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a b s t r a c t 

Maintenance and service logistics support are required to ensure high availability and reliability for cap- 

ital goods and typically represent a significant part of operating costs in capital-intensive industries. In 

this paper, we present a classification of the maintenance and service logistics literature considering the 

key characteristics of a particular sector as a guideline, i.e., the maritime sector. We discuss the applica- 

bility and the shortcomings of existing works and highlight the lessons learned from a maritime sector 

perspective. Finally, we identify the potential future research directions and suggest a research agenda. 

Most of the maritime sector characteristics presented in this paper are also valid for other capital- 

intensive industries. Therefore, a big part of this survey is relevant and functional for industries such 

as aircraft/aerospace, defense, and automotive. 
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1. Introduction 

The maritime sector is of crucial importance in today’s compet-

itive and globalized world. The strategic economic importance of

maritime transport cannot be overemphasized since 80% of global

merchandise trade by volume is carried by sea. The world fleet has

more than doubled since 2001 and new building deliveries reached

historical highs in the last decade ( Unctad, 2013) . Besides maritime

transport, maritime assets are used in various operations such as

oil and gas terminal services, dredging, fishing, geophysical sur-

veys, and military missions. The availability and reliability of these

assets are crucial since their operations are often critical and high-

value. Maintenance and service logistics support (i.e. after-sales lo-

gistics activities needed to enable capital goods to be maintained

and function properly) are essential to ensure high availability and

reliability during the asset life time. 

In the maritime sector, maintenance and service logistics sup-

port are known to be a significant part of the overall operating

costs. Maintenance activities can contribute in the range of 25–

35% to the operating costs according to Turan et al. (2009) . Alhouli

et al. (2009) show that maintenance and repair costs for a bulk

carrier represent the largest proportion of operating costs with

about 40%. The annual worldwide maintenance and repair costs

for the Panamax type bulk carriers is estimated to be over $2.2

billion ( Germanischer Lloyd and Fraunhofer, 2013 ; Unctad, 2012) .
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oreover, repair and maintenance expenditures are expected to

ise by at least 2.5% to 3% per annum over the next couple of

ears ( Drewry Shipping Consultants, 2014) . On the other hand,

nexpected downtimes of maritime assets lead to a significant

oss of revenues. For instance, daily shipping operations of tankers

ield a revenue of as much as $20,500 depending on the vessel

ize ( Unctad, 2013) . Breakdown of maritime assets can also affect

ealth, safety, and environment ( Alhouli, 2011) . The data analysis

n Pillay and Wang (2003) shows that more than 50% of accidents

n fishing vessels involved machinery failure that is thought to oc-

ur due to the lack of maintenance. Therefore, the issues related to

aintenance and service logistics must be given careful considera-

ion to reduce the related costs and risks for maritime assets. 

Our paper presents the literature on maintenance and ser-

ice logistics management from an applicability perspective to

he maritime sector. This was also motivated by a joint univer-

ity – industry research project called “Integrated Maintenance

nd Service Logistics Concepts for Maritime Assets” (MaSeLMa).

he MaSeLMa project focuses on developing innovative and smart

oncepts to increase the predictability of maintenance, optimize

aintenance and service logistics planning and improve sup-

ly chain coordination and cooperation in the maritime sector

 Dinalog, 2015) . Our paper summarizes the characteristics of the

aritime sector derived from the MaSeLMa project. First, we

ave identified the key characteristics of the maritime sector

hrough discussions with practitioners. The characteristics identi-

ed are significant to be considered while making decisions re-

arding maintenance and service logistics management. Second,

http://dx.doi.org/10.1016/j.cor.2017.03.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cor
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cor.2017.03.003&domain=pdf
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e have reviewed the existing literature by particularly focus-

ng on Operations Research/Management Science and Reliability

ngineering techniques. We have clustered the existing works

nto several subdomains such as system design, failure predic-

ion/degradation modelling, maintenance service contract design,

aintenance strategy selection, maintenance planning, and spare

arts inventory management. 

In our paper, we present the state-of-the-art in the subdomains

eviewed considering the key characteristics in the maritime sec-

or as a guideline. This covers various works dealing with the as-

ociated characteristics directly (providing a maritime application)

r indirectly. We discuss the applicability and the shortcomings of

hese works and summarize them as lessons learned. In particular,

e discuss to what extent the existing techniques can cope with

he maritime sector characteristics and describe the extensions re-

uired to make them applicable. Finally, we identify the potential

uture research directions and suggest a research agenda. 

To the best of our knowledge, there is no such literature review

n maintenance and service logistics management with a capital

oods focus. Dekker (1996) gives an overview of the applications

f maintenance optimization models published until 1996 and dis-

usses the gap between theory and applications. Other reviews in

pplications of maintenance optimization models also date from

he late 90 ′ s (see, Scarf, 1997 ; Dekker and Scarf, 1998 ). More re-

ent reviews focus on specific maintenance (see, e.g., Garg and

eshmukh, 2006 ; Ahmad and Kamaruddin, 2012 ; Wang, 2012a )

nd spare parts inventory models (see, e.g., Kennedy et al., 2002 ;

herbrooke, 2004 ; Basten and van Houtum, 2014 ). Maintenance

nd service logistics management is an extremely wide area of re-

earch containing various problems and sub-problems. Therefore, it

s not feasible to conduct a comprehensive literature review of this

eld while keeping the size of the paper within reasonable limits.

n this paper, our scope is limited to the most relevant works from

 maritime sector perspective. Even with this perspective many

mportant works have not being cited to keep the size of the paper

anageable. Nevertheless, our paper adopts a broader perspective

han previous reviews by focusing on various types of decisions in

aintenance and service logistics management. In addition, it clas-

ifies the literature according to specific sector characteristics and

resents the state-of-the-art, lessons learned, and future research

irections regarding each characteristic. As such, it provides an in-

ovative literature review methodology that renders the literature

ccessible and comprehensible to both researchers and practition-

rs. We note that most of the maritime sector characteristics pre-

ented is also valid for other capital-intensive industries. In this

ense, a big part of our survey is relevant and functional for other

ndustries such as aircraft/aerospace, defense, and automotive. 

The rest of this paper is organized as follows. Section 2 gives a

escription of the maritime sector. Section 3 presents the classifi-

ation scheme proposed for the maintenance and service logistics

anagement literature. Sections 4 - 12 are each dedicated to a cer-

ain characteristic of the maritime sector. In each section, first, we

eview existing works that directly or indirectly address the associ-

ted characteristic. Second, we discuss the lessons learned adopt-

ng a maritime sector perspective. Third, we summarize the po-

ential research directions associated with the characteristic pre-

ented. Finally, Section 13 provides a priority setting for potential

uture research directions identified, highlights the current trends,

nd draws some conclusions. 

. Maritime sector 

The maritime sector includes companies that are engaged

n the business of designing, constructing, manufacturing, sup-

lying, repairing, maintaining, or operating marine systems
 Monfardini et al., 2012) . Original equipment manufacturers

OEMs) design and manufacture marine systems, components,

r parts such as marine engines, navigation and communication

quipment etc. OEMs can be involved in maintenance and repair

ctivities and/or provide spare parts and service tools for the sys-

ems that they manufacture. System integrators design and con-

truct maritime assets by assembling the different units provided

y the OEMs. A system integrator can also be the OEM of some

pecific systems such as the ship’s hull and electrical equipment. In

aritime vocabulary, a system integrator is often a “shipyard” that

uilds the maritime asset. The terms “dockyard” or “repair yard”

efers to a company that performs dock maintenance and repair.

he terms dockyard and shipyard are usually used interchangeably

ince they can undertake the tasks of ship building, maintenance,

nd repair. In addition, there exist third party service providers,

ighly specialized in marine equipment maintenance and service

ogistics. 

The asset owners deploy their maritime assets for different

ypes of operations. Maritime assets mostly differ based on their

ntended use. For example, they can be used in oil and gas ter-

inal services (e.g., platform supply vessels, pipe-laying ships),

ilitary missions (naval ships, i.e., frigates, aircraft carriers, sub-

arines, etc.), special services (e.g., tugboats, dredgers, fishing ves-

els, pilot vessels, survey vessels), and transporting heavy goods

e.g., bulk carriers, cargo liners, and container vessels) or passen-

ers (e.g., cruise ships, yachts) ( Eyres and Bruce, 2012) . These as-

ets are collections of different systems, including the ship’s hull,

ropulsion system (consisting of a marine engine, propeller etc.),

avigation and communication equipment (e.g., search lights and

adar systems), crew equipment (e.g., sewage and air condition-

ng), and ship specific equipment (e.g., weaponry systems for naval

hips, dredging equipment for dredgers). 

Marine systems highly differ in terms of maintenance and ser-

ice logistics requirements. For example, maintenance on a ship’s

ull requires a dockyard. Electronic components of navigation sys-

ems are often repaired-by-replacement, i.e., the component is re-

oved from the asset and replaced by a new or as good as new

pare part ( Basten et al., 2011) . Naval ships have various techno-

ogically advanced systems on board. Generally, such systems are

niquely designed for the naval defense industry (“one-off sys-

ems”) and their spare parts are subject to obsolescence and con-

emnation ( Rustenburg et al., 2001 ; Sood et al., 2013) . In addition,

arine systems’ degradation behavior depends on the operation

rofile and operating environments ( Dekker et al., 2013) . There-

ore, even for identical systems maintenance and service logistics

equirements can be different ( Mokashi et al., 2002) . In this pa-

er, we provide a classification scheme to capture such specific as-

ects in the maritime sector and use it as a guideline to classify

he maintenance and service logistics management literature. 

. Classification 

Our classification scheme is derived from our collaboration

ith the industrial partners involved in the MaSeLMa project. The

aSeLMa project aims at increasing the maintenance and service

ogistics efficiency for maritime assets by: (1) increasing the pre-

ictability of maintenance, (2) improving maintenance and service

ogistics plans considering resource and material requirements, (3)

mproving and extending cooperation for service logistics and sup-

ly chain management within and across different maritime com-

anies. The ultimate goal is to reduce the total cost of own-

rship for asset owners and provide the OEMs, system integra-

ors, and service providers with opportunities for new business

 Dinalog, 2015) . The MaSeLMa project involves several maritime

ompanies including the Royal Netherlands Navy (asset owner), Fu-
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gro 1 (asset owner), Smith Lamnalco 2 (asset owner), Thales 3 (OEM

and service provider), Pon Power 4 (OEM and service provider),

Damen Schelde Naval Shipbuilding 5 (OEM, system integrator, and

service provider), RH Marine Group 

6 (system integrator and ser-

vice provider), Alewijnse 7 (system integrator and service provider),

and SeaMar Services 8 (logistics service provider). The knowledge

institutes involved are Eindhoven University of Technology, Univer-

sity of Twente, and Netherlands Defence Academy. As a part of the

MaSeLMa project, we have had regular meetings in which these

industrial partners and research teams came together. These meet-

ings have gathered 30–40 practitioners from the maritime sector.

Our classification scheme is an outcome of these meetings: 

- Brainstorming meeting: The maritime sector characteristics and

challenging decisions in maintenance and service logistics man-

agement have been discussed. 

- Classification and literature survey: As an output of the brain-

storming meeting, we have prepared a two-dimensional classi-

fication scheme consisting of the maritime sector characteristics

and the relevant maintenance and service logistics management

topics (subdomains). We have conducted a literature survey and

positioned existing papers in the classification scheme. We have

identified the lessons learnt from the literature and the open

research topics. 

- Feedback meeting: We have presented the classification scheme,

literature survey, lessons learnt, and open research topics to the

practitioners. Our industrial partners provided feedback on our

investigation. They also gave a prioritization considering the

relevance and the potential impacts of these research directions

(cf. Section 13) . 

- Revision and extension: Considering the feedback of the indus-

trial partners and academic peers, we have revised our classi-

fication and extended our literature survey. In particular, some

additional characteristics and subdomains have been considered

and some others have been merged together. 

As a part of the above-mentioned investigation, the maritime

sector characteristics are defined as follows: 

- Multi-actor setting: Maintenance networks involve several actors

such as asset owners, system integrators, original equipment

manufacturers (OEMs), maintenance service providers, and lo-

gistics service providers. 

- Small amount of failure-related data: Failure data is usually lim-

ited due to a small number of similar systems and redundant

execution of preventive maintenance. Moreover, it may be dif-

ficult to use failure data from one asset on another since mar-

itime assets operate in different and continuously changing en-

vironments. 

