision-making is based 

on the comparison factors, the influence of the system configuration and maintenance strategy on the 

comparison factors is analyzed.  

The chapter starts with an analysis on how the system configuration affects the decision-making. 

Then the influence of the maintenance strategy is elaborated on. Finally, the chapter ends with an 

overall conclusion and overview,  

 System configuration analysis 

The system configuration is defined as the structure and characteristics of the components. The 

structure of components explains the number of subsystems with its components in the 

comprehensive system. If many subsystems are included within the scope of the service contract, 

service contract decision-making becomes more important since the LCC are higher. The structure 

of components influences service contract decision-making as it enlarges costs differences among 

service contracts.   

A characteristic of the system configuration is the usage rate of a subsystem. The usage rate is 

integrated in the failure distributions. If a system is often in standby, the influence of the comparison 

factors on the system performance is less. This affects the influence of the comparison factors on the 

system performance. A vast amount of standby time results in fewer system failures over time. The 

differences in system performance of the contracts will be less. For example, the factor that represents 

the difference in maintenance time has less impact on the decision-making since the system needs less 

maintenance. Moreover, the factor that clarifies the difference in administrative delay time also has 

less impact since there are fewer replacements. This also holds for the other factors; the capacity of 

personnel will not be an issue since less maintenance is conducted; fewer components are in repair so 

the factor that represents repair time is less important and fewer spare parts are on stock which affects 

the holding rate; fewer components are bought so the difference in the purchase price among the 

contracts has less impact; and the difference in profit margin is less important since less expenses are 

made. To summarize, the usage rate affects all comparison factors. If a service contract is considered 

for a system with a very low usage rate, the quantitative difference of the service contracts are less 

significant.  

The system configuration is also characterized by the criticality of components. The failure 

distribution of components is only derived for critical components. The component criticality 

determines the amount of corrective maintenance. If there are only a few critical components in a 

system there will be less corrective maintenance, so maintenance and administrative delay time will 

also be less important. With fewer critical components, the factors that represent the administrative 

delay time, maintenance time, repair time and holding rate have less influence. So, the criticality of 

components affects service contract decision-making by affecting corrective maintenance efficiency. 
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Another characteristic of the system configuration is the failure rate type of components. The 

failure rate of components affects service contract decision-making by influencing several factors. If 

the failure rate of most components is increasing, the factor that represents the capacity of personnel 

will have more influence. More components are preventively replaced, therefore, the factor that 

represents capacity of personnel influences the preventive maintenance time. On the other hand, if 

most components within the service contract have a continuous failure rate, the system is subject to 

more corrective maintenance. This is somewhat comparable to the situation described of a high 

criticality of components. The factors that describe the difference of the service contracts for corrective 

maintenance time will have more influence. To summarize, if components with an increasing failure 

rate are dominant, the capacity factor is important in contract decision-making. On the other hand, if 

many components have a continuous failure rate, the factor that represents the difference in 

maintenance, administrative delay and repair time influence the decision-making. 

 Maintenance strategy analysis 

The maintenance strategies included in the model are failure based, time based and condition based 

maintenance. The latter consists of maintenance by inspections or continuous monitoring. This 

paragraph describes the influence of maintenance strategies on service contract decision-making. 

A failure based maintenance strategy is assumed to be the optimal strategy for components with a 

continuous failure rate. If solely a failure based maintenance strategy is applied the implication is that 

the system only consists of components with a constant failure rate. The benefits of outsourcing are 

influenced by this strategy. It mostly has an impact on the factors that represent the administrative 

delay and maintenance time. For this strategy, the benefits of prompt handling are imperative since it 

only results in corrective maintenance. Therefore, the factor that represents the capacity of personnel 

will have less influence. The effect of failure based maintenance on service contract decision-making 

affects the factor that represents the difference in maintenance time, administrative delay time and the 

repair cycle time. It has no specific influence on the other factors.  

If a time based maintenance strategy is applied, there are no specific factors that explain the 

quantitative difference of the service contracts. Both the capacity of personnel and prompt handling 

are important, as components are replaced when a component fails and after the operational period. 

A time based maintenance strategy does not influence the impact of the factors on service contract 

decision-making. 

With condition based maintenance by inspections or condition monitoring, there are fewer system 

failures over time. For expensive systems where the amount of corrective maintenance time differs 

significantly from preventive maintenance, a condition based maintenance strategy is suitable. For 

conditions based maintenance, all factors are as equally important in service contract decision-making. 

 Service contract decision-making 

Service contract decision-making is determined by the influence of the factors. As concluded in the 

previous paragraph, the system configuration and maintenance strategy influence the impact of the 

factors on service contract decision-making. Table 5.1 summarizes this influence. If a factor has an 
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impact, it is marked with an ‘x’, and if it is suppressed, it has more influence compared to the other 

factors. A blank spot means that the factor will have no or less impact for the given system configuration 

or maintenance strategy. Condition based maintenance in Table 5.1 comprises both maintenance by 

inspections or condition monitoring. 

Table 5.1: Influence of system configuration and maintenance strategy on factors 

    Capacity 
Maintenance 

time 

Repair 

time 

Administrative 

time 

Purchase 

costs 

Holding 

rate 

Profit 

margin 

Usage rate 
High x x x x x x x 

Low               

Criticality 

High  x x x x x x x 

Low x       x   x 

Failure rate 

Constant  x x x x x x 

Increasing x x x x x x x 

Failure based maintenance  x x x x x x 

Time based maintenance x x x x x x x 

Condition based 

maintenance 
x x x x x x x 

 

Table 5.1 provides a foundation for the case study in the following chapter of the thesis. Using the 

case study and several scenario analyses, the model will be validated and a service contract will be 

selected on the basis of the specific system configuration and maintenance strategy. The combination 

of the system configuration and maintenance strategy on the service contract decision-making is 

investigated in paragraph 6.5. 
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 Case study 

In this chapter, the model validated with use of a case study performed at the RNLN. The model is 

applied to the outsourcing of the Electrical Power Distribution of HNLMS Johan de Witt. The 

chapter starts in section 6.1 with an introduction about the system. Subsequently in section 6.2, the 

used data and assumptions of the model are justified. Hereafter, the results of the case study are 

presented in section 6.3.  In section 6.4, a sensitivity analysis is performed to evaluate which factors 

affect the service contract decision-making. Finally in section 6.5, a scenario analysis is performed to 

examine the influence of the system configuration and maintenance strategy on the service contract 

selection. 

 HNLMS Johan de Witt: Electrical Power Distribution 

The Electrical Power Distribution (EPD) of HNLMS Johan de Witt distributes power throughout the 

vessel, the unit that distributes power to the propulsion units is considered for the case study. 