- Mandatory surveys: According to the conventions provided by

the International Maritime Organization and the rules defined
1 Fugro provides offshore survey, offshore geotechnical, and seabed geophysical 

services. 
2 Smith Lamnalco provides towage and associated marine services to the oil and 

gas terminal industry. 
3 Thales designs and builds electrical systems and provides services for the 

aerospace, defence, transportation, and security markets. 
4 Pon Power is the official Caterpillar engine dealer in the Netherlands, Norway, 

Sweden, and Denmark. 
5 Damen Schelde Naval Shipbuilding is specialized in the design, construction, 

and assembly of naval vessels and complex commercial vessels. 
6 RH Marine is an integrator and service provider of electrical and automation 

systems. 
7 Alewijnse designs, integrates, and provides services for electrical engineering 

systems. 
8 SeaMar Services B.V. provides logistics and management services for the off- 

shore and shipping industry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

by Classification Societies, mandatory dry-dock surveys are im-

posed on ships. Major overhauls and repairs of ships practically

take place during these dry-docking periods. 

- System specific spare parts: Spare parts in the maritime sector

have some specific characteristics to be considered such as ob-

solescence, condemnation, and criticality. 

- Multi-echelon structures: There are multi-echelon characteristics

since spare part stocks can be held on the ships itself or on

shore by asset owners, system integrators, service providers, or

OEMs. Maintenance and repair activities can be executed at dif-

ferent locations (e.g., in a harbor, in a dockyard, or offshore). 

- Multi-indenture systems: Maritime assets can be considered as

a collection of technical systems having multi-indenture struc-

tures. 

- Moving assets: Maritime assets operate at remote locations and

are moving. They operate under randomly varying environ-

ments in isolation from repair and spare parts storage facilities.

- Economic dependency: There exist significant scale effects in

maintenance set-up. 

- Long life-cycles: Maritime assets have a useful economic life of

about 25 years when they are first acquired. 

Considering the challenges faced in the maritime sector and the

cope of Operations Research/Management Science and Reliability

ngineering fields, several subdomains have been identified. Ac-

ording to our discussions with practitioners, the maritime sector

haracteristics listed above affect the decisions and models related

o the following subdomains: 

- System design: This subdomain studies the impact of different

design options (e.g., redundancy, component reliability, modu-

larity, and commonality) to the total life-cycle-cost (LCC), i.e.,

the total cost to be incurred over the life of an asset. Related

works focus on minimizing the total LCC considering the rela-

tion between the system design and future maintenance and

resource requirements. 

- Failure prediction / degradation modelling: This subdomain in-

cludes failure prediction, degradation modelling, and condition

monitoring techniques for diagnostic and prognostic purposes.

It includes works that aim at estimating reliability and remain-

ing useful life (RUL) of components (i.e., the useful life left on

a component at a particular time of operation). 

- Maintenance service contract design: Decisions related to this

subdomain include selecting a particular type of maintenance

service contract, determining contract terms, and setting appro-

priate service level agreements between a supplier and a cus-

tomer. These require investigating maintenance, resource, and

service logistics requirements of customers and defining cir-

cumstances and criteria that influence service levels and the

total LCC. Other related works investigate costing, pricing, and

management issues for maintenance service contracts. 

- Maintenance strategy selection: This subdomain focuses on se-

lecting the best maintenance strategy for a certain system, part,

or component to find the optimum balance between bene-

fits of maintenance and related costs. Different maintenance

strategies are classified as corrective (failure-based), preven-

tive (scheduled-based), and predictive (condition-based) main-

tenance. 

- Maintenance planning: This subdomain investigates several de-

cisions related to the planning of maintenance activities and

maintenance related tasks such as inspections, replacements,

repairs, and overhauls. These include: (1) finding the optimal

intervals to execute maintenance related tasks, (2) scheduling

of maintenance related tasks, (3) determining components to

be repaired or to be discarded upon failure, (4) for systems

repaired by replacement of a component (called line replace-

able unit, LRU), determining the appropriate LRU level from a
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maintenance logistics perspective, (5) determining the right lo-

cation to execute maintenance and repair tasks in the main-

tenance network, (6) optimal allocation and dimensioning of

maintenance resources such as service engineers and service

tools (i.e., tools used by service engineers for maintenance and

repair tasks). 

- Spare parts inventory management: This subdomain covers the

literature related to spare parts classification, demand forecast-

ing, inventory control, and supply chain network design con-

sidering, e.g., emergency shipments, lateral transshipments, and

spare parts pooling. 

The studies presented in this survey were found in journals,

onference proceedings, and books using mainly Web of Science,

copus, and Google Scholar combining keywords such as “main-

enance”, “service logistics”, “spare parts inventory”, “maintenance

ervice contract”, “optimization”, “maritime”, “marine”, “ship” etc. 

e have expanded our search considering the references cited in

hese studies, performing a citation search to find other publica-

ions that cite them, and reviewing the publication lists of their

uthors. We have observed that the number of studies providing

 direct maritime application is very limited, in particular, under

haracteristics such as moving assets and economic dependency.

owever, these characteristics are not specific to the maritime sec-

or and are also relevant for many other capital goods such as air-

rafts, trains, trucks, and other commercial vehicles. Some generic

odels, methods, and concepts are likely to be applicable to the

aritime sector. That is why, we consider a wide range of main-

enance and service logistics related studies in our survey and dis-

uss the applicability of the existing models, methods, and con-

epts to the maritime sector. 

Table 1 presents the positioning of the references according to

he characteristics in the maritime sector and the subdomains con-

idered. The references that provide a direct maritime application

re depicted by “ ” in Table 1 . An empty cell in Table 1 represents

 characteristic-subdomain combination that is either irrelevant to

tudy or corresponds to a potential future research direction. We

ote that a high number of references in a certain characteristic-

ubdomain combination does not necessarily imply that the rele-

ant research area is saturated. Section 13 provides a link between

able 1 and the open research topics. 

Table 2 shows the problem-solving techniques and methods

hat are commonly applied within the subdomains considered.

hese include mathematical optimization (e.g., mixed integer, non-

inear, or stochastic programming, multi-objective optimization,

tc.), reliability analysis (e.g., failure mode and effects analysis,

ailure diagnostics and prognostics analysis, Bayesian network ap-

roach, fatigues, corrosion, and wear analysis), data analysis (e.g.,

redictive analytics, statistical methods), decision analysis (e.g.,

ulti-criteria decision analysis, analytical hierarchy process), game

heory, Markov decision processes, queueing theory, and simula-

ion. 

. Multi-actor setting 

Marine system suppliers (i.e., OEMs and system integrators)

sually offer warranty/support services during a certain period of

ime and provide asset owners with deliverables such as mainte-

ance plans, spare parts, training, and test equipment that guide

hem to maintaining their asset. The warranty is the most ba-

ic and common type of contracting between the suppliers and

he asset owners. The warranty support mostly concerns the re-

air of failures by suppliers upon the request of asset owners dur-

ng the warranty period. After the warranty period, asset owners

ave the full responsibility on their system, but maintenance, re-

air, or provision actions can be performed by OEMs, system in-
egrators, or service providers upon their request. The current sit-

ation in the maritime sector mostly represents an “on-demand”

perational model where the demand of asset owners is highly

ncertain causing difficulties in planning the future maintenance,

epair, overhaul, or provision activities. This results in long lead

imes and/or high costs for meeting the requests. Clearly, this op-

rational model is not beneficial for none of the actors involved.

he MaSelMa project has the goal of providing the maritime actors

ith opportunities for new business through service level agree-

ents. 

.1. State-of-the-art 

The multi-actor characteristic in maintenance and service logis-

ics management raises questions related to maintenance strategy

election, maintenance planning, maintenance service contract de-

ign, spare parts inventory management, and system design. This

ection presents the state-of-the-art that includes the multi-actor

haracteristic in these subdomains. 

The warranty servicing costs directly affect the profit of sup-

liers. One way to reduce these costs is to make appropriate de-

isions in selecting maintenance strategies. For instance, carrying

ut preventive maintenance (PM) before a failure occurs could re-

uce the degradation and the likelihood of failures during the war-

anty period. From the asset owner’s perspective, PM actions over

he warranty period can have a significant impact on the main-

enance costs after the expiration of warranty. The literature deal-

ng with warranty and PM issues simultaneously is significant (see,

.g., Chen and Chien, 2007 ; Shafiee and Chukova, 2013 ; Djamaludin

t al., 2001 ; Kim et al., 2004 ). We refer to Shafiee and Chukova

2013) for a comprehensive literature review on maintenance and

arranty. 

Traditional manufacturers tend to offer maintenance and repair

ervices due to financial drivers (e.g., stability of income and higher

rofit margin), strategic drivers (e.g., competitive opportunities and

dvantage), and marketing drivers (e.g., customer relationships and

roduct differentiation) ( Baines et al., 2009) . For the customer,

he main reasons to contract out maintenance tasks rather than

erform them in-house are focusing on core business, accessing

ighly specialized services at competitive costs, and sharing risks

 Godoy et al., 2014) . Van Horenbeek et al. (2012) give a thorough

verview of the existing literature on maintenance service con-

racts and existing business models. Performance-based contracts

ocusing on predefined equipment availability targets are shown

o be the most successful type of contracts in capital-intensive in-

ustries such aircraft, defense, automotive, and construction. For

nstance, engine manufacturers such as General Electric, Pratt &

hitney, and Rolls-Royce have implemented performance-based

ontracts with commercial airlines in which their compensation is

ied to equipment availability in terms of hours flown ( Kim et al.,

007 ; Knowledge at Wharton, 2007) . A recent review and synthe-

is of the performance-based contracting literature is provided in

elviaridis and Wynstra (2015) . 

The long-term maintenance service contracting brings with it

ignificant challenges. First, the decision of establishing a certain

ype of contract should be made based on well-founded compu-

ations. In this regard, Ashgarizadeh and Murthy (20 0 0) present a

tochastic model to investigate the impact of different factors (such

s contract terms, equipment reliability, the number of customers

eing serviced) on the supplier’s expected profit using a game the-

retical approach. Wang (2010) presents a model for maintenance

ervice contract design, negotiation and optimization for one cus-

omer and one supplier considering different contract options. 

Second, suppliers need to assess the cost and the price of their

ervice offerings properly to guarantee their profit and to stay

ompetitive. Datta and Roy (2010) review existing knowledge in
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Table 1 

Classification of the literature (characteristics/subdomains matrix). 

Characteristics/ System design Failure prediction/ Maintenance service Maintenance strategy Maintenance planning Spare parts inventory 

Subdomains Degradation modelling contract design selection management 

Multi-actor 

setting 

Wang et al. (1996 ) , 

Hussain and Murthy 

(1998) , Turan et al. 

(2009) , Ferrer (2010) , 

Öner et al. (2010) , 

Guajardo et al. (2012) , 

Öner et al. (2013) , Xie 

et al. (2014) 

Ashgarizadeh and Murthy 

(20 0 0) , Bowman and 

Schmee (2001) , Tsang 

(2002) , Veenstra et al. 

(2006) , Baines et al. 

(2009) , Datta and Roy 

(2010) , Wang (2010) , Van 

Horenbeek et al. (2012) , 

Norden et al. (2013) , 

Keers et al. (2014) , 

Settanni et al. (2014) , 

Selviaridis and Wynstra 

(2015) 

Chen and Chien (2007) , 

Shafiee and Chukova 

(2013) , Goossens and 

Basten (2015) 

Djamaludin et al. (2001) , Kim et al. 

(2004) , Shafiee and Chukova (2013) 

Nowicki et al. (2006) , Kim et al. 

(2007) , Mirzahosseinian and 

Piplani (2011) , Van der Heijden et 

al. (2013) , Godoy et al. (2014) 

Small amount of 

failure-related 

data 

Jardine et al. (1987) , 

Kacprzynski et al. (2001) , 

Wang et al. (2001) , 

Steadman et al. (2002) , 

Orsagh et al. (2004) , Celeux 

et al. (2006) , Roemer et al. 

(2006) , Han et al. (2007) , 

Kalgren et al. (2007) , 

Langseth and Portinale 

(2007) , Nicolai et al. 

(20 07) , Söderholm (20 07) , 

Yamamoto et al. (2007) , 

Gudze and Melchers 

(2008) , Santoro (2008) , 

Charles et al. (2009) , Peng 

et al. (2010) , Rosunally et 

al. (2010) , Tinga (2010) , Si 

et al. (2011) , Hockley and 

Phillips (2012) , Wang et al. 

(2012) , Weber et al. 

(2012) , Tinga and Janssen 

(2013) , Sankararaman 

(2015) 

Jambulingam and 

Jardine (1986) , Smith 

(1993) , Moubray (1997) , 

Mokashi et al. (2002) , 

Conachey (2006) , 

Jardine et al. (2006) , 

Scarf (2007) , Lazakis et 

al. (2010) , Niu et al. 

(2010) , Turan et al. 

(2011) , Zaal and Kuijt 

(2013) , Alabdulkarim 

et al. (2014) 

Tsang (1995) , Christer and Lee 

(1997) , Pillay et al. (2001) , 

Hamada et al. (2002) , Kallen and 

van Noortwijk (2005) , Rizzo et al. 