Currently, the DMI is engaged in a cost-plus contract for the EPD. The DMI wants to investigate if a 

different contact may be more beneficial in terms of system performance. In the current cost-plus 

contract, the DMI is responsible for much risks and is involved in many administrative activities. For 

this reason, the DMI wants to consider a different contract where more responsibilities are delegated 

to the service provider. The current cost-plus contract was considered because of the follow reasons: 

- It is a highly complex system, the DMI does not have the expertise to maintain it; 

- The service provider owns the monopoly in the market, which makes the DMI dependent; 

- There are capacity restrictions, as the DMI does not have sufficient capacity to maintain it as 

fast as the service provider does. 

The circuit diagram of the EPD is displayed in Figure 6.1. The four subsystems of the EPD are: 

(1) four generators; (2) two switchboards; (3) four transformers; and (4) two frequency inverters. For 

each subsystem, the most important components that are subject to failures are identified in 

collaboration with the DMI.  

1

2

3

4

 
Figure 6.1: Circuit diagram: Electrical Power Distribution HNLMS Johan de Witt 
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 Case study input 

The system structure of the EPD is displayed in Figure 6.2, the subsystem/component identification 

is written down and the number of subsystems/components is between brackets. For example, there 

are 4 generators in the EPD and each generator consists of 2 bearings. Since every subsystem 

comprises of many regular electrical components, those components are grouped.  

1. Generator (4)

1.1. Bearing (2)

1.2. Carbon brush

1.3. Electrical components

2. Switchboard (2)

2.1. Switch (4)

2.2. Electrical components

3. Transformer (4)

3.1. Primary coil 

3.2. Secondary coil

3.3. Electrical components

4. Frequency 

inverter (2)

4.1. Water pump 

4.2. Capacitor

4.3. Electrical components

Electrical Power 

Distribution

 

Figure 6.2: System configuration of the electrical power distribution 

The electrical power distribution of the Johan de Witt is already up and running for around 10 

years. Unfortunately, there is no significant amount of failure data collected of the components. The 

missing data and the failure distributions of components are determined by expert opinion. Table 6.1 

provides an overview of the system parameters. Since the data may be unreliable, several scenario 

analyses are performed in paragraph 6.5 to evaluate the differences.  

The assumption is made that degrading components follow a Weibull distribution and non-

degrading components follow an Exponential distribution. Electrical engineers, mechanical engineers 

and maintenance operators described the failure characteristics and mean time to failure in order to 

estimate the parameters of the failure distributions. If failure data is known, a theoretical distribution 

can be selected by performing a statistical test for goodness of fit. Such a test compares a null 

hypothesis with an alternative hypothesis. If the null hypothesis is accepted, the failure times came 

from the specified distribution. The Chi-Square goodness of fit test (Pearson, 1956) is applicable to 

system of the case study, it is used for both continuous and discrete distributions. An alternative 

approach to estimate the parameters of electrical components is the model from Politis (2015). The 

author designed a prognostic tool to predict the lifetime distribution of electronic components. 

Table 6.1: Parameters of the subsystems with its components used in the case study  

 

Subsystems and 

components

comp 

(n)

Usage 

rate

Set-up 

time 

(days)

Cri tical  

(Yes/No)

Fai lure 

distribution

Preventive 

replacement 

time (days)

Corrective 

replacement 

time (days)

Spare 

parts 

(n)

Repair 

time 

(days)

Component 

costs (€)

1. Generator 4

1.1. Bearing 2 Yes Weibull 10950 2 - 1 3 - 0 € 1.000 4 1

1.2. Carbon brush 1 No Weibull 1095 4 - 0,083 0,083 - 0 € 200 2 1

1.3. Electrical comp. 1 Yes Exponential - - 1,37E-05 - 60 - 0 € 100.000 - 8

2. Switchboard 2

2.1. Switch 4 Yes Weibull 3650 2 1 2 2 1,5 € 2.000 5 1

2.2. Electrical comp. 1 No Exponential - - 9,13E-04 - 4 2 1,5 € 1.000 - 2

3. Transformer 4

3.1. Primary coil 1 Yes Exponential - - 1,37E-05 - 60 - 0 € 50.000 - 10

3.2. Secondary coil 1 Yes Exponential - - 1,37E-05 - 60 - 0 € 50.000 - 10

3.3. Electrical comp. 1 Yes Exponential - - 1,37E-05 - 60 - 0 € 50.000 - 10

4. Frequency inv. 2

4.1. Water pump 1 Yes Weibull 5475 2 1 1 1 3 € 1.500 5 1

4.2. Capacitor 1 Yes Exponential - - 2,74E-04 - 1 - 0 € 5.000 - 2

4.3. Electrical comp. 1 Yes Exponential - - 1,83E-04 - 5 - 0 € 6.000 - 2

0,7 10

0,50,7

0,85 0,083

0,85 0,083
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The maintenance strategy of the current system is time based maintenance in combination with 

inspections. Inspections on the system are performed to inspect the bearing lubrication and filters 

inside the pump. Inspections are executed by personnel onboard and are excluded from the scope of 

the case study since the service provider is not responsible for inspections during a mission. The 

component replacement times are according to the technical maintenance descriptions of the system. 

Some components have an equal corrective and preventive replacement time, this indicates that a 

failure does not result in additional replacement time. The operational time of the system is one year. 

The replacement interval of the degrading components is as follows: 41,1  ; 22,1  ; 51,2  ;

51,4  . 

The criticality of components is defined by its influence on downtime. The criticality is determined 

in collaboration with engineers. The usage rate of each subsystem is based on the usage in proportion 

to the ship. When the ship is in the ‘home harbor’ state, the generators and switchboards are operating, 

but the transformers and frequency inverters are not, this explains the difference in usage rate. As 

shown in Table 6.1, only few components have spare parts inventory. Those components are repaired 

by the service provider. Other components do not have spare parts inventory because of economics, 

or the service provider has infinite supply.  

The current administrative delay time in days of corrective and preventive maintenance is 4 and 1. 

The subsequent administrative time due to inspections and administrative activities is 1 day on average 

for both customer and service provider. The wage is defined in hours and is €64 for the maintenance 

personnel and €90 for engineers. The profit margin of the current contract is approximately 10%. The 

stock-holding rate is 500€/year for a single SKU. Downtime costs are incurred when a critical 

component fails and are based on the maintenance budget. The annual maintenance budget of the 

Johan de Witt for preventive and corrective maintenance comprise €3.750.000 and €200.000. By 

dividing the corrective budget for a single day, the downtime rate is day/548€365/000.200€  . 

The costs of the electrical components of the transformers and generators are remarkably high. If an 

electrical component fails, it results for the generator and transformer in a vast amount of downtime. 

Generators and transformers are designed to last longer that the ships lifetime, the ship is not designed 

to replace those components. However, they are still subject to a very small failure probability.  

The factors are filled in by employees that are active in outsourcing at the DMI, the factors are in 

normalized relative to the reference contract (Appendix C). The factors are shown in Table 6.2. The 

determination of some factors may be unreliable, for this reason a sensitivity analysis is performed.  