(2007) , Wang (2008) , 

Cunningham et al. (2011) , Elwany 

et al. (2011) , Wang (2012a) , Giorgio 

et al. (2015) 

Deshpande et al. (2006) , Elwany 

and Gebraeel (2008) , Vliegen 

(2009) , Rausch and Liao (2010) , 

Vliegen et al. (2010) , Li and Ryan 

(2011) , Louit et al. (2011a) , Wang 

and Syntetos (2011) , Dekker et al. 

(2013) , Topan et al. (2014) , 

Mandatory 

surveys 

Jambulingam and 

Jardine (1986) 

Cho and Parlar (1991) , De Boer et 

al. (1997) , Deris et al. (1999) , De 

Waard (1999) , Artana and Ishida 

(2002) , Inozu and Radovic 

(2002) , Wang (2002) , Nicolai and 

Dekker (2008) , Galante and 

Passannanti (2009) , Joo (2009) , 

Celik et al. (2009) , Alhouli 

(2011) , Safaei et al. (2011a) , Safaei 

et al. (2011b) , Samaranayake and 

Kiridena (2012) , Ab-Samat and 

Kamaruddin (2014) , Zhu et al. 

(2014) 

( continued on next page ) 
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Table 1 ( continued ) 

Characteristics/ System design Failure prediction/ Maintenance service Maintenance strategy Maintenance planning Spare parts inventory 

Subdomains Degradation modelling contract design selection management 

System specific 

spare parts 

Ferrer (2010) , Xie et al. 

(2014) 

Armstrong and Atkins (1996) , Kabir 

and Al-Olayan (1996) , Wang 

(2012b) , Van Horenbeek et al. 

(2013) 

Fisher and Brennan (1986) , Fisher 

(1990) , Dhakar et al. (1994) , Gajpal 

et al. (1994) , Guide and Srivastava 

(1997) , Solomon et al. (20 0 0) , 

Rustenburg (20 0 0) , Huiskonen 

(2001) , Rustenburg et al. (2001) , 

Teunter and Klein Haneveld 

(2002a) , Teunter and Klein 

Haneveld (2002b) , Sleptchenko et 

al. (2003) , Braglia et al. (2004) , 

Sleptchenko et al. (2005) , Salman 

et al. (2007) , Cavalieri et al. (2008) , 

Van Kooten and Tan (2009) , Louit 

et al. (2011b) , Pinçe and Dekker 

(2011) , Teunter et al. (2011) , 

Bacchetti and Saccani (2012) , 

Mohammaditabar et al. (2012) , 

Molenaers et al. (2012) , Bacchetti 

et al. (2013) , Driessen et al. (2014) , 

Holmström and Partanen (2014) , 

Khajavi et al. (2014) , Roda et al. 

(2014) , Behfard et al. (2015) 

( continued on next page ) 
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Table 1 ( continued ) 

Characteristics/ System design Failure prediction/ Maintenance service Maintenance strategy Maintenance planning Spare parts inventory 

Subdomains Degradation modelling contract design selection management 

Multi-echelon 

structures 

Alfredsson (1997) , Basten et al. 

(2009) , Basten et al. (2011) , 

Basten et al. (2012) 

Sherbrooke (1968) , Graves (1985) , 

Lee (1987) , Dada (1992) , Alfredsson 

(1997) , Rustenburg et al. 

(1998) , Alfredsson and Verrijdt 

(1999) , Rustenburg (20 0 0) , 

Kennedy et al. (2002) , Rustenburg 

et al. (2003) , Sherbrooke (2004) , 

Kilpi and Vepsäläinen (2004) , 

Muckstadt (2005) , Caggiano et al. 

(2006) , Chen et al. (2006) , Wong et 

al. (2006) , Candas and Kutanoglu 

(2007) , Jeet et al. (2009) , Rappold 

and van Roo (2009) , Kranenburg 

and van Houtum (2009) , Wu et al. 

(2011) , Paterson et al. (2011) , 

Bijvank and Vis (2011) , Basten et al. 

(2012) , Karsten et al. (2012) , Iyoob 

and Kutanoglu (2013) , Basten and 

van Houtum (2014) , Karsten and 

Basten (2014) , Van Houtum and 

Kranenburg (2015) 

Multi-indenture 

structures 

Jensen(1975) , Choand Parlar (1991) , 

Perakis and İnözü (1991) , Wang 

(2002) , Nicolai and Dekker (2008) , 

Basten et al. (2011) , Parada Puig 

and Basten (2014) , Basten et al. 

(2015) 

Muckstadt (1973) , Sherbrooke 

(1986) , Rustenburg (20 0 0) , 

Sleptchenko et al. (2002) , 

Rustenburg et al. (2003) , Zijm 

and Av ̧s ar (2003) , Tiemessen and 

van Houtum (2010) 

Moving assets Singpurwalla (1995) , 

Kharoufeh (2003) , 

Kharoufeh and Mixon 

(2009) , Kharoufeh et al. 

(2010) , Chatwattanasiri et 

al. (2013) 

Perakis and ̇Inözü(1991) , Özekici 

(1995) , Christer and Lee (1997) , 

Gopalan and Talluri (1998) , Talluri 

(1998) , Çekyay and Özekici (2012) , 

Ulukus et al. (2012) , Xiang et al. 

(2012) , Tinga and Janssen (2013) , 

Zhang et al. (2013) , Ba ̧s dere and Ü. 

Bilge (2014) , Diaz-Ramirez et al. 

(2014) , Çekyay and Özekici (2015) 

Dekker et al. (2013) 

Economic 

dependency 

Cho and Parlar(1991) , Dekker et al. 

(1997) , Nicolai and Dekker (2008) , 

Galante and Passannanti (2009) , 

Koochaki et al. (2012) , Zhu et al. 

(2012) , Koochaki et al. (2013) , 

Ab-Samat and Kamaruddin (2014) , 

Dao and Zuo (2015) 

Long life-cycles Collette(2011) , Walshe 

et al. (2011) , McKenna 

et al. (2012) , Jain et 

al. (2015) 

Emblemsvåg and Tonning 

(2003) , Jackson and Pascual 

(2008) 

Kumar and Saranga (2010) , 

Zambujal-Oliveira and Duque 

(2011) , Nguyen et al. (2013) 

Teunter and Klein Haneveld(2002a) , 

Teunter and Klein Haneveld 

(2002b) , Inderfurth and Mukherjee 

(2007) , Pokharel and Mutha (2009) , 

Van Kooten and Tan (2009) , Pinçe 

and Dekker (2011) , Inderfurth and 

Kleber (2013) , Behfard et al. (2015) 
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Table 2 

Problem-solving techniques and methods. 

Characteristics/Methods System Failure prediction/ Maintenance service Maintenance strategy Maintenance Spare parts inventory 

design Degradation modelling contract design selection planning manag. 

Mathematical optimization x x x x 

Reliability analysis x x x 

Data analysis x x 

Decision analysis x x x 

Markov decision processes x x 

Queueing theory x 

Game theory x x 

Simulation x x x x 
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ost estimation models for costing performance-based service con-

racts. Among most commonly adopted practices, they cite the use

f expert opinion and analogy-based cost estimation. The litera-

ure also provides some examples of simulation models (see, e.g.,

eenstra et al., 2006 ; Bowman and Schmee, 2001 ; Settanni et al.,

014 ). 

Third, suppliers should determine how to fulfill the pre-defined

erformance requirements by taking sound decisions in spare parts

nventory planning. In this regard, there exist a few works that

an provide guidance to the suppliers. For instance, Nowicki et al.

2006) develop a multi-echelon, multi-item model that produces

he optimal mix of spare parts maximizing the profit of a supplier

nder a performance-based contract. Kim et al. (2007) combine

he classical problem of managing the inventory of repairable parts

ith a multitask principal-agent model and analyze incentives pro-

ided by different contracting arrangements. Mirzahosseinian and

iplani (2011) provide a repairable parts inventory model for a

ystem operating under a performance-based service contract and

nalyze the interaction between inventory management, compo-

ent reliability, and repair facility efficiency. Van der Heijden et

l. (2013) study the trade-off between repairable parts inventory

evel and repair and transportation time reductions. Godoy et al.

2014) provide a decision-making framework to profitably integrate

he contractual conditions with critical spare parts management. 

Finally, suppliers should start considering the future mainte-

ance and logistics requirements early in the design phase of the

ystems ( Dekker and Scarf, 1998) . The literature shows that differ-

nt design options strongly affect the future maintenance and lo-

istics requirements of customers. Turan et al. (2009) discuss the

ffect of different design variables of ship structures on the to-

al LCC. They develop a life-cycle costing model for structural op-

imization during conceptual design phase of ships. Wang et al.

1996) present a multi-objective model for safety-based design and

aintenance optimization of large marine engineering systems. In

ther capital-intensive industries, several works consider the im-

lementation of build-in redundancy for critical components (i.e.,

aving a number of identical parts in parallel) and investigate the

rade-off between the increase in the initial system cost and the

ecrease in maintenance and downtime costs during the life-cycle

see, e.g., Öner et al., 2013 ; Xie et al., 2014 ; Hussain and Murthy,

998 ). Some other works consider the impact of different compo-

ent reliability levels on the total system LCC (see, e.g., Öner et

l., 2010 ; Guajardo et al., 2012 ; Mirzahosseinian and Piplani, 2011 ).

odularity and commonality options are shown as other poten-

ial cost-effective alternatives due to the benefits resulting from

pare parts pooling ( Ferrer, 2010) . From the supplier’s perspective,

t could be beneficial to invest in these design options to fulfill the

erformance requirements of long-term performance-based con-
racts at the lowest total LCC. 
.2. Lessons learned 

The outcomes in other capital-intensive industries such as air-

raft, defense, automotive and construction illustrate the good po-

ential of performance-based service contracting in terms of higher

rofits, system availability and reliability (see, e.g., Guajardo et al.,

012 ; Knowledge at Wharton, 2007 ). The lessons learned from the

xisting literature can be summarized as follows: 

- In general, the choice of implementing a particular mainte-

nance service contract between a supplier and a customer

should be based on well-founded decisions ( Van Horenbeek

et al., 2012 ; Wang, 2010) . The maritime sector is not an ex-

ception. Asset owners should decide on what should be out-

sourced, what kind of relationship with the supplier should be

adopted and how should the risks of outsourcing be managed

( Tsang, 2002) . Suppliers should consider the possibility of re-

alizing higher system availabilities by collecting more statistics

on failure behavior and by sharing spare parts and other main-

tenance resources with multiple asset owners ( Basten and van

Houtum, 2014) . 

- Companies recognize that delivering services is more complex

than manufacturing products ( Baines et al., 2009) . Traditional

manufacturers who would like to provide integrated mainte-

nance services should make important transformations in their

processes and structures. In particular, they should design the

maintenance services to be provided, redesign their organiza-

tional strategy, and deal with organizational transformation is-

sues (due to the necessary shift from a product-centric strategy

to a customer-centric strategy). In the Dutch maritime sector,

Keers et al. (2014) observe that both asset owners and OEMs

experience considerable problems in establishing successful ser-

vice alliances. For the OEMs, there is lack of knowledge, skill,

and experience in controlling and planning the service pro-

cesses. For asset owners an organizational transformation is

necessary in order to assess and control the service perfor-

mance ( Keers et al., 2014) . 

- In performance-based maintenance contracting, determining 

the right performance indicator is crucial ( Nowicki et al., 2006) .

In addition, an extensive performance measurement system

should be in place to effectively asses the current equipment

performance. It would be helpful to use condition monitoring

technologies to monitor the key performance indicators. In ad-

dition, data gathered through condition monitoring can be used

by the supplier to schedule maintenance tasks according to the

actual condition of the equipment (i.e., to execute condition-

based maintenance). This may reduce the risks and increase the

benefits in terms of cost, availability, and reliability ( Veenstra

et al., 2006 ; Norden et al., 2013) . Besides, monitoring informa-

tion can provide valuable operational feedback to the supplier. 
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- Performance-based service contracts are either standard or the

outcome of negotiations ( Van Horenbeek et al., 2012) . Deter-

mining the right performance level for a chosen performance

indicator requires defining all circumstances and criteria that

influence the performance. From the suppliers’ perspective, sev-

eral issues are to be dealt with. First, the supplier should de-

termine how to fulfill the performance requirements by finding

new and improved ways to manage the resources required. In

the long run, the supplier may find it in its best interest to in-

vest in more efficient repair and logistics capabilities ( Kim et

al., 2007) . Second, the suppliers should consider how to man-

age their relationships with their own suppliers. In the mar-

itime sector, this can be a big issue especially for system inte-

grators working with various OEMs. 

- Some other challenges are related to the costing of

performance-based service contracts by the suppliers. These

include reliability of data supplied by the asset owners, consid-

eration of uncertainties at different stages of service life-cycle,

uncertainties of the asset owners’ contribution to availability

performance, and prediction of future maintenance activities.

It is necessary to increase the cooperation and information

sharing between the suppliers and the asset owners to remedy

these issues. 