Table 6.2: Factors to compare the service contracts 

 Cost-plus 

contract 

Fixed-price 

contract 

Performance 

based contract In-house   

Capacity 1 0,8 0,5 4 

Maintenance time 1 0,9 0,7 1,3 

Repair cycle time 1 0,9 0,7 1,2 

Administrative delay 1 0,6 0,5 0,6 

Purchase costs 1 0,8 0,7 1,2 

Holding rate 1 0,8 0,75 0 

Profit margin 1 2 5 0 
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 Results of the case study 

The results of the case study are presented in Table 6.3. The operational availability and system LCC 

are calculated for the contract types. In Table 6.3, the cost and profit structure is presented for 

customer and service provider. For the customer, the costs accumulate the total of maintenance, 

downtime, administrative, holding and outsourcing costs. The latter consists of the expenses made by 

the service provider plus an additional profit payment. For the service provider the profit is calculated. 

This is the profit margin multiplied by the total of outsourcing costs (formula 4.22).  A graphical 

overview of the costs incurred to the customer and service provider is provided in Appendix E. 

Moreover, the difference in operational availability and system LCC of the contracts is displayed in 

Appendix E. 

It is a goal of the DMI to maximize the fleet availability for the assigned government budget. An 

improvement in operational availability for a realistic cost increase motivates the DMI to consider a 

different contract.  For now, they have not set a minimally required operational availability and there 

are no cost constraints for the system. In the case of the service provider, they would likely consider a 

different service contract if the profit increases. Also improvements in operational availability leads to 

improvements in the organizational processes for the service provider. Those motives determine the 

service contract decision-making. 

Table 6.3: Results of the case study 

 Cost-plus 

contract 

Fixed-price 

contract 

Performance 

based contract In-house  

Preventive downtime (days) 1,53 0,84 0,43 5,13 

Corrective downtime (days) 7,71 5,95 4,92 8,35 

Operational availability 0,975 0,981 0,985 0,964 

     

Customer     

Maintenance costs € 0 € 0 € 0 € 228.171 

Downtime costs € 21.113 € 16.312 € 13.472 € 22.871 

Administrative costs € 19.312 € 14.745 € 13.603 € 14.745 

Holding costs € 0 € 0 € 0 € 0 

Outsourcing costs € 233.054 € 209.810 € 223.525 € 0 

Total costs € 273.479 € 240.866 € 250.600 € 265.787 

     

Service provider     

Maintenance costs -€ 180.055 -€ 150.096 -€ 126.039 € 0 

Administrative costs -€ 19.312 -€ 14.745 -€ 13.603 € 0 

Holding costs -€ 12.500 -€ 10.000 -€ 9.375 € 0 

Outsourcing income € 233.054 € 209.810 € 223.525 € 0 

Total profit € 21.187 € 34.968 € 74.508 € 0 

 

The main conclusion that is drawn from Table 6.3, is that the current cost-plus contract is not 

optimal for customer and service provider. In terms of operational availability, the FPC and PBC are 

outperforming the CPC. Only a CPC is beneficial compared to the scenario where maintenance is 
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executed in-house. The PBC is the type of contract where the highest operational availability may be 

achieved. The difference in operational availability between the CPC and PBC is 1%, this is a 

significant difference since the operating cycle is 365 days. This means that an improvement of 1% is 

approximately 4 days. The downtime is reduced by 42%, from 9.24 days to 5.35 days. The system 

LCC of the customer is the highest for the CPC. FPC, PBC and in-house have significant lower costs. 

The FPC is the best option for the customer if the costs are the determinant factor. For the service 

provider, the PBC is most beneficial due to the highest profit. In Table 6.3, the cost difference between 

the PBC and FPC is caused by the profit margin. The maintenance and administrative costs are less, 

but the outsourcing costs are more for the PBC. The increase in operational availability is caused by 

the higher maintenance efficiency and reduction in administrative time.  

The FPC and PBC are the two most suitable contracts for the system. The RNLN is currently 

shifting to an outsourcing strategy where the focus is on PBC’s. Since most systems onboard of vessels 

are becoming more complex over time, the internal knowledge of the systems becomes less. The 

service provider is more capable of maintenance planning and to decide which maintenance strategy 

suits the system best. For this reason, the PBC is the best contract for the RNLN since the maintenance 

strategy determination is delegated to the service provider. It has the highest operational availability 

and there is only a small cost difference with the FPC. On the long-term, PBC’s have proven to cause 

a cost reduction in terms of logistics and administrative activities (Murthy and Jack, 2014). From the 

perspective of the service provider, the PBC is most profitable and it has the highest operational 

availability. The increase in operational availability can lead to an improvement in the supply chain 

and work efficiency, moreover, a PBC generates a stable income stream. However, in a maritime 

environment, not all companies are ready to engage in a PBC because of the risks. Furthermore, the 

companies are not always allowed to place personnel onboard during missions. This may cause 

misunderstandings if the customer has to communicate the failures to the service provider whenever 

a component breaks down in a mission. The alternative of the PBC is the FPC. Compared to the 

CPC, the FPC has a higher operational availability and is more beneficial for both customer and 

service provider in terms of economics. 

The results of the case study are in agreement with the view of the engineers at the DMI. The DMI 

wants to consider a different contract where more responsibilities are delegated to the service provider. 

From the results can be concluded that there are less administrative activities if a PBC or FPC is 

considered. Another significant cost reduction are the maintenance costs, when considering an PBC 

or FPC maintenance is executed more efficient which also leads to a reduction in downtime costs.  

 Sensitivity analysis 

To be able to draw conclusions that are not solely based on the case study, a sensitivity analysis is 

performed. Such an analysis is performed to provide useful managerial insights regarding the selection 

of service contracts. In the sensitivity analysis, the influence of comparison factors on the behavior of 

the system performance is evaluated. The system LCC it the total of costs incurred to the customer. 

The cost-plus contract is used as a reference to evaluate the differences in system performance. The 

output of the sensitivity analysis is illustrated in Figure 6.3. Each factor is deviated by 5,0  from the 

neutral state 1, the sensitivity values are:  5,1;4,1;3,1;2,1;1,1;1;9,0;8,0;7,0;6,0 .  
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Figure 6.3: Sensitivity analysis of the comparison factors 

Several conclusions can be drawn from Figure 6.3 regarding the influence of the comparison 

factors. For the system considered in the case study, only the factors that represent maintenance and 

administrative delay time affect both operational availability and system LCC. Normally, the factor 

that represents the repair cycle time also affects both operational availability and system LCC, however, 

since the system is subject to few failures over time, the factor has less or no influence. The reduction 

in corrective and preventive replacement time leads to an improvement in operational availability and 

a reduction in the system LCC. If the replacement time in Figure 6.3 is reduced by 50%, operational 

availability increases by 0,008, this is equal to a reduction of 3 days. The system LCC decrease by 

€75.000. Maintenance is executed faster and there are less downtime and maintenance costs. If the 

administrative delay time is reduced by 50%, the LCC and operational availability significantly 

improve. In conclusion, the difference in replacement and administrative delay time of the contracts 

affect the decision-making most. This is in agreement with analysis provided chapter 5. 

The factor that represents the capacity has significant impact on the operational availability. If the 

capacity of a different service contract is increased by 50%, which indicates that the preventive 

replacement time is reduced by 50%, the availability increases by 0,0023. This is a reduction of a single 

day in an operating cycle.  

Figure 6.3 also shows that if the factors that represent the purchase price, holding rate and 

difference in profit margin affects the service contract decision-making. The difference in purchase 

price has the most effect in the case study, this is because of the very expensive components of the 

system. Since the components are not failing often, there are many spare parts on stock. For this 

reason has the factor difference of the holding rate has less influence. 



40 

 

Figure 6.3 also validates the results of the case study. The factors that represent the maintenance 

time, administrative delay time have the most influence on the operational availability improvement. 

Those factors of the FPC and PBC are significantly different compared to the current CPC, for this 

reason the operational availability is improved. This also holds for the LCC, under a PBC components 

are bought cheaper and the replacement times are improved. Therefore the PBC realizes a cost 

reduction, however because of the difference in profit margin the FPC has better LCC. 

 Scenario analyses  

In this paragraph, three scenario analyses are performed to provide general managerial insights that 

are not solely based on the case study. For each scenario, there is a small modification of the system 

configuration. The criticality, failure rate type and usage rate of the current system is modified. For 

each scenario, the influence of the described maintenance strategies in paragraph 4.2.1 is analyzed. 

The modified system configuration is compared to the configuration of the case study in order to draw 

conclusions about the influence. The effect of the maintenance strategies on the case study’s system is 

analyzed first. 

6.5.1 Maintenance strategy 

The maintenance strategy of the system in the case study is a combination of time based maintenance 

and failure based maintenance. In this paragraph, the effect of inspection based and maintenance by 

condition monitoring on the service contract decision-making is investigated.  

is and 
cm denote the reduction of the failure probability in an operating cycle. Is it assumed 

that 8,0is and 4,0cm . Since condition monitoring provides more insights in the 

degradation behavior over time, the reduction is lower as compared with inspection based 

maintenance. The improvement in the component replacement time with inspections and condition 

monitoring is denoted by 
is  and 

cm . It is assumed that 9,0is  and 8,0cm , since the 

component’s condition and the condition of the surrounding components is known, the corrective 

replacement time is reduced by condition based maintenance. By inspections and condition 

monitoring, extra costs are incurred. The cost of inspections are the wages of maintenance personnel, 

it is assumed that an inspection takes on average 1 hour. By this, the average total inspection costs in 

an operating cycle 
isc  is calculated. In the event of condition monitoring, equipment needs to be 

purchased. It is stated in section 4.2.2 that only critical components are monitored, the purchase costs 

of equipment are roughly estimated as 000.40€cmc .  

In Table 6.4, the results of the several maintenance strategies are presented. It is notable that 

performing condition based maintenance has a big improvement in the system LCC and operational 

availability. The improvement is because of the higher system reliability, especially using condition 

monitoring. Even with the inspection costs and purchase costs of condition monitoring system, the 

total LCC are less. 
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Table 6.4: Contract selection for the maintenance strategies of the case study 

  Cost-plus 

contract 

Fixed-price 

contract 

Performance 

based contract In-house     

Time based 

maintenance 

Availability 0,975 0,981 0,985 0,964 

Total costs € 273.479 € 240.866 € 250.600 € 265.787 

Profit € 21.187 € 34.968 € 74.508 € 0 

Inspection 

based 

maintenance 

Availability 0,977 0,984 0,988 0,966 

Total costs € 254.418 € 222.376 € 234.029 € 230.583 

Profit € 19.428 € 32.039 € 69.241 € 0 

Maintenance 

by condition 

monitoring 

Availability 0,986 0,991 0,993 0,972 

Total costs € 217.016 € 196.133 € 215.685 € 183.567 

Profit € 17.009 € 29.019 € 65.392 € 0 

If the system is maintained according to time based maintenance strategy, the PBC is the best 

contract as has been defined in paragraph 6.3. It is the best contract if both parties want to engage in 

a PBC and the customer is willing to invest 734.9€ for an improvement in operational availability of

003,0 . Otherwise the FPC is most suitable. For inspection based maintenance, the PBC is also the 

most suitable contract. For maintenance by condition monitoring, the FPC is considered as the best 

contract since the LCC differ significantly from a PBC. It is however less profitable for the service 

provider. It is the best contract if the customer is not willing to invest 552.19€ for an improvement 

in operational availability of 002,0 . 

6.5.2 Scenario analysis: Component criticality 

The overall system criticality of the case study is defined as high. Most components cause overall 

system downtime if a failure occurs. If most components are defined as non-critical, there is less 

corrective maintenance and maintenance of failed components is postponed to the subsequent 

maintenance interval. The criticality of components is modified to a setting where most of components 

are non-critical to investigate the influence on the service contract types.  The adjusted parameter 

values are provided in Appendix G.  

The output of the modified system compared with the case study’s system is shown in Table 6.5, 

the CPC with time based maintenance is used as a reference. The operational availability and costs 

differences that are significant, are shown. It is notable that with a low criticality of components, 

corrective maintenance time is reduced significantly. On the other hand, since failed non-critical 

components are postponed to the subsequent maintenance interval, preventive downtime is increased. 

This is in agreement with the analysis provided in chapter 5. Overall, the operational availability 

increases significantly because of low component criticality. The downtime, maintenance and 

administrative costs are reduced because of the reduction of system failures.  

Table 6.5: Criticality compared with case study for a CPC with time based maintenance 

 Preventive 

downtime 

Corrective 

downtime 

Operational 

availability 

Downtime 

costs 

Maintenance 

costs 

Administrative 

costs   

High criticality 1,53 7,71 0,975 € 21.113 € 180.055 € 19.312 

Low criticality 3,53 2,87 0,983 € 7.881 € 135.897 € 16.475 
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In Table 6.6, the results are presented of the several maintenance strategies for the system with a 

low criticality. Based on the same conclusions drawn in the previous paragraph, the best service 

contracts are selected. For the time based maintenance strategy, the PBC is selected. It is the best 

contract if the customer is willing to invest 105.26€ for an improvement of 005,0 in operational 

availability. For both inspection and condition based maintenance, the FPC is selected since the 

improvement in operational availability compared to the cost reduction is too little to consider a PBC. 