- The consideration of maintenance and logistics requirements

should start early in the design phase of systems ( Dekker

and Scarf, 1998) . In a performance-based contracting context,

Mirzahosseinian and Piplani (2011) argue that in order to im-

prove the system availability, suppliers should primarily work

to improve the components reliability by revising system de-

sign. Moreover, OEMs that provide similar systems to other in-

dustries beside the maritime sector (e.g., engine manufacturers)

should take a closer look into the marine circumstances and us-

age characteristics to adapt the system design accordingly. 

4.3. Future research directions 

Regarding the multi-actor characteristic in the maritime sector,

some unsolved issues remain for future consideration: 

- In order for the traditional manufacturers to extend their role

in providing integrated maintenance services, they should make

the necessary changes in their processes and organizational

structures (service design, performance control system, organi-

zational transformation, etc.) ( Baines et al., 2009) . In this re-

gard, the best practices that can help marine system manufac-

turers are limited ( Keers et al., 2014) . 

- One should analyze the impact of shifting from on-demand ser-

vice contracts to performance-based service contracts in terms

of asset availability, reliability, and the total LCC through study-

ing the associated maintenance and resource requirements. 

- It is worthwhile to study how to determine appropriate service

level agreements in maintenance service contracts by taking

all maintenance resource requirements into account and differ-

ent cost-effective options such as resource sharing, pooling, and

maintenance tasks coordination for several customers. 

- How a system integrator can align service levels guaranteed to

asset owners with the service levels quoted by its own suppli-

ers (i.e. OEMs) remains an open research question. 

- Additional research is needed to study the relation between

the system design, operating environment, usage characteris-

tics, and the future maintenance and resource requirements

considering the total LCC. 

5. Small amount of failure-related data 

In the maritime sector, reliability information is usually not

available to the degree needed for the prediction of failure times.
ittle historical data is available to perform forecasts from failures.

he so-called “one-off systems” are very common in certain types

f maritime assets (naval ships, survey vessels, etc.). These systems

re designed to fulfill the specific needs of the asset owners, they

re unique and non-standard. Moreover, maritime assets operate

n different and inherently variable conditions that influence the

ailure rates ( Dekker et al., 2013) . This makes the use of failure

ata from one system on another difficult even for identical stan-

ard systems ( Mokashi et al., 2002) . Asset owners usually follow

he recommendations of OEMs and system integrators which often

esults in too much preventive maintenance ( Coupe, 2015) . Non-

ompliance with the recommendations during the guarantee pe-

iod could remove the supplier from any obligations in case of a

laim. Besides, asset owners would not permit occurrences of fail-

res so as to get the failure data ( Mokashi et al., 2002) . This leads

o the contradiction stated by Moubray (1997) : “successful preven-

ive maintenance entails preventing the collection of the historical

ata which we think we need in order to decide what preventive

aintenance we ought to be doing”. 

.1. State-of-the-art 

The lack of failure data in the maritime sector requires the ap-

lication of some specific techniques to deal with data related is-

ues. In this section, we summarize existing works that can cope

ith data related issues in failure prediction/degradation mod-

lling, maintenance strategy selection, maintenance planning, and

pare parts inventory management. 

When the failure data is limited, one can resort to methods that

an transform the data from experts’ judgement, feedback experi-

nce, and observations into a suitable format for failure prediction

nd degradation modelling. The Bayesian Network (BN) approach

s shown to be useful for this purpose. For instance, Celeux et al.

2006) use the BN approach in describing a causal representation

f the phenomena involved in the degradation process of a nuclear

lant mechanical system. Langseth and Portinale (2007) discuss the

pplicability of BNs for reliability analysis. They conclude that the

N approach is preferable since it facilitates the interaction with

xperts and is computationally efficient. Weber et al. (2012) an-

lyze the evolution of the literature about the BN approach and

ummarize the applications on maintenance and reliability fields. A

aritime application of the BN approach is provided in Rosunally

t al. (2010) for improving remaining life predictions of a ship’s

ron structures. 

In the maritime sector, a shift from preventive (scheduled-

ased) maintenance towards predictive (condition-based) mainte-

ance is observable (see, e.g., Coupe, 2015 ; Hunt, 2014 ). This is

onsistent with the deliverables of reliability-centered maintenance

RCM) that was first applied in the aircraft industry ( Smith, 1993 ;

sang, 1995) . RCM is a structured approach that is used to de-

ermine a cost-effective maintenance strategy by focusing on the

tems that affect the system reliability. Basically, it consists of pri-

ritizing function need, considering all applicable forms of main-

enance and employing the most appropriate and cost-effective

aintenance tasks in preserving system function. In RCM, all forms

f maintenance and even the need for maintenance are consid-

red ( Mokashi et al., 2002) . Since 1980s, RCM has found several

pplications in the maritime sector. First, Jambulingam and Jar-

ine (1986) demonstrate the integration of RCM and LCC con-

epts on a part of an air conditioning system of the Canadian

aval ships. They show that a considerable amount of savings can

e obtained with the implementation of this approach. Mokashi

t al. (2002) discuss the specific problems likely to be encoun-

ered in implementing RCM on maritime assets. In the absence of

ufficient failure data imposed by the traditional RCM approach,

hey propose a subjective qualitative approach. They show that the
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(  
uideline principles of RCM can help to plan a maintenance strat-

gy. The requirements to improve reliability of maritime systems

ased on RCM is listed by the American Bureau of Shipping (2003) .

onachey (2006) discusses the technical background of this study

nd provides additional information related to maintenance and

isk analysis of maritime systems. Lazakis et al. (2010) propose a

riticality and reliability assessment methodology by using opera-

ional data and expert judgments. Their methodology was demon-

trated on a diesel generator system of a cruise ship. A similar

ethodology is also considered by Turan et al. (2011) and illus-

rated on the main systems of a diving support vessel. Recently,

aal and Kuijt (2013) have presented a methodology that stream-

ines the RCM approach by assessing only the functional critical

ailure modes. A propulsion gearbox has been used as a test case

o demonstrate the proposed RCM approach. 

Given a choice RCM often prefers condition-based maintenance

CBM) to scheduled-based maintenance ( Mokashi et al., 2002 ; Niu

t al., 2010) . CBM is a maintenance program that recommends

aintenance decisions based on the information collected through

ondition monitoring ( Jardine et al., 2006) . It becomes a feasible

ption when a measurable condition indicator has been identi-

ed and it is possible to set warning limits using this indicator.

carf (2007) presents a framework for determining an appropri-

te CBM policy for a given system and provides practitioners with

uidelines for CBM. Three steps can be distinguished for a CBM

rogram: data acquisition (information collecting), data processing

information handling) and maintenance decision making ( Jardine

t al., 2006) . 

There exist two main types of data collected in a CBM program:

vent data and condition monitoring data. Event data include the

nformation on previous breakdowns, overhauls, and maintenance

ractices. Condition monitoring data contain measurements related

o the health condition of the asset under consideration. So far,

arious sensor technologies have been designed to collect differ-

nt types of condition monitoring data. These technologies have al-

eady found applications in the maritime sector for ship hulls (see,

.g., Yamamoto et al., 2007 ; Wang et al., 2001 ) and marine engines

see, e.g., Han et al., 2007 ; Wang et al., 2012 ). 

The condition of the equipment under consideration can be

onitored either continuously or at specified periods. If the equip-

ent condition is not monitored continuously, the interval be-

ween inspections has to be determined so that actions can be

aken in time, either to prevent failures or to minimize the con-

equences of those ( Tsang, 1995) . Delay-time-based modelling is

ne of the techniques for optimizing inspection planning. It has

ttracted significant attention and widely applied by researchers

n the maintenance field. Some successful applications are also

resented for maritime assets (see, e.g., Christer and Lee, 1997 ;

unningham et al., 2011 ; Pillay et al., 2001 ; Giorgio et al., 2015 ).

 recent comprehensive review on the applications and develop-

ents regarding delay-time concept is provided by Wang (2012a) .

isk-based inspection (RBI) is another concept used for inspection

lanning. RBI planning aims at optimizing inspection by focusing

n equipment with high risk which are more likely to fail, caus-

ng damage to people and environment and resulting in high costs

n case of failure. We refer to Hamada et al. (2002) , Kallen and

an Noortwijk (2005) and Rizzo et al. (2007) for more information

bout the applications of this concept in the maritime sector. 

Data processing is an essential step in a CBM program. Differ-

nt methods and models are available in the literature for better

nderstanding and interpretation of data. These are used to ac-

omplish fault diagnostics and/or prognostics and constitute the

asis of maintenance decision support. Diagnostics refer to fault

etection, isolation and identification when it occurs. Prognostics

eal with fault prediction before it occurs and focus on RUL esti-

ations. A comprehensive literature review on machinery diagnos-
ics and prognostics implementing CBM can be found in Jardine et

l. (2006) . Recent literature reviews on machinery prognostics and

UL estimation techniques are provided by Peng et al. (2010) and

i et al. (2011) , respectively. 

The literature on machinery diagnostics is huge and diverse

 Jardine et al., 2006) . There exists a large and growing variety

f condition monitoring techniques for fault diagnosis. A particu-

arly popular one for rotating and reciprocal machinery is vibra-

ion analysis (see e.g., Elwany et al., 2011 ; Wang, 2008 ). This tech-

ique is also found effective for marine machinery (see, e.g., Han et

l., 20 07 ; Charles et al., 20 09 ). Prognostics is still a relatively new

ut very active research area in aircraft, automotive, nuclear, pro-

ess controls, and defense industries ( Peng et al., 2010) . Analyses

f maritime machinery such as marine engines (see, e.g., Jardine et

l., 1987 ; Wang et al., 2012 ), compressors (see, e.g., Kacprzynski et

l., 2001 , and ship hulls (see, e.g., Nicolai et al., 2007 ; Gudze and

elchers, 2008 ) are also available in the literature. 

Prognostic methods that are based on historical failure data are

alled experience-based methods. These methods rely on the col-

ection of a sufficiently large set of failure data and require a nu-

erical relation describing the data ( Tinga, 2010) . An alternative

pproach is to use model-based methods, in which physical models

re used to describe the degradation process of the component and

ts failure mechanism. Although model-based methods has a big

otential in maintenance modeling and prognostics, applications in

his field is limited ( Tinga and Janssen, 2013) . Tinga (2010) pro-

oses a framework for model-based maintenance, in which physi-

al models are applied to predict failures of different components.

e demonstrates that when the failure mechanisms are known and

he usage or loading of the components is monitored, the uncer-

ainty in the prediction of failures can be significantly reduced.

oemer and co-authors provide several studies in which they apply

hysical models to systems such as bearings, gear tooth, and elec-

ronic systems (see, e.g., Kalgren et al., 2007 ; Roemer et al., 2006 ;

rsagh et al., 2004 ). 

Maritime assets are composed of technical systems that may

omprise electronic units for which diagnostics and prognostics

equire additional challenges. The no failure found (NFF) phe-

omenon is a major problem when dealing with fault diagnosis

f electronic units. A NFF event occurs when an electronic unit has

een removed from a technical system due to a fault but the ex-

ernal test does not discover any fault on it. Within the aircraft

ndustry, about 50% of electronic units removed during the utiliza-

ion and support stages are classified as NFF ( Söderholm, 2007) .

FF events may be manifested in decreased safety and availability

nd increased life-cycle costs for maritime assets. It is the aircraft

ndustry that has done most of the work in this area ( Hockley and

hillips, 2012) . The methods presented in the literature (see, e.g.,

teadman et al., 2002 ; Santoro, 2008 ) can also be considered to

educe or eliminate NFF events in the maritime sector. 

Spare parts inventories exist for serving the needs of mainte-

ance. Their unavailability results in higher downtimes. In gen-

ral, demand for spare parts is difficult to forecast using historical

ata only ( Dekker et al., 2013) . In the maritime sector, little data

s available to perform forecasts based on time series forecasting.

ang and Syntetos (2011) present a generic method that can be

sed to make accurate predictions of spare parts demand. They

rovide a spare parts demand forecasting method by looking at

he maintenance processes that generate the relevant demand pat-

erns. Under certain conditions, this maintenance-based forecast-

ng method is associated with a better performance in comparison

ith a well-known time series method. 

By using the information on the physical condition of the

quipment, it is also possible to update replacement and inven-

ory decisions dynamically. For instance, Elwany and Gebraeel

2008) integrate prognostics (by referring to RUL estimations) into
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(  
replacement and spare parts decision models. Similarly, Louit et al.

(2011a) present a model directed to the determination of the or-

dering decision for a spare part when the component in opera-

tion is subject to a condition monitoring program. Other related

works incorporating condition monitoring information into spare

parts inventory decisions can be found in Deshpande et al. (2006 ),

Li and Ryan (2011) , Rausch and Liao (2010) and Topan et al. (2014) .