Table 6.6: Contract selection for a system with low criticality 

    

Cost-plus 

contract 

Fixed-price 

contract 

Performance 

based contract In-house 

Time based 

maintenance 

Availability 0,986 0,989 0,994 0,966 

Total costs € 205.716 € 198.496 € 224.601 € 180.922 

Profit € 16.487 € 29.433 € 67.942 € 0 

Inspection 

based 

maintenance 

Availability 0,987 0,991 0,994 0,968 

Total costs € 204.757 € 196.982 € 223.950 € 177.747 

Profit € 16.600 € 29.957 € 69.852 € 0 

Maintenance 

by condition 

monitoring 

Availability 0,988 0,992 0,995 0,971 

Total costs € 218.523 € 219.247 € 256.941 € 187.021 

Profit € 18.188 € 33.620 € 79.937 € 0 

 

6.5.3 Scenario analysis: Usage rate 

The usage rate of the subsystems in case study are high. The average usage rate of the system 775,0 . 

It is stated in chapter 5, that the benefits of outsourcing are higher for a system with a high usage rate. 

In this scenario analyses, the influence of a low system usage on the service contract decision-making 

is analyzed. The usage rate of subsystems is modified to the following values: 

;1,0;1,0;15,0;2,0 4321   . Furthermore, to create a relevant scenario analysis, the 

replacement interval of degrading components is also modified. The adjustment of parameter values 

is provided in Appendix G. 

The influence of the usage rate on service contract decision-making is compared to the case study’s 

system with a high usage. The output is shown in Table 6.5, the CPC with time based maintenance is 

again used as a reference. A system with a low usage rate results in a higher operational availability as 

compared to the case study’s system. Furthermore, there are fewer failures and preventive 

replacements which results in lower costs. The usage rate will have less influence in the service contract 

decision-making, this validates the usage rate analysis of chapter 5. 

Table 6.7: Usage rate compared with case study for a CPC with time based maintenance 

 Preventive 

downtime 

Corrective 

downtime 

Operational 

availability 

Downtime 

costs 

Maintenance 

costs 

Administrative 

costs   

High usage 1,53 7,71 0,975 € 21.113 € 180.055 € 19.312 

Low usage 1,15 2,24 0,995 € 3.346 € 31.147 € 7.871 
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In Table 6.8, the results are presented of the several maintenance strategies for the system with a 

low usage. It is remarkable that maintenance by condition monitoring is most expensive, this is because 

of the expensive monitoring equipment. For all maintenance strategies, the contract where 

maintenance is executed in-house is selected. Because of the low usage rate of subsystems, the benefits 

of outsourcing are less. This is in agreement with chapter 5. If it is not possible to execute maintenance 

in-house, the FPC contract is most suitable for all three maintenance strategies. 

Table 6.8: Contract selection for a system with low usage 

    

Cost-plus 

contract 

Fixed-price 

contract 

Performance 

based contract In-house 

Time based 

maintenance 

Availability 0,995 0,997 0,997 0,993 

Total costs € 67.886 € 59.322 € 63.349 € 44.231 

Profit € 5.152 € 8.421 € 18.476 € 0 

Inspection 

based 

maintenance 

Availability 0,996 0,998 0,998 0,993 

Total costs € 66.178 € 61.887 € 64.308 € 44.156 

Profit € 5.089 € 8.479 € 19.013 € 0 

Maintenance 

by condition 

monitoring 

Availability 0,997 0,998 0,999 0,994 

Total costs € 93.228 € 90.741 € 106.471 € 64.551 

Profit € 7.701 € 14.001 € 33.423 € 0 

 

6.5.4 Scenario analysis: Failure rate type 

In the last scenario analysis, the failure rate type of components is modified. Most components in the 

case study have a continuous failure rate. To investigate how the component’s failure rate type affects 

service contract decision-making, the failure rate type of most components is modified to an increasing 

failure rate. The modifications of the case study are shown in Appendix G. Since the system’s 

components failure distributions are modified, the costs and availability cannot be compared with the 

model of the case study since the costs are much higher due to more preventive replacements. 

Table 6.9 presents the results where most components have an increasing failure rate. For all 

maintenance strategies, the PBC is most optimal in terms of costs, profit and operational availability 

for both customer and service provider. Because there are many replacements, the influence of the 

comparison factors will be more. 

Table 6.9: Contract selection for a system with many degrading components 

  Cost-plus 

contract 

Fixed-price 

contract 

Performance 

based contract In-house     

Time based 

maintenance 

Availability 0,970 0,977 0,982 0,952 

Total costs € 668.755 € 625.507 € 555.085 € 700.688 

Profit € 57.060 € 98.798 € 115.598 € 0 

Inspection 

based 

maintenance 

Availability 0,976 0,982 0,986 0,960 

Total costs € 611.526 € 575.591 € 567.087 € 637.616 

Profit € 52.510 € 91.445 € 101.197 € 0 
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Maintenance 

by condition 

monitoring 

Availability 0,986 0,990 0,993 0,971 

Total costs € 541.854 € 518.833 € 517.502 € 549.391 

Profit € 47.182 € 88.449 € 97.097 € 0 

 

 

6.5.5 Scenario analyses overview 

From the scenario analyses, insights are gained in the differences of various combinations of system 

configuration and maintenance strategies. Table 6.10 provides an overview of the several scenario 

analyses performed. 

Table 6.10: Scenario analyses overview 

  
Time based 

maintenance 

Inspection based 

maintenance 

Maintenance by 

condition monitoring 

Case study PBC  
1

  PBC 2

 FPC   

Low criticality PBC 3

 FPC  FPC  

Low usage rate houseIn  4

 houseIn   houseIn   

Increasing failure 

rate  
PBC  PBC  PBC  

  

                                                      

1

 If customer is willing to expend €9.734 for operational availability improvement of 0,003; otherwise FPC. 
2

 If customer is willing to expend €11.653 for operational availability improvement of 0,004; otherwise FPC. 
3

 If customer is willing to expend €26.105 for operational availability improvement of 0,005; otherwise FPC.  
4

 For all three maintenance strategies, in-house is most suitable; if not possible, FPC. 
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 Conclusions, recommendations and suggestions 

This research contributes to current literature and business practice by providing a model that 

compares the system performance in a maritime setting of several service contracts. In practice service 

contracts are selected based on qualitative argumentation. With use of innovative comparison factors, 

the quantitative differences of the service contracts are identified. From preceding chapters, several 

conclusions can be drawn about the proposed service contract decision model. The model is validated 

by a case study conducted for the RNLN. The results obtained by the case study, sensitivity analysis 

and several scenario analyses give useful managerial insights. This chapter summarizes the 

conclusions, provides several recommendations to the RNLN, discusses on limitations and suggest 

future research directions. 

 Conclusions 

The primary objective of this research is to develop a model that incorporates the system configuration 

and maintenance strategy to improve service contract decision-making. Based on the research 

objective, the research question is formulated as follows: 

“How may service contract decision-making be improved, when taking the maintenance strategy 

and system configuration into account?” 

In order to answer the research question, sub-questions are formulated. This paragraph is 

structured using the sub-questions as a guideline. 

7.1.1 Innovative comparison factors 

The first part of the research addresses the comparison of the service contract characteristics. The 

performance of the service contracts in terms of quantitative improvements is defined as the 

operational availability and the system life cycle costs. The first research question addresses the 

problem on how to evaluate the differences in service contract performance. This problem is tackled 

by providing a method where several parameters are integrated in the formulas that derive the 

operational availability and system life cycle costs. With use of qualitative interviews, several factors 

are identified in paragraph 3.2.2 to compare the service contracts.  This innovative method has proven 

its functionality by means of a case study performed at the RNLN. It can be concluded that the 

integration of comparison factors is an innovative approach to facilitate service contract decision-

making. 

7.1.2 System configuration and maintenance strategy 

The systems onboard of vessels are becoming more complex over time. There is a high variety of 

high-complex systems that are maintained according to several maintenance strategies. The second 

and third sub-question address the question on how the system configuration and maintenance strategy 

affect service contract decision-making. The system configuration, in terms of system structure, usage, 

criticality and failure rate type, that is maintenance according to the maintenance strategies described 

in paragraph 4.2.1, is integrated in the decision model. From the model analysis in chapter 5 and the 

scenario analyses in paragraph 6.5, it is concluded that both system configuration and maintenance 

strategy affect the selection of the most suitable service contract. An overview of the findings of the 
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scenario analyses is provided in paragraph 6.5. The results of the several scenarios are different for 

the system of the case study. It can be concluded that the service contract decision-making should 

consider the type of system configuration and maintenance strategy. Since there is a high variety of 

systems onboard of vessels that can be maintained according to several maintenance strategies, the 

contract types can be different, since each combination of system configuration and maintenance 

strategy has its unique most suitable contract. 

7.1.3 Improvement of contract selection at the RNLN 

The effectiveness of the model is validated by a case study. It can be concluded from the case study 

that the current cost-plus contract is not optimal, this in agreement with the engineers of the RNLN. 

Using the service contract decision model, the performance based contract is considered as most 

suitable for the system type. If a performance based contract is considered, the amount of downtime 

is reduced by 42%. Moreover, the life cycle costs of the customer are reduced and the service provider 

generates more profit. The advantage of the model is that it provides an overview of the performance 

of several contracts. If a performance based contract is rejected by the service provider, the fixed price 

contract is the second best contract according. The advantages of outsourcing are also explained in 

the sensitivity analysis. The sensitivity provides managerial insights by identifying the quantitative 

improvements of the factors. For example, if a service provider is capable of executing maintenance 

faster by 50% compared to the RNLN, it leads to an increase of the operational availability with 0,08 

and the system life cycle costs decrease by €75.000. 

In conclusion, by selecting the most suitable service contract for a type of system that is 

maintenance by a particular strategy, the system performance increases. Under the particular type of 

contract, the service provider will perform maintenance as is agreed upon which results in a specific 

level of operational availability and system life cycle costs, as is determined in this report.  

 Recommendations and implementation 

This paragraph discusses the recommendations and implementation plan for the Royal Netherlands 

Navy. It contains information as how the proposed model may contribute to current outsourcing 

activities and how the model can be implemented in the outsourcing department.  

7.2.1 Recommendations to the RNLN 

Based on the insights obtained from this research, several recommendations are given to the RNLN. 

The research’s objective improve the system performance by facilitating the service contract selection 

process of the RNLN with a potential service provider. The system performance will be improved by 

selecting the most suitable contract using the model provided in this research.  

The case study of the Electrical Power Distribution of HNLMS Johan de Witt shows that 

performance of the system in terms of operational availability and life cycle costs can be improved by 

selecting a different contract type. A performance based contract will outperform the current cost-plus 

contract, assuming that the customer is ready to engage in such a contract. A performance based 

contract leads to a reduction in downtime of 42% and the life cycle costs will be reduced by €22.879. 

Furthermore, a PBC also generates the most profit for the service provider. The recommendation can 
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therefore be made that the RNLN as a customer should use the model to reassess the service contract 

for the Electrical Power Distribution. When the RNLN decision makers have a solid grasp of the 

potential quantitative improvements if a different service contract is considered, they might consider a 

different service contract. As to the service providers, they might likewise be interested in change of 

contract if the quantitative improvements in terms of profit, productivity and logistics are certain. The 

service contract process will be facilitated by using the service contract decision model. 

The performed sensitivity analysis clearly shows that the influence of the comparison factors on 

the system performance. If a particular service provider sees ways to improve some of the factors, the 

results of improvement may be derived from the figure. The recommendation can therefore be made 

that service providers should be selected by using the comparison factors. For a specific system, some 

factors are more determinative than others. Therefore, the important factors must be assessed and 

service providers need to be selected based on the factors that improve the performance. For example, 

for the case study the factor that represents the difference in maintenance and administrative delay 

time are most important. This indicates that a service provider with much capacity of personnel is less 

important than the presence of much system knowledge which will therefore be able to reduce 

replacements times. Currently, the service provider selection is mostly based on familiarity. When 

former collaboration between customer and service provider has been successful, future collaboration 

is likely. Good collaboration does not necessarily guarantee good system functionality. If the 

comparison factors are used quantitative improvement in system functionality can be measured.  

The scenario analysis shows that each system configuration that is maintained according to a 

specific maintenance strategy has its individual most suitable service contract. It is important for the 

department that the relationship of the system configuration and maintenance strategy coincide with 

the type of contract. 

From interviews it has become clear that engaging in a PBC is interpreted as risky for the companies 

involved. An issue is that the service provider is not always capable of monitoring the systems.  

Moreover, the maintenance schedule may be delayed due to mission uncertainty. It is important that 

the responsibilities of customer and service provider are elaborated upon in detail for the 

contingencies that may occur throughout the service contract length. This results in better 

collaboration because of less misunderstandings.  

7.2.2 Organizational implementation 

This section discusses how the model can be implemented in the current outsourcing practice. The 

implementation has some consequences on the organizational processes. It has an impact on both 

engineering and outsourcing department. The employees of the engineering department need to 

collect the failure data of components to estimate its lifetime distributions. The current system that 

collects the number of system failures is not on component level and is not generalized throughout 

the DMI. A more structured approach of formulating the failures can contribute to better data 

collection. As to the outsourcing department: A thorough understanding of the workings of the model 

is of paramount importance. The model can be used in collaboration with the service provider to 

derive the best mutual solution. Furthermore, as stated in the recommendations, the outsourcing 
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department should change its supplier evaluation strategy by evaluation based on comparison factors. 

This should ultimately maximize the system performance. 