5.2. Lessons learned 

In the maritime sector, there is a trend to shift from scheduled-

based maintenance towards CBM (see, e.g., Coupe, 2015 , Hunt,

2014 ). Indeed, the rapid development of advanced sensor tech-

nologies is making the implementation of CBM more affordable

and feasible for the maritime sector. However, the following points

should be considered while adopting a CBM strategy: 

- The importance of event data should not be underestimated

since event data and condition monitoring data are equally im-

portant in CBM ( Jardine et al., 2006) . For an already existing

and old vessel, obtaining event data can be difficult. Ideally,

event data shall be recorded starting from the early stages of

the vessel life and data collection and reporting should be au-

tomated through a maintenance information system. 

- Information on the operational environment should also be

taken into account for an effective maintenance decision mak-

ing. Since environmental influences can largely affect the failure

behavior of maritime assets, models and methods that enable

the consideration of environmental variables are more appro-

priate for the maritime sector (see, e.g., Gudze and Melchers,

2008 ; Dekker et al., 2013 ). 

- Peng et al. (2010) summarize some general weaknesses of prog-

nostics. These include the difficulties and high cost of collecting

abundant data and the lack of a judgment criterion for the ac-

curacy of existing prognostic techniques. These weaknesses lead

to a long learning and implementation time of maintenance

techniques based on prognostics. 

- In model-based prognostics, much less failure data is needed

compared with experience-based models since the physi-

cal mechanisms characterize the failure behavior. Moreover,

changes in usage of the system can easily be incorporated

into model-based methods by using the quantitative relation

between usage and degradation. However, this requires a de-

tailed understanding of the system. Considerable effort is gener-

ally needed to develop the physical models ( Tinga and Janssen,

2013) . 

- Jardine et al. (2006) argue that prognostics is much more effi-

cient than diagnostics to achieve zero-downtime performance.

However, asset availability also depends on the availability of

maintenance resources such as spare parts, maintenance engi-

neers, service tools, and maintenance facilities ( Vliegen, 2009 ;

Vliegen et al., 2010 ). Alabdulkarim et al. (2014) provide numer-

ical evidence about the fact that a higher asset monitoring level

does not always guarantee a higher asset availability. If mainte-

nance resources are not managed efficiently, investing in high

cost technologies may be useless as a higher performance of

the assets is not guaranteed. 

5.3. Future research directions 

- While implementing prognostics and CBM, the error between

predicted RUL and real RUL can be significant if the influ-

ence of environmental variables are not properly quantified and

taken into account ( Peng et al., 2010) . It is worthwhile to study

how to incorporate the error and uncertainties in RUL estima-

tions into maintenance and resource planning ( Si et al., 2011 ;

Sankararaman, 2015) . 
- A comprehensive analysis to quantify the impact of using dif-

ferent monitoring levels by taking resource constraints and lo-

gistics capabilities of the companies into account is lacking.

This would enable the determination of conditions under which

higher monitoring levels result in higher system availability. 

- More research is required to effectively integrate prognostics

with maintenance and resource planning. 

. Mandatory surveys 

The vast majority of ships are built to and periodically surveyed

or compliance with the rules defined by Classification Societies. A

lassification Society is an organization that provides classification

nd statutory services and assistance to the maritime sector to-

ether with the requirements set down by the International Mar-

time Organization. After the assignment of a class (usually reflect-

ng the ship’s tonnage and intended use), each ship is subject to

 specified program of periodic surveys. These are typically based

n a five-year cycle and consist of annual surveys, an intermediate

urvey, and a class renewal/special survey held every 5 years ( IACS,

011) . These surveys may include out-water examinations that re-

uire the ship to be dry-docked to verify whether the ship contin-

es to meet the relevant requirements. The length of mandatory

ry-docking intervals depends on the ship’s class and age. For in-

tance, general commercial ships are dry-docked on average every

.5 years ( Landon, 2014) . Major overhaul, repair, and maintenance

f ships often take place during dry-docking. 

.1. State-of-the-art 

In the period between mandatory surveys, it is usually the as-

et owner’s responsibility to properly maintain their ships ( IACS,

011) . For each system, selecting an appropriate maintenance strat-

gy between major overhauls (accompanied by mandatory surveys)

s crucial to meet the pre-specified technical and safety require-

ents at a fair cost. Jambulingam and Jardine (1986) analyze this

roblem for a marine system. The objective of their work is to de-

ermine whether the system requires preventive maintenance (PM)

etween two major overhauls, if so to find the optimal PM interval.

n a similar vein, Artana and Ishida (2002) investigate the optimal

aintenance interval between two dock replacements for the com-

onents used in a ship’s ballast system. 

Mandatory dry-dockings and overhauls pose both a restric-

ion for availability and an opportunity for clustering maintenance

asks. In a holistic way, it can be less expensive and more conve-

ient to perform preventive maintenance for a certain component

uring dry-docking of the ship rather than at the optimum preven-

ive maintenance time for that component. This has a strong rela-

ion with the problem of establishing group maintenance and op-

ortunistic maintenance policies considering economic and struc-

ural dependence of different components. This research area has

eceived considerable attention in the literature (see, e.g., Cho and

arlar, 1991 ; Wang, 2002 ; Nicolai and Dekker, 2008 ; Ab-Samat and

amaruddin, 2014 ). Galante and Passannanti (2009) consider the

aintenance of marine systems (e.g., propulsion or steering sys-

ems) whose major components can be maintained only during

 planned system downtime, i.e. the major overhaul. Focusing on

n opportunistic maintenance policy, they propose an algorithm

o determine the set of components that must be maintained to

uarantee a required reliability level up to the next major overhaul

ith the minimum cost. 

The literature on aircraft maintenance planning and schedul-

ng would be helpful to cope with some problems related to mar-

time assets maintenance. During the major overhaul of an aircraft

termed heavy maintenance), the aircraft is temporarily taken out
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f service and inspections of various system components, struc-

ural modifications, and/or alternations are performed. This is sim-

lar to what happens during the major overhaul of maritime as-

ets. The majority of research in this area focuses on the resource-

onstrained maintenance scheduling of a fleet of aircraft (see, e.g.,

afaei et al., 2011a , b ). We refer to Samaranayake and Kiridena

2012) and the references therein for further information on this

esearch area. Similar applications in the maritime sector can be

ound in Alhouli (2011) and Deris et al. (1999) . 

Maintenance tasks that have not been planned and identified

efore the dry-docking starts, result in significant additional costs

o asset owners ( Inozu and Radovic, 2002) . Similarly, about 50% of

he total work involved in heavy maintenance of aircrafts are un-

lanned maintenance activities arising out of inspections carried

ut during an aircraft lay-up ( Samaranayake and Kiridena, 2012) .

 framework that facilitates a proactive response that mitigates

he impact of such unpredictable maintenance activities in aircraft

aintenance can be found in Samaranayake and Kiridena (2012) . 

From the viewpoint of dockyards, efficient management of ca-

acity and time limits is a critical issue. De Waard (1999) develops

 process-oriented organization model applied to the Royal Nether-

ands Navy Dockyard through pilot tests, to cope with high degree

f uncertainties associated with customer demand and mainte-

ance execution time, and tight requirements regarding due dates,

ost, quality, and flexibility. His model includes elements regard-

ng the design of production, control, and information structures.

e Boer et al. (1997) provide a decision making support in pro-

ess planning, aggregate capacity planning, and scheduling also for

he Royal Netherlands Navy Dockyard. A necessary condition in or-

er to complete maintenance, overhaul, and modification projects

n time is the availability of materials and spare parts. This issue

s studied by Joo (2009) in the aircraft industry. He focuses on the

roblem of scheduling overhauls for a small fleet of aircrafts when

vailable spare parts are limited and overhauls may not be delayed

eyond a due time. The dynamic programming approach proposed

n this study is also applicable to maritime assets. 

For asset owners, selecting the dockyard where periodic dry-

ockings are to be performed is crucial since the relevant processes

re critical. Several criteria such as quality of service, capacity lim-

tations, geographical advantages, relevant costs, and time limits

hould be taken into account. A multi-criteria approach for selec-

ion among dockyards is developed in Celik et al. (2009) . A real

ase application is presented where the capacity of the dockyard

s shown to be the most important criteria for asset owners. 

.2. Lessons learned 

- The majority of the literature on heavy maintenance in the air-

craft industry can address the problems encountered in plan-

ning and scheduling of major overhauls/mandatory surveys in

the maritime sector. 

- In practice, asset owners generally work with dockyards situ-

ated in the geographical area where their assets are operating.

It is shown that dry-dock availability can be an issue, leading to

the use of other yards on an ad hoc basis ( Landon, 2014) . Major

overhauls should be planned in advance to make appropriate

dry-docking appointments. However, accurately estimating ac-

tivities and resources to be required before dry-docking is a big

challenge for maritime assets ( Inozu and Radovic, 2002) . 

.3. Future research directions 

- The integration of different maintenance strategies such as

failure-based, age/usage-based, and condition-based with the

fixed maintenance interval concept stemming from the periodic
surveys has received little attention in the literature, the only

exception that we are aware of is Zhu et al. (2014) . 

- The research on maintenance scheduling for a fleet of ships

under limited resource capacity including spare parts, mainte-

nance engineers and dockyard space has been scarce. 

- Limited number of works takes into account imperfect predic-

tions made before dry-docking regarding maintenance activi-

ties to be performed and resources to be required. De Waard

(1999) describes a qualitative approach to cope with such un-

certainties by re-designing the organizational structure. Future

research is required to develop quantitative approaches in this

respect. 

. System specific spare parts 

Insufficient spare part stocks may affect the overall performance

f maritime companies, as lack of spare parts results in longer

owntimes, lower availability and/or increased operational risks

 Louit et al., 2011b) . Several aspects such as criticality, condemna-

ion, obsolescence, and cannibalization should be considered while

aking spare parts inventory and maintenance planning decisions

n the maritime sector. 

.1. State-of-the-art 

The spare parts classification is a crucial step in spare parts

anagement since it enables a better management of differ-

nt items by taking into account their characteristics (see, e.g.,

avalieri et al., 2008 ; Driessen et al., 2014 ; Roda et al., 2014 ).

istinctive characteristics include parts’ criticality (economic, en-

ironmental, and safety consequences of a part failure), usage

demand volume, demand variability, and redundancy), inventory

price, space required, and obsolescence rate) and supply charac-

eristics (replenishment lead time, supplier availability, risk of non-

upply, and part specificity) ( Roda et al., 2014) . For spare parts that

ossess distinctive characteristics, using several criteria as a basis

or classification is particularly useful. This has led researchers to

uggest different types of multi-criteria approaches for spare part

nventory classification ( Muckstadt, 2005) . A well-known method

sed as a tool for classifying spare parts is the analytical hierarchy

rocess (AHP) (see, e.g., Gajpal et al., 1994 ; Braglia et al., 2004 ;

olenaers et al., 2012 ). We refer to Roda et al. (2014) for advan-

ages and disadvantages of various multi-criteria spare parts clas-

ification approaches proposed in the literature. 

In spare parts management, adopting an integrated view in

pare parts classification, demand forecasting and inventory man-

gement improves the overall effectiveness. To the best of our

nowledge, Braglia et al. (2004) provide the first paper in this di-

ection by relating the classification of spare parts and inventory

anagement policies. Mohammaditabar et al. (2012) propose an

ntegrated model to classify the parts and find the best inventory

olicy simultaneously. Bacchetti et al. (2013) propose differentiated

orecasting and inventory policies for different categories of spare

arts. For a case study organization, their simulation results show

hat a total logistics cost reduction of about 20% can be achieved.

 literature review on theoretical contributions of spare parts clas-

ification and demand forecasting can be found in Bacchetti and

accani (2012) . 

In capital-intensive industries spare parts stock is often com-

osed of repairable and non-repairable parts. Repairable parts are

he ones which are repaired and returned to use rather than dis-

arded. These are usually expensive and/or specific parts with a

ong life. Typical problems are concerned with their optimal stock-

ng levels, the location of these stocks, and the effective use of lim-

ted resource capacity for repair tasks. Dhakar et al. (1994) present

n approach to find optimal stock levels for repairable parts which
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are critical to operations and having low demand. Louit et al.

(2011b) concentrate on relatively expensive and critical parts for

which they present various approaches for the determination of

the optimal stock levels, when the stock is composed of re-

pairable and non-repairable parts. Sleptchenko et al. (2003) study

the trade-off between inventory and repair capacity by present-

ing a simultaneous optimization for both decisions. Sleptchenko et

al. (2005) show that assigning repair priorities to repairable parts

can reduce stock investment. In both studies, the methods pro-

posed are used for naval ships. A complicating factor regarding re-

pairable parts is the condemnation aspect which refers to the fact

that not all failed repairable parts can be repaired; some may be

condemned and have to be replaced by new procurements. We re-

fer to Basten and van Houtum (2014) , Rustenburg et al. (2001) and

Van Kooten and Tan (2009) for discussions on the incorporation

of condemnation from a modelling point of view. A review of re-

pairable spare parts models and applications can be found in Guide

and Srivastava (1997) . 