Before the system can be implemented, several steps need to be considered before the model can 

be used efficiently: 

1. Evaluation of the system characteristics: 

The first step is to evaluate the type of system that is implemented in the model. In the decision model, 

the system configuration and maintenance strategy is implemented. The system parameters need to 

be gathered and integrated in the model. This indicates that the critical components need to be 

identified. One way to identify the critical components is to apply Failure Mode, Effects and Criticality 

Analysis (FMECA). To estimate the system LCC, the component failure distributions need to be 

known. Reliable data of the failure characteristics of components need to be collected to determine 

its lifetime distribution. With  

2. Evaluation of the service contract differences: 

In order to compare the service contracts, the difference between the contracts has to be identified 

using the comparison factors. The comparison factors can be estimated in various ways. One method 

is to use previous experiences in service contracting. By this, the performance differences can be 

identified to estimate the comparison factors. A second approach may be the use of expert opinion. 

This is a valid approach to estimate the factors. A third possible approach is to use literature, there is 

a vast amount of literature about service contracting and this can be used to quantify the comparison 

factors. By using the framework provided in Appendix C, the factors can be integrated in the model. 

3. Implementation of the tool: 

Now that the system characteristics and comparison factors have been identified, the parameters can 

be integrated in the tool. The model in integrated in a tool that is developed in Microsoft Excel. This 

tool is designed to be used by employees that are active in outsourcing. Experience is Microsoft Excel 

is not necessarily required since there is a manual provided in the Excel file. Within the tool, the input 

and output cells are marked so the parameters can be integrated easily and the results can be extracted 

without difficulties. The service contract decision model defined in chapter 4 is integrated in the tool. 

First, the system configuration needs to be integrated in the tool. The usage rate, criticality, failure 

distribution and structure of components need to be filled in. Hereafter, the maintenance related 

parameters of the current system need to be inserted. If both the system configuration and 

maintenance related parameters are inserted correctly, the output in terms of system performance will 

be generated automatically. An overview of the life cycle costs and sources of downtime is provided 

for both customer and service. Finally, in order to compare the service contracts, the comparison 

factors need to be inserted. If this is done well, the output of the service contracts is generated 

automatically. Furthermore, by means of a sensitivity analysis the determinant factors are identified. 

 Limitations and suggestions for further research 

This section discusses the limitations of the proposed model in the research. The limitations result in 

suggestions for future research.  
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7.3.1 Limitations 

The focus of the project was to improve service contract decision-making. Due to time restrictions, 

not all factors that influence service contract decision-making are included in the model. The 

imperative factors that conform to the relevance of the model are included, but there are more factors 

that have in impact on the outcome. For example, effective communication is of paramount for 

effective collaboration between customer and service provider. This also has an impact on the 

performance of the system. If the communication between the customer and service provide is 

professional, it might reduce the administrative delay time or it might have an effect on the 

maintenance times. Moreover, the service provider also might perform modifications in the system to 

increase its maintainability or make it more reliable. This is relevant for a performance based contract 

where the service provider has most responsibility.  Trust is also a qualitative factor that has quantitative 

improvements. Since it is hard to quantify those measures, the model is limited to factors that easily 

can be quantified for the customer and service provider.  

The integrated maintenance strategies in the model is time based maintenance, failure based 

maintenance, inspection based maintenance and maintenance by condition monitoring. The system 

is based on a maintenance strategy where the maintenance strategy is applied for the whole system. In 

practice, each particular system or component could have its individual optimal maintenance strategy. 

Also the model assumes that degrading components are replaced after a certain amount of time, in 

practice components also could be minimally repaired instead of a replacement. Furthermore, the 

failure distributions are classified as a Weibull distribution for degrading components and an 

Exponential distribution for non-degrading components. In practice, failure rates can be modeled by 

more distributions. Due to the amount of time, the Weibull distribution is assumed as suitable for 

degrading components and the Exponential for components with a constant failure rate. If the 

proposed model is applied in business practice and it has proven to be functional, more maintenance 

strategies can be applied and the failure distributions can be estimated.  

Another limitation of the model is the derivation of the service contract for both customer and 

service provider. The model improves the decision-making by evaluating which service contracts are 

suitable for the given system for both customer and service provider. However, the optimization 

problem can be solved by using optimization techniques that derive the ‘general’ optimal contract. 

The ‘general’ optimal contract is the contract that optimal on both perspectives. The model in this 

research still contributes to mutual decision-making, since it provides the quantitative benefits for both 

stakeholders and it contributes to a more collaborative service contract decision-making. 

7.3.2 Suggestions for further research 

This section suggests future research directions that complement to the proposed model and research 

executed in service contract decision-making. The overarching performance measures that evaluate 

the service contract effectiveness are defined as the operational availability and system life cycle costs. 

Those measures are assumed to evaluate the effectiveness from both customer and service provider. 

A suggestion for future research is to investigate if there are differences for customer and service 

provider in perceiving the service contract performance. For example, the improvement in logistics 

may be more beneficial for the service provider, since they can be engaged in service contracting with 
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more customers of a similar system. Improved logistics contribute to their supply chain. Future 

research can indicate if there are more performance drivers for both parties and how this impacts 

service contract decision-making. 

Another suggestion for future research is to extent the model with an optimization technique that 

derives the long-term optimal global service contract. If customer and service provider are well aware 

of potential future benefits, it may benefit service contract decision-making. The contract that benefits 

on the long-term is selected and the service contract length can be extended, which is in favor of both 

parties.  

In a maritime environment the systems are subject to a failure distribution that changes according 

to the mission state. This can harm the choice for the service provider to engage in a service contract 

where they are responsible for the system’s functionality. If the mission status of the ship is not 

according to the predetermined plan, it can affect the maintenance decisions of the service provider 

and the performance is less. A suggestion of future research is to investigate a type of service contract 

where the service provider’s performance depends on the system usage. If they are paid per 

performance, the performance level should be adjusted or the penalty payments of the service 

provider to the customer should be reduced due to the change in mission plans. This type of service 

contract can motivate service providers to engage in a performance based contract. 
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Figure Appendix A: Organizational structure Royal Netherlands Navy 
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Appendix B  
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Figure Appendix B: Overarching performance measures in the maritime sector 

System LCC: all relevant costs throughout the lifetime of an operational system. In the 

research, the system LCC are defined for a service contract, the acquisition and disposal are 

not include in the system LCC. 

· maintenance costs: personnel and material costs of maintenance; 

· downtime costs: the costs as a consequence of system downtime; 

· administrative costs: administrative costs because of personnel; 

· holding costs: holding costs for holding a SKU in inventory for an amount of time; 

· outsourcing costs: reimbursement from customer to service provider. 

 

Operational availability: the probability that the system is in operational state and committable 

state when calling at a random point in time. 

 

System reliability: the reliability of the system when the system is operational or in mission 

state. 

· component failure rate: expected number of failures per time unit (hazard rate); 

· usage rate: ratio between the operating time and the uptime; 

· maintenance strategy: strategy that defines the rules for the planning of maintenance; 

· component criticality: the degree of impact of a component on the comprehensive system. 