Obsolescence is a crucial problem in many sectors including the

maritime sector. From the suppliers’ perspective, parts become ob-

solete when there is no demand for them. It is often possible to

know in advance or to estimate reasonably accurately when the

equipment in use will be retired (see also Teunter et al., 2011) for

link between demand forecasting and obsolescence). In such a set-

ting, Pinçe and Dekker (2011) propose an approximate solution to

the problem of when to change the inventory control policy to

reduce obsolete inventories while balancing availability. From the

users’ perspective, it will be difficult to procure the parts if the

supplier discontinues the production. Several studies focus on find-

ing the optimal final order quantity to be placed at the supplier, so

that it covers the demand for parts until the equipment retirement

(see, e.g., Van Kooten and Tan, 2009 ; Teunter and Klein Haneveld,

2002a , b ; Behfard et al., 2015 and the references therein). 

In practice, the demand of spare parts can be met through can-

nibalism of a functioning part in another system when other pro-

curement options are very costly. Fisher and Brennan (1986) ex-

amine various cannibalization policies using a simulation approach

to answer the question whether cannibalization should be done

and when. Fisher (1990) presents a continuous Markov process

model for evaluating the performance of a maintenance system

with spares, repair, cannibalization, and manpower constraints and

identify desirable cannibalization policies under various parame-

ters. Sherbrooke (2004) evaluates the increase in availability that

could be achieved under cannibalization. Numerical examples of

Salman et al. (2007) demonstrate that investments in spare parts

inventories can reduce the need for and the value of cannibaliza-

tion. These studies represent initial effort s in modelling the effect

of cannibalization on the overall performance. 

Maintenance models often rely on the assumption that spare

parts are always available in stock ( Van Horenbeek et al., 2013) .

As such, one can optimize maintenance and spare parts inventory

decisions independently. However, this approach may lead to poor

solutions since it ignores the interdependencies between mainte-

nance and inventory decisions. The literature shows that the joint

optimization provides remarkable improvement in terms of cost

and service levels compared to separate optimization (see, e.g.,

Armstrong and Atkins, 1996 ; Kabir and Al-Olayan, 1996 ; Wang,

2012b ). In the last decades, several joint maintenance and inven-

tory optimization models have been developed. We refer to Van

Horenbeek et al. (2013) for a literature review on these models. 

Additive manufacturing (AM), also known as 3D printing, has

rapidly advanced and evolved over the last decade. In the mar-

itime sector, AM can be used in manufacturing spare parts and

conducting repairs ( Kieviet, 2015) . Since this technology enables

to locally print the spare parts on demand, it would reduce re-

plenishment lead times and the costs associated with transporta-
ion, inventory holding, and obsolescence. The literature that con-

iders AM in service logistics is limited since the field is recent.

hajavi et al. (2014) evaluate the potential impact of AM improve-

ents on the configuration of spare parts supply chains through

cenario modelling of a real-life system in the aeronautics indus-

ry. Holmström and Partanen (2014) explore how the AM may af-

ect the relationship among logistics service providers (LSPs), users,

nd manufacturers. 

.2. Lessons learned 

- The literature disclosed the need for a multi-criteria perspective

for classifying spare parts. The most common criteria used in

the literature is the stock-out cost and replenishment lead time

( Roda et al., 2014) . According to our company interviews, those

are also amongst the most popular criteria currently in use by

the asset owners involved in the MaSeLMa project. Other im-

portant criteria revealed are criticality in terms of environmen-

tal and safety consequence of a part failure, redundancy level,

and part specificity emanating from one-off systems. The lit-

erature emphasizes the need of differentiating the policies be-

tween different classes of spare parts ( Huiskonen, 2001) . How-

ever, this requires more data collection and induces further

computational complexity compared to existing approaches. 

- Repairable inventory systems are common in the maritime sec-

tor. The literature shows that these systems are considerably

more complicated than traditional non-repairable ones since

there are a number of complicating factors to consider. These

include: imbalance between demand and returns of repairable

parts and the risk of condemnation ( Guide and Srivastava,

1997) . As pointed out by Rustenburg et al. (2001) , the condem-

nation rates can be as high as 30% in the naval defense in-

dustry. This important aspect should be incorporated into re-

pairable inventory models explicitly. 

- Maintenance and spare parts management are strongly inter-

connected since maintenance relies on the availability of spare

parts. Assuming that spare parts are always available in stock is

unrealistic in a maritime environment where the lead times can

be very long and the spare parts can be too expensive to invest

in. Therefore, such an assumption may result in poor decisions

in terms of cost and service levels. In this setting, maintenance

and spare parts inventory optimization should be considered si-

multaneously to take the trade-off between the two decisions

into account ( Van Horenbeek et al., 2013) . 

- The AM can decrease supply chain complexity through simpler

and more effective solutions. Logistics service providers have

been given an opportunity to consolidate demand and incre-

mentally deploy AM capacity close to asset owners ( Holmström

and Partanen, 2014) . Currently, the prices of 3D printed spare

parts are significant but, they are expected to fall substantially

over the coming years ( Kieviet, 2015) . 

.3. Future research directions 

- There is a small amount of research in integrated decision

making of spare parts classification and inventory control (see

Bacchetti and Saccani, 2012 ; Roda et al., 2014 ). For repairable

parts, optimal planning and scheduling of repair tasks is an-

other dimension to be considered in the integrated decision-

making such as finding the best prioritization rules of part re-

pairs and optimal inventory levels simultaneously. 

- The cannibalization of functioning parts is one of the coun-

termeasures used in practice to deal with spare parts unavail-

ability and extra-long replenishment lead times. Although this

practice is present in many capital-intensive industries includ-

ing the maritime sector, its incorporation into the mathemati-
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cal models is rare in the scientific literature. In particular, the

questions of whether cannibalization of parts should be done

and what factors affect cannibalization have received little at-

tention. 

- There are several open aspects related to joint maintenance

and inventory decision making. Under performance-based ser-

vice contracts, maintenance and inventory control responsibil-

ities shift to the suppliers (cf. Section 4) . In future research,

one can consider the arising structure and environment ( Van

Horenbeek et al., 2013) . Moreover, the literature shows that ob-

solescence has substantial impacts on optimal policies. It is also

worthwhile to incorporate this aspect into the related models.

Other extensions can focus on investigating the value of condi-

tion monitoring information in joint maintenance and inventory

decision making. 

- From a service logistics perspective, the AM has important im-

plications that are open to investigation. 

. Multi-echelon structures 

In the maritime sector, the service logistics network has a

ulti-echelon structure since maintenance and repair activities can

e executed and spare part stocks can be held on board of the

hips or on shore by asset owners, system integrators, OEMs, or

ervice providers. For example, the related network can be charac-

erized as a three-echelon repair and inventory system including

he ships, on shore bases of the asset owners, and on shore depots

f system integrators/OEMs (see, e.g., Basten et al., 2011 , 2015 ).

he questions arising from this characteristic relate to maintenance

lanning and spare parts inventory management subdomains. In

articular, questions such as how to allocate spare parts and main-

enance resources, where to execute maintenance and repair activ-

ties and how to configure multi-echelon maintenance network are

f interest. 

.1. State-of-the-art 

The question of how to allocate repairable spare parts in

 multi-echelon network has been addressed by numerous re-

earchers. The work of Sherbrooke (1968) is certainly the seminal

aper in this field. He develops the Multi-Echelon Technique for

ecoverable Item Control (METRIC) model for a two-echelon distri-

ution system. He proposes an approximate evaluation of number

f backorders and a heuristic approach to optimize the base sock

evels. A well-known variant of METRIC is VARI-METRIC studied

y Graves (1985) to provide a simple and accurate approximation

or the variance of the number of parts in repair. For two exten-

ive overviews of the variants of METRIC models, we refer to the

ooks of Sherbrooke (2004) , Muckstadt (2005) , and Van Houtum

nd Kranenburg (2015) . 

The variants of the METRIC model use the system approach in

hich all components are considered jointly. Under this approach,

arget service levels are set, for example, considering system avail-

bility and the expected number of backorders over all spare parts.

his is the key difference from the traditional item-approach, in

hich item-oriented service measures, such as the fill rate are

sed. The literature shows that great savings can be achieved with

he system approach. For instance, at the Royal Netherlands Navy,

 particular system approach based on VARI-METRIC model en-

bles to achieve high availability under tight budget constraints

 Rustenburg et al., 2001) . A recent overview of the large body of

iterature on the system approach is given by Basten and van Hou-

um (2014) . 

Determining whether a component should be discarded or re-

aired upon failure and at which location in the multi-echelon net-

ork to execute these repairs is called the level of repair analy-
is (LORA) ( Basten et al., 2009 , 2011) . Since these decisions sig-

ificantly impact the spare parts investment cost, solving multi-

chelon spare parts inventory problem in conjunction with LORA

s worthwhile. Alfredsson (1997) is the first who considers the two

roblems simultaneously but under certain simplifying assump-

ions for tractability. Based on the method of Alfredsson (1997) ,

asten et al. (2012) present an algorithm that finds efficient so-

utions. They show that significant cost savings can be achieved

ompared to the sequential approach that first solves LORA and

hen the spare parts inventory problem. 

Some researchers consider the trade-offs among service levels

nd cost components related to the network design such as instal-

ation, transportation, procurement, and inventory costs. In partic-

lar, the design factors considered in the literature include logistic

etwork design, capacity investment, part supplier selection, and

ransportation modes selection (see, e.g., Candas and Kutanoglu,

007 ; Jeet et al., 2009 ; Wu et al., 2011 ; Iyoob and Kutanoglu, 2013 ;

appold and van Roo, 2009 ). The literature shows that a compre-

ensive inclusion of such design factors with the spare parts inven-

ory optimization problem requires significant computational ef-

orts. 

In order to reduce holding and downtime costs, certain flexi-

ility options such as lateral transshipment, inventory pooling, or

mergency shipments can be considered in the design of spare

arts inventory systems. The traditional inventory networks are

ierarchical, with transportation flows from upstream to down-

tream echelons. In practice, vessels operating within the same re-

ion can resupply each other to cover spare parts demand. This

s equivalent to allowing lateral transshipments within an echelon.

ptimal control of lateral transshipments has been researched in

any different settings (see, e.g., Lee, 1987 ; Dada, 1992 ; Alfredsson

nd Verrijdt, 1999 ; Wong et al., 2006 ; Kranenburg and van Hou-

um, 2009 ). Moreover, pooling common spare parts between mul-

iple companies operating in the same region is also an alterna-

ive to reduce spare parts holding and downtime related costs.

ilpi and Vepsäläinen (2004) demonstrate the savings potential

f inventory pooling arrangements among various companies in

he airline industry. Karsten et al. (2012) and Karsten and Bas-

en (2014) study the cost allocation problem in spare parts pools

ith multiple companies. In general, the literature on lateral trans-

hipment and inventory pooling research can be found in Paterson

t al. (2011) . The case of emergency shipments is shown to be

quivalent to the lost sales setting for which literature reviews can

e found in Basten and van Houtum (2014) and Bijvank and Vis

2011) . 

.2. Lessons learned 

- Variants of the METRIC model are in use at various organiza-

tions. Military organizations such as the US military forces have

been the first to adopt such models (see Sherbrooke, 2004 ;

Basten and van Houtum, 2014 ). Multiple authors have shown

that for real-life problems, these models result in savings up to

50% (see, e.g., Sherbrooke, 2004 ; Rustenburg et al., 2001 ). How-

ever, as discussed by Rustenburg et al. (2001) , a direct appli-

cation of VARI-METRIC model has several shortcoming since it

cannot cope with specific issues faced in the maritime sector

regarding parts criticality and specificity. 

- Allocating spare parts stock should be determined by taking

both spare parts and multi-actor characteristics into account.

For spare parts with high specificity, the basic alternatives for

the user are either to accept the stock-out situation or to rely

on their own safety stock ( Huiskonen, 2001) . This is also a com-

mon practice in the maritime sector since OEMs and system in-

tegrators are not willing to hold any stock for one-off systems.

However, for parts with low specificity and low criticality, it is
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possible to push the spare parts to the upstream echelons, i.e.,

to the OEMs or system integrators. 

- In the maritime sector, resources such as spare parts and la-

bor tend to be expensive. For such systems, repairs are typically

performed at the upstream of the repair network ( Basten et al.,

2011) . However, depending on the operating regions of vessels,

a central repair strategy may result in significant transportation

and downtime costs. The associated trade-off should be care-

fully taken into account while making decisions on where to

deploy the maintenance resources and perform repair activities.

8.3. Future research directions 

- Parts criticality and specificity can largely affect the multi-

echelon inventory decisions. More research is required to incor-

porate these characteristics into the existing models. 

- In the maritime sector, the allocation of maintenance tasks and

spare parts inventories should be made considering the con-

flict of interest of different actors. Future research can consider

the issues related to systems with both multi-actor and multi-

echelon characteristics. 