 

System response time: the maintainability of the system, how fast can a system be maintained 

if a failure occurs or when preventive maintenance is necessary. 

· administrative delay time: delay time due to administrative tasks; 

· replacement time: time to replace of a component; 

· spare parts: number of spare parts on stock; 

· repair time: repair turnaround time. 

 



55 

 

 

Appendix C  
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Figure Appendix C: Framework for the integration of factors 
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Scope of Case study

Appendix D  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure Appendix D: Detailed circuit diagram Electrical Power Distribution  
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Appendix E  

 

 

Figure Appendix E-1: Cost distribution of customer and service provider 

 

 

 

Figure Appendix E-2: Service contract comparison customer 
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Figure Appendix E-3: Service contract comparison service provider 
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Appendix F  

 

  Customer 

Contract type Costs 

Cost-plus contract 
OADtot CCCC   

Fixed-price contract 
OADtot CCCC   

Performance based contract 
OADtot CCCC   

In-house maintenance 
HADMtot CCCCC   

 

  Service provider 

Contract type Profit 

Cost-plus contract 
OOHAMtot CpCCCCP   

Fixed-price contract 
OOHAMtot CpCCCCP   

Performance based contract 
OOHAMtot CpCCCCP   

In-house maintenance no profit 
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Appendix G  

 

Table Appendix G-1: Input scenario analysis with low component criticality 

 

 

Table Appendix G-2: Input scenario analysis with low usage rate 

 

 

Table Appendix G-3: Input scenario analysis with increasing failure rate 

 

Subsystems and 

components

comp 

(n)

Usage 

rate

Set-up 

time 

(days)

Cri tical  

(Yes/No)

Fai lure 

distribution

Preventive 

replacement 

time (days)

Corrective 

replacement 

time (days)

Spare 

parts 

(n)

Repair 

time 

(days)

Component 

costs (€)

1. Generator 4

1.1. Bearing 2 Yes Weibull 10950 2 - 1 3 - 0 € 1.000 4 1

1.2. Carbon brush 1 No Weibull 1095 4 - 0,083 0,083 - 0 € 200 2 1

1.3. Electrical comp. 1 Yes Exponential - - 1,37E-05 - 60 - 0 € 100.000 - 8

2. Switchboard 2

2.1. Switch 4 Yes Weibull 3650 2 1 2 2 1,5 € 2.000 5 1

2.2. Electrical comp. 1 No Exponential - - 9,13E-04 - 4 2 1,5 € 1.000 - 2

3. Transformer 4

3.1. Primary coil 1 No Exponential - - 1,37E-05 - 60 - 0 € 50.000 - 10

3.2. Secondary coil 1 No Exponential - - 1,37E-05 - 60 - 0 € 50.000 - 10

3.3. Electrical comp. 1 No Exponential - - 1,37E-05 - 60 - 0 € 50.000 - 10

4. Frequency inv. 2

4.1. Water pump 1 No Weibull 5475 2 1 1 1 3 € 1.500 5 1

4.2. Capacitor 1 No Exponential - - 2,74E-04 - 1 - 0 € 5.000 - 2

4.3. Electrical comp. 1 No Exponential - - 1,83E-04 - 5 - 0 € 6.000 - 2

0,85 0,083

0,7 10

0,50,7

0,85 0,083

                  

Subsystems and 

components

comp 

(n)

Usage 

rate

Set-up 

time 

(days)

Cri tical  

(Yes/No)

Fai lure 

distribution

Preventive 

replacement 

time (days)

Corrective 

replacement 

time (days)

Spare 

parts 

(n)

Repair 

time 

(days)

Component 

costs (€)

1. Generator 4

1.1. Bearing 2 Yes Weibull 10950 2 - 1 3 - 0 € 1.000 15 1

1.2. Carbon brush 1 No Weibull 1095 4 - 0,083 0,083 - 0 € 200 6 1

1.3. Electrical comp. 1 Yes Exponential - - 1,37E-05 - 60 - 0 € 100.000 - 8

2. Switchboard 2

2.1. Switch 4 Yes Weibull 3650 2 1 2 2 1,5 € 2.000 10 1

2.2. Electrical comp. 1 No Exponential - - 9,13E-04 - 4 2 1,5 € 1.000 - 2

3. Transformer 4

3.1. Primary coil 1 Yes Exponential - - 1,37E-05 - 60 - 0 € 50.000 - 10

3.2. Secondary coil 1 Yes Exponential - - 1,37E-05 - 60 - 0 € 50.000 - 10

3.3. Electrical comp. 1 Yes Exponential - - 1,37E-05 - 60 - 0 € 50.000 - 10

4. Frequency inv. 2

4.1. Water pump 1 Yes Weibull 5475 2 1 1 1 3 € 1.500 15 1

4.2. Capacitor 1 Yes Exponential - - 2,74E-04 - 1 - 0 € 5.000 - 2

4.3. Electrical comp. 1 Yes Exponential - - 1,83E-04 - 5 - 0 € 6.000 - 2

0,2 0,083

0,1 10

0,50,1

0,15 0,083

                  

Subsystems and 

components

comp 

(n)

Usage 

rate

Set-up 

time 

(days)

Cri tical  

(Yes/No)

Fai lure 

distribution

Preventive 

replacement 

time (days)

Corrective 

replacement 

time (days)

Spare 

parts 

(n)

Repair 

time 

(days)

Component 

costs (€)

1. Generator 4

1.1. Bearing 2 Yes Weibull 10950 2 - 1 3 - 0 € 1.000 4 1

1.2. Carbon brush 1 No Weibull 1095 4 - 0,083 0,083 - 0 € 200 2 1

1.3. Electrical comp. 1 Yes Exponential - - 1,37E-05 - 60 - 0 € 100.000 - 8

2. Switchboard 2

2.1. Switch 4 Yes Weibull 3650 2 1 2 2 1,5 € 2.000 5 1

2.2. Electrical comp. 1 No Exponential - - 9,13E-04 - 4 2 1,5 € 1.000 - 2

3. Transformer 4

3.1. Primary coil 1 Yes Weibull 21900 1,5 1,37E-05 8 60 - 0 € 50.000 20 10

3.2. Secondary coil 1 Yes Weibull 21900 1,5 1,37E-05 8 60 - 0 € 50.000 20 10

3.3. Electrical comp. 1 Yes Weibull 21900 1,5 1,37E-05 4 60 - 0 € 50.000 20 10

4. Frequency inv. 2

4.1. Water pump 1 Yes Weibull 5475 2 1 1 1 3 € 1.500 5 1

4.2. Capacitor 1 Yes Exponential - - 2,74E-04 - 1 - 0 € 5.000 - 2

4.3. Electrical comp. 1 Yes Exponential - - 1,83E-04 - 5 - 0 € 6.000 - 2

0,7 10

0,50,7

0,85 0,083

0,85 0,083

                  