- To the best of our knowledge, Chen et al. (2006) are the only

authors that consider a multi-echelon spare part network in a

joint maintenance and inventory decision problem. This topic

can be further investigated in future research. 

9. Multi-indenture systems 

Maritime assets can be considered as a collection of techni-

cal systems. Due to high availability requirements, it is a common

practice to repair a defective system by the replacement of a com-

ponent with a functioning spare part. The components that are re-

placed are called line replaceable units (LRUs). The repair of LRUs

is typically done by replacement of subcomponents, called shop re-

placeable units (SRUs). Such a SRU may itself consist of subcom-

ponents. This means that spare parts need to be stocked to enable

quick repairs of the technical systems, LRUs and SRUs ( Basten et al.,

2011) . This corresponds to a multi-indenture structure for which

the number of spare parts to stock at each indenture level should

be decided. Furthermore, what, when and where to replace are

challenging questions under such structures. In particular, these

problems are highly relevant for radar and weaponry systems of

naval ships ( Basten et al., 2011 ; Rustenburg, 20 0 0) . The associated

decisions relate to maintenance planning and spare parts inventory

management subdomains. 

9.1. State-of-the-art 

Several researchers considered multi-indenture systems in

spare parts inventory optimization problem. Muckstadt (1973) ex-

tends the METRIC model of Sherbrooke (1968) to a two-echelon,

two-indenture system and develops the model referred to as MOD-

METRIC. Sherbrooke (1986) extends the original VARI-METRIC

method to a version for two-indenture, two-echelon systems with

a fairly accurate approximation. Rustenburg et al. (2003) general-

ize the VARI-METRIC model of Sherbrooke (1986) by considering

a general pure distribution system and a general multi-indenture

system with commonality, in which the same parts are assumed to

be installed in different systems. Rustenburg et al. (2003) present

both an exact and an approximate method for the evaluation of

base stock policies under this setting. 

The above-mentioned models assume ample repair capacities.

Sleptchenko et al. (2002) modify the VARI-METRIC model to al-

locate repairable spare part stocks in a multi-echelon, multi-

indenture system under finite repair capacity. Sleptchenko et al.
2003) present a procedure for simultaneous optimization of in-

entory levels and repair capacity in a multi-echelon, multi-

ndenture system. Van der Heijden et al. (2013) provide a method

or the joint optimization of spare parts inventories and through-

ut times of repair and transportation for multi-echelon, multi-

ndenture spare part networks. Additional related papers with fi-

ite repair capacity considerations can be found in Sleptchenko et

l. (2005) , Zijm and Av ̧s ar (2003) and Tiemessen and van Houtum

2010) . 

For multi-indenture systems, a challenging question is where in

he repair network to carry out repairs (cf. Section 8.1 for the level

f repair analysis, LORA). The model and solution method provided

y Basten et al. (2011) is able to address this question. Recently,

asten et al. (2015) have extended this model to consider spare

arts stocking decisions for multi-indenture systems. 

For multi-indenture systems, a structural dependence between

tems may exist as a result of interactions within the indenture

tructure. For example, some operating components may have to

e replaced, or at least dismantled, before failed components can

e replaced or repaired. In the literature, only a few papers are

ublished on structural dependence. In general, opportunistic poli-

ies are promising candidates to investigate such systems ( Nicolai

nd Dekker, 2008) . The core idea of opportunistic maintenance is

o take advantage of maintenance opportunities arising from an

vent at which the component can be replaced preventively with-

ut requiring an additional set-up or preparatory task. For exam-

le, component failures can be regarded as opportunities for pre-

entive replacement of non-failed components. Most of the related

apers focus on defining the best decision on when to replace a

articular item and very few papers focus on optimally determin-

ng LRUs. The key decision for the LRU definition problem is at

hat level within the indenture structure of a physical asset to de-

ne the LRU, i.e., the decision on what to replace ( Parada Puig and

asten, 2014) . Jensen (1975) gives an explicit definition of which

tem is replaced directly from the asset, and which items are used

o repair the failed LRU. In a recent paper, Parada Puig and Basten

2014) develop a model for the optimal selection of replacement

evel within the indenture structure of a technical system. 

.2. Lessons learned 

- In maritime assets, technical systems may consist of more than

six indenture levels with high component commonality (e.g.,

the radar system in naval vessels Rustenburg, 20 0 0 ). The ex-

istence of component commonality may give rise to certain

complications when there are three or more indenture lev-

els ( Rustenburg et al., 2001) . When the commonality aspect

is taken into account by making the necessary modelling ad-

justments, significant saving can be obtained in terms of spare

parts investment. The literature shows that commonality of

components is of significant value, especially when common

components are expensive ( Rustenburg et al., 2003) . Hence, this

aspect should be taken into account during system design by

adopting a total LCC perspective. 

- In practice, LRU definitions are often made based only on engi-

neering/technical criteria and not by analyzing economic trade-

offs from a total LCC perspective ( Parada Puig and Basten,

2014) . Since improving LRU definitions would require the re-

design of the system and the involvement of different actors

this decision should be considered as a strategic decision. 

.3. Future research directions 

- The field of opportunistic maintenance planning under struc-

tural dependence has so far received little attention (see also

Nicolai and Dekker, 2008 ). 
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- The LRU definition research has still many open directions.

These include the incorporation of limited labor capacity and

the combination of LRU definition with LORA and spare part

stocking decisions. 

0. Moving assets 

The failure of a critical item at sea can cause a costly event with

otentially high environmental, safety, and/or health related effect.

ome important aspects need to be considered for maritime assets

hich are operating at remote locations and moving during their

perations: 

(i) Maritime assets operate in isolation from repair and spare

parts storage facilities. Some preventive maintenance tasks

are very costly or not permitted during operations (e.g.,

main components of the propulsion system Kallen and van

Noortwijk, 2005 ), 

(ii) Environmental conditions which influence the failure behav-

ior might depend on the location and change during oper-

ations (e.g., for steel vessels, the driving forces behind cor-

rosion are temperature and humidity ( Gudze and Melchers,

2008) , for dredgers, the degradation rate of certain parts is

a function of the soil to be dredged ( Dekker et al., 2013) ), 

(iii) Service offerings of the specialized service providers, related

costs, and supply lead times might depend on the location

where the asset is operating. 

Decisions on maintenance and service logistics management

hould be made by giving special attention to these aspects. 

0.1. State-of-the-art 

Aircrafts, trains, trucks and other commercial vehicles are also

oving assets for which certain maintenance tasks can only be ex-

cuted at designated maintenance bases and not permitted and/or

easible during operations. This is similar to what we have stated

n aspect (i) for maritime assets. The so-called aircraft maintenance

outing problem is widely studied in the literature, with the aim of

outing aircrafts while satisfying short-term routine maintenance

equirements. These studies focus on finding maintenance feasi-

le routes for each aircraft in a fleet (see, e.g., Gopalan and Tal-

uri, 1998 ; Talluri, 1998 ; Ba ̧s dere and Bilge, 2014 ; Diaz-Ramirez et

l., 2014 ). To the best of our knowledge, only two studies consider

he restrictions regarding preventive maintenance tasks during the

perations of maritime assets. Perakis and İnözü (1991) propose a

eliability-based replacement model for marine diesel engines for

hich preventive replacements are not permitted while the system

s in operation off-shore. They evaluate whether to replace or not

ach system component before the operating season starts based

n an expected cost analysis. Christer and Lee (1997) investigate

ow the delay-time concept (cf. Section 5) can be used to explore

he consequences of inspection maintenance practice on operation

eriods of ships. They give the expressions for the expected num-

er of preventive and failure returns over an operation, and illus-

rate an example of cost based balance to select an optimal inspec-

ion period. 

As for aspect (ii), in the literature, modelling of the degrada-

ion process of systems operating in randomly varying environ-

ents has received large interest (see, e.g., Singpurwalla, 1995 ;

haroufeh, 2003 ; Kharoufeh and Mixon, 2009 ; Kharoufeh et al.,

010 ; Chatwattanasiri et al., 2013 ). These models assume that the

eterioration status of systems under consideration evolves as a

arkov chain and aim at deriving and computing reliability or

vailability of systems. As also stated by Ulukus et al. (2012) , de-

pite extensive literature on this topic, relatively few studies con-

ider the problem of determining optimal maintenance and re-
lacement policies for systems under randomly varying environ-

ents. Xiang et al. (2012) consider a single-component system

ubject to a Markovian operating environment such that the sys-

em’s instantaneous deterioration rate depends on the state of the

nvironment. Using a simulation model, they assess the cost bene-

t resulting from condition-based maintenance policy, and also the

mpact of the random prognostic error in estimating system con-

ition on the cost benefit. We refer to Ulukus et al. (2012) and

he references therein for the studies that analyze optimal re-

lacement policy structures for single-component systems subject

o stochastic deterioration in a random environment. Zhang et al.

2013) study multi-component systems and optimize the mainte-

ance decision under a state-dependent opportunistic maintenance

olicy. Dekker et al. (2013) show that the information on the oper-

tional environment of a ship can be very relevant for forecasting

pare parts demand since it influences the degradation rates. 

Aspect (iii) brings additional complexity in modelling and anal-

sis of maintenance and service logistics problems. To the best of

ur knowledge, the incorporation of this aspect is barely addressed

n the literature. Özekici (1995) studies the maintenance problem

f a system operating in a random environment by considering en-

ironmental state dependent cost structures. Çekyay and Özekici

2015) provide an extension of Özekici (1995) by considering the

ulti-component case with non-identical components. Çekyay and

zekici (2012) study the maintenance problem of a mission-based

ystem that is designed to perform missions consisting of a ran-

om sequence of phases with random durations. The cost structure

onsidered in Çekyay and Özekici (2012) includes phase dependent

aintenance costs. 

0.2. Lessons learned 

- The literature that deals with aspect (i) have mostly focused on

aircraft maintenance and routing problems. To the best of our

knowledge, the additional complications that arise in the mar-

itime sector are not investigated. In particular, maritime assets

are not subject to a repetitive operation plan like for aircrafts

since they are used for specific operations such as oil and gas

terminal services, dredging, geophysical surveys, and military

missions. The duration of such operations is much longer than

those of aircrafts. For example, military missions can last from

three to seven months during which certain maintenance ac-

tions cannot be performed. Despite the existence of the moving

asset characteristic in the airline industry, the associated liter-

ature cannot directly address the specific features in the mar-

itime sector. To take these specific features into account, uncer-

tainties regarding mission times, durations, and requirements

associated with missions should be incorporated into the ex-

isting models. 

- As for aspect (ii), the condition-based information provided by

sensors can be especially useful for critical systems operating

in environments that vary randomly over time. The changes in

environmental conditions can be related to the rate at which

degradation accumulates ( Ulukus et al., 2012) . This would be

useful to compute accurate reliability and availability measures

for such systems. As such, appropriate maintenance strategies

can be developed and spare parts demand forecasting can be

improved. 

- Due to aspect (iii), the costs associated with spare parts pro-

curement can be significant when a moving asset is operat-

ing at a remote location. Lateral transshipments within an ech-

elon are shown to be suitable when transshipment costs are

relatively low compared to the costs associated with holding

additional inventory and stock-out (cf. Section 7.1) . Since mar-

itime assets can be dispersed around the world and change lo-

cation during operations the benefit of lateral transshipments
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CBM and opportunistic maintenance concepts. 
should be analyzed considering some specific factors. These in-

clude distance, accessibility and possibility of information shar-

ing during operations. 

10.3. Future research directions 

- In the maintenance planning literature, the consideration of

moving assets under uncertainties regarding mission time, type,

and duration is not elaborately addressed. For example, one can

focus on models enabling dynamic pre-mission decisions such

as whether to execute preventive maintenance tasks before the

mission starts or to put spare parts on board of the ship to be

prepared for corrective actions during missions. In this topic,

the only exception that we are aware of is the work of Tinga

and Janssen (2013) , in which the focus is the optimization of

maintenance intervals considering the variation in the deploy-

ment of a maritime asset. 

- The research on maintenance planning for systems facing ran-

domly varying environments is limited. In addition, the cost,

the quality, and the lead time associated with inspection, sup-

ply, maintenance and repair actions might depend on the envi-

ronment and the location where the assets operate. These as-

pects are worthy of consideration for future research. 

- A specific fact to be considered in a maritime sector environ-

ment is the last minute changes in maintenance schedules due

to weather conditions. Indeed, during bad weather times where

the assets cannot operate, an opportunity to perform preventive

maintenance arises. This requires the incorporation of environ-

mental uncertainties regarding maintenance opportunities into

maintenance planning and scheduling models. 

- There are several open aspects related to the design of how

emergency lateral transshipment should be used and how dif-

ferent bases should be grouped considering the possibility of

spare parts pooling for moving assets. 

11. Economic dependency 

In technical systems on-board of the maritime assets, compo-

nents are usually economically dependent, i.e., costs can be saved

when several components are jointly maintained. This is the case

for systems in which the maintenance of each component requires

preparatory or set-up work that can be shared when several com-

ponents are maintained simultaneously. In the maritime sector, the

set-up cost may consist of the preparation cost associated with dis-

mantling and opening the system (including man-hours) and the

downtime cost since certain systems cannot be maintained during

operations, i.e., the ship should return to the harbor and the sys-

tem should be shut down for maintenance. 

11.1. State-of-the-art 

The literature on multi-component maintenance models un-

der economic dependence has received great attention to date.

The review article of Cho and Parlar (1991) gives an overview of

multi-component maintenance literature. Dekker et al. (1997) re-

view multi-component maintenance models with economic depen-

dence. They distinguish between stationary models, where a long-

term stable situation is assumed, and dynamic models, which can

take the information that becomes available on the short term into

account. Within the stationary models, they classify the models

based on the options of grouping maintenance activities: group-

ing corrective maintenance, grouping preventive maintenance, and

combining preventive and corrective maintenance (also referred to

as opportunistic maintenance). Nicolai and Dekker (2008) sum-

marize the multi-component maintenance literature by provid-

ing a classification based on the dependence/interaction between
omponents in the system considered: economic, structural and

tochastic dependence. 

Within the multi-component maintenance literature with eco-

omic dependence, a growing interest to the opportunistic main-

enance is observed. A recent review and discussion on this ap-

roach is provided by Ab-Samat and Kamaruddin (2014) . After

eviewing various descriptions and definitions, they describe the

pportunistic maintenance as: “the planning and scheduling of

aintenance activities to repair a component, whilst at the same

ime opportunistically repair/replace other components in the sys-

em, with the aim to avoid future failures and reduce the amount

f machine downtime”. Galante and Passannanti (2009) and Dao

nd Zuo (2015) provide maritime applications of the opportunistic

aintenance concept. 

Some recent papers combine the opportunistic maintenance

oncept with CBM. Zhu et al. (2012) develop a mathematical model

o optimize the CBM policy for systems with a large number of

omponents subject to a high joint setup cost. To reduce the to-

al setup cost, their model opportunistically coordinates the main-

enance tasks by introducing a static joint maintenance interval.

heir approach provides a large cost-saving potential, comparing

ith the corrective maintenance policy. Koochaki et al. (2012) ex-

mine the impact of opportunistic maintenance on the effective-

ess of CBM. Koochaki et al. (2013) analyze this problem by tak-

ng the planning of maintenance engineers into account. Both pa-

ers conclude that under certain settings, age-based replacement

esults in smoother maintenance plan while CBM remains cost ef-

ective. 

1.2. Lessons learned 

- Existing opportunistic maintenance models are theoretical

rather than practical. Despite an abundance of papers con-

ducting theoretical research on opportunistic maintenance, a

few real-world applications have been done ( Ab-Samat and Ka-

maruddin, 2014) . Many maintenance policies are not analyt-

ically tractable for real-world problems ( Nicolai and Dekker,

2008) . 

- By conducting corrective and preventive maintenance simul-

taneously, more failures can be avoided and the number of

times equipment needs to be shut down for maintenance can

be reduced. Sound decisions should be made while forming the

groups of components to be replaced simultaneously. The main

concern with certain static policies (like the block replacement

policy) is replacing newly replaced components again to respect

the predefined rules. This would increase maintenance costs by

wasting the components lifetime ( Ab-Samat and Kamaruddin,

2014) . Therefore, it is worthwhile to take the short term in-

formation into account while making maintenance/replacement

decisions for such systems. 

- The main advantage of preventive maintenance is that it is

plannable. Although opportunistic maintenance provides cost

effective solutions it takes this advantage away, when it com-

bines preventive maintenance with random failure occasions.

This may raise issues related to spare parts and resource plan-

ning due to the uncertainties involved. 

1.3. Future research directions 

- Regarding mathematical models developed for opportunistic

maintenance, some adjustment with the assumptions and lim-

itations should be made for their successful implementation

in industry. Further research is needed to render opportunistic

maintenance models more practical and easy to implement. 

- There exist many open aspects regarding the combination of
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2. Long life-cycles 

The useful life of maritime assets is more than two decades.

his raises several issues including the risk of obsolete technolo-

ies, unplanned usage requirements, and unavailability of mainte-

ance skills and spare parts. The characteristic of long life-cycles

hould be considered while making decisions on system design,

aintenance service contract design, maintenance planning, and

pare parts inventory management. 

2.1. State-of-the-art 

For assets with long life-cycle, the future system requirements

nd usage can largely be unknown during the design phase.

ollette (2011) states that the degradation of difficult-to-upgrade

ull structures is one of the key drivers of vessel retirement and

ife cycle maintenance costing. The author reviews existing struc-

ural design approaches and recent developments in this field and

ives an example of the type of approach that could be taken in

 more system-oriented view. Walshe et al. (2011) develop a to-

al LCC model for maritime assets by taking into account differ-

nt aspects such as maintenance intervals, life extension, equip-

ent modifications, obsolescence, and upgrades. Their model aims

o reduce design and construction time as well as identify positive

ffects prevalent throughout the lifetime of a vessel. 

There are several challenges related to selecting a satisfactory

aintenance organization to support technologically advanced as-

ets with long life-cycle. These include on the one hand failure,

ost, and usage related uncertainties and on the other hand the

onflict of interest between the different actors involved. Consid-

ring a multi-dimensional decision criteria, Emblemsvåg and Ton-

ing (2003) apply the AHP to select an appropriate maintenance

rganization for the radar systems of the Norwegian Army. Jackson

nd Pascual (2008) develop a non-cooperative game formulation to

egotiate pricing in maintenance service contracts. They consider

ging equipment with a long life-cycle and focus on a case with

ncreased failure intensity over time. 

Managers may decide to replace one asset with another at sev-

ral stages of the asset life considering newly obtained informa-

ion and the mitigation of uncertainties regarding future resources

nd costs. Zambujal-Oliveira and Duque (2011) analyze the prob-

em of asset replacement by investigating the optimal moment

f replacement. They apply an operation and maintenance cost

inimization model, based on the equivalent annual cost analy-

is. Asset replacement often occurs in the form of a new technol-

gy that renders existing spare parts inventories obsolete. Nguyen

t al. (2013) study the impact of spare parts inventory on equip-

ent maintenance and replacement decisions under technological

hange. Kumar and Saranga (2010) present mathematical models

hat can be used to calculate the impact of various obsolescence

itigation options on the total LCC of a system. In particular, they

ocus on three options: final order, redesign (upgrade), and their

ombination. 

Ship recycling marks the end-of-life of a ship ( Jain et al., 2015) .

pproximately 96% of an average ship by weight is currently

eused or recycled ( McKenna et al., 2012) . From a maintenance

nd service logistics perspective, the used parts can be remanu-

actured to gain spare parts. This is useful in particular when it is

ifficult to procure these parts from the suppliers after they dis-

ontinue the production. The procurement of spare parts can also

e done by requesting occasional extra-production from the sup-

liers. For this option, the production cost can exceed regular pro-

uction cost by 100% or more and often considerable lead times

pply ( Inderfurth and Kleber, 2013) . Considering the uncertainty

f demands for spare parts and that of the returns of used prod-

cts, Inderfurth and Mukherjee (2007) develop a model and so-
ution method to determine the optimal combination of final or-

er (cf. Section 7.1) , extra production, and remanufacturing options.

nderfurth and Kleber (2013) present a model formulation to coor-

inate these three procurement options. They show that a restric-

ion to a final order strategy may be more costly than using the ad-

itional options of extra-production and remanufacturing. We refer

he reader to Section 7.1 for other related works focusing on in-

entory control of spare parts in the final phase of their life time.

okharel and Mutha (2009) provides a general literature review fo-

using on all aspects of reverse logistics from collection of used

roducts, their processing and finally to the outputs of processing,

amely, recycled materials, spare parts, remanufactured products

nd waste material disposal. 

2.2. Lessons learned 

- For many complex systems (especially, defense systems such

as battleship, fighter aircraft, tanks etc.), obsolescence manage-

ment is the key issue. This is because such systems are sub-

ject to continuous technological changes during their long life-

time. Especially, obsolescence of electronic parts is shown to be

a major reason for the high LCC of such systems ( Solomon et

al., 20 0 0) . 

- For systems with long life-cycles, system knowledge may dete-

riorate in time rendering repairs more difficult and costly. For

instance, with the retirement of expert maintenance engineers,

the maintenance knowledge in old equipment may be lost. This

aspect may have a significant impact in practice. Therefore,

maintenance and event information should be well recorded

and documented during the asset life-time. Information sys-

tems should be efficiently used to prevent the knowledge de-

terioration. 

2.3. Future research directions 

- There is scope for future research to develop mathematical

models for choosing optimal obsolescence mitigation strategies

( Kumar and Saranga, 2010) . This includes determining the best

decision among life extension, cannibalization, redesign, spare

parts final order, and asset replacement. 

- Future research can focus on how to mitigate maintenance

knowledge deterioration for aging systems. 

3. Concluding remarks and open research topics 

In this paper, we have reviewed the literature on maintenance

nd service logistics management. The literature is classified and

he lessons learned are highlighted from a maritime sector per-

pective. The maritime sector characteristics used for classification

re derived from our observations from the maritime sector. These

haracteristics are also relevant for various capital-intensive indus-

ries such as aircraft/aerospace, defense, and automotive. Therefore,

his review is relevant for a much broader range of capital goods

han maritime assets. 

We listed a number of open research directions in the previous

ections. Nevertheless, based on our discussions with practitioners

rom the maritime sector (i.e. the MaSeLMa project partners) and

ur overall literature review, we conclude that the following open

esearch topics deserve a higher priority than the rest presented in

ur paper, when their relevance and potential impacts are consid-

red: 

a) In practice, collecting information related to system condition,

usage, and operating environment might be very costly. One

should investigate appropriate maintenance and resource plan-

ning decisions under different information levels in order to as-

sess the value of information and to identify the settings under
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Table 3 

Positioning of open research topics. 

Characteristics/Subdomains Failure prediction/ Maintenance service Maintenance strategy Maintenance Spare parts inventory 

Degradation modelling contract design selection planning management 

Multi-actor setting (c, e) (c) (c, e) (c, e) 

Small amount of failure-related data (a) (a) (a) 

Mandatory surveys (d) (d) 

Multi-echelon structures (c) (c) (c) 

Multi-indenture structures (b) (b) 

Moving assets (e) (e) (e) (e) 

Economic dependency (b) (b) 
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which higher monitoring levels result in higher system avail-

ability and/or lower system costs. 

b) For systems with economically and/or structurally dependent

components, investigating an efficient combination of CBM

and opportunistic maintenance concepts is worthwhile for the

development of dynamic maintenance and resource planning

models. 

c) Future research should focus on how to optimize service lev-

els in maintenance service contracts by considering all of the

maintenance resources required (including spare parts, mainte-

nance engineers, service tools, and infrastructure) in the multi-

echelon maintenance network. 

d) More research is needed to take the requirements arising from

the mandatory surveys into account while making maintenance

strategy selection and maintenance planning decisions. 

e) How to incorporate the specific features resulting from the

moving asset characteristic, e.g., uncertainties in operation

plans (affecting the preventive maintenance opportunities), ran-

domly varying environments (affecting the failure behaviors),

and changes in operating locations (affecting service offerings

of the suppliers, related costs, and lead times) into maintenance

and resource planning decisions should be further investigated.

Table 3 positions these open research topics in a sub-matrix of

the classification provided in Section 3 . This positioning reflects a

significant need of joint maintenance and resource planning mod-

els incorporating specific aspects such as multi-actor setting, small

amount of failure-related data, and moving assets. 

Our selection of suggested future research topics stems from

the current needs and prominent trends in the maritime sector.

First of all, we observe significant issues related to data availability.

Failure-related historical data is limited due to excessive preventive

maintenance practices and the existence of one-off systems. More-

over, event data is not routinely recorded starting from the early

stages of the vessel life and data collection/reporting are not al-

ways automated through a maintenance information system. 

Second, there is a trend to shift from time-scheduled preven-

tive maintenance towards CBM. The development of online sen-

sor technologies motivates this trend. However, the current con-

servative maintenance strategies are partly due to the strict rules

imposed by Classification Societies. In order to fully benefit from

CBM concept in the maritime sector, Classification Societies may

also consider changing some of their rules regarding the periodic

survey intervals and the associated requirements ( Hunt, 2014) . 

Finally, as we observe from the MaSeLMa project, the level of

collaboration and information sharing is currently very low among

different actors. Nevertheless, there is a growing interest in im-

proving collaboration between asset owners and system suppliers

who intent to extend their role in the maintenance network. A way

of facilitating this is to establish performance-based service con-

tracts. The benefit of increased collaboration through means such

as performance-based service contracts needs to be investigated

before taking concrete actions. 
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