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Abstract—Outsourcing of maintenance operations has created 
new kind of decision-making situations. These situations require 
above all increased cost-awareness. Our industrial research 
partners have noticed in several occasions that there is a need for 
a common network-level tool which would enable the planning of 
maintenance operations. Most planning is even today made by 
each partner's own simple calculations or is based on the 
empirical knowledge of maintenance experts. Co-operation 
between the customer and the service provider is still rather 
uncommon.  

This article  presents a life-cycle model that helps in planning 
maintenance operations better than  previous models. Most 
models are very case-specific, suitable only for the item or the 
purpose of use in question. In many cases the models are quite 
theoretical and include complicated mathematical solutions, 
requiring  special  skills  from  the  user.  Usually  the  models  have  
also been constructed for the needs of asingle company without a 
network perspective. Our general item level life-cycle model 
takes into account the point of view of all  maintenance network 
members, it makes planning the future scenarios of maintenance 
operations together possible, and it provides a practical tool for 
daily use to reach cost and time savings in the whole network.     

Keywords—life-cycle model, maintenance, customer, network, 
service provider, net present value, benefit-cost ratio 

I. INTRODUCTION

Industrial maintenance outsourcings have changed the basis 
of maintenance decision making in many companies. When 
multiple different organizations (e.g. a customer, a service 
provider and an equipment provider) must collaborate to 
ensure the availability of production equipment, the decisions 
cannot be based on the tacit knowledge of individual 
maintenance experts, as has often been the case in in-house 
maintenance. Instead, a new kind of transparency is required 
from the companies operating in maintenance networks, not to 
mention cost-awareness, which is an essential part of service 
pricing, contract formulation and maintenance performance 
measurement. 

Maintenance decision making often has to do with the 
future, especially as regards proactive maintenance: resources 
are sacrificed to improve the functioning of the items, not just 
at the moment but also in times to come. Thus maintenance 
should be approached from the perspective of investment 
appraisal, and the impacts of the decisions on the whole life 
cycle of the item should be considered.   

A number of life-cycle cost (LCC) models for different 
kind of products, equipment, machines or systems can be 
found in the literature [1]-[8]. Although the demand for LCC 
models is commonly admitted, these models are still often 
very case-specific, suitable only for the item or the purpose of 
use in question. There cannot be found a single LCC model 
that has been widely used and accepted as a standard [4].

Hochchorner and Noring [9] carried out an interview study 
in 2005-2006 and 2010 among Swedish companies regarding 
the use of LCC. They noticed that “even though many 
interviewees believed that LCC can be important for decision 
making, it was not always performed or used.” The reason for 
this was that LCC was experienced as difficult and 
complicated to use, and a time-consuming and expensive 
method to carry out. This result supports the argument of 
Korpi and Ala-Risku [10], according to whom there is no 
evidence that LCC models are commonly used. They have 
also observed that the LCC analysis is often affected by a lack 
of adequate information. Kayrbekova et al. [6] note that it may 
be impossible to perform a complete LCC model due to the 
enormous need of data and information.   

The interviewees in the study of Hochchorner and Noring 
[9]  pointed  out  that  there  was  a  real  need for  a  common and 
easy-to-use LCC model as a decision-making tool. Our 
industrial research partners, operating either as maintenance 
service buyers or providers, have noticed also in several 
occasions that there is a need for a common network-level tool 
which would enable the planning of maintenance operations.
We have created an LCC model to support maintenance 
decision making in business networks. 

 The research questions of the paper are the following: 

- How does the created life-cycle model differ from or is 
better than the existing models?  

- What are the possible limitations of the model? 

 This paper contributes to the previous discussion through 
pointing out the general shortcomings of the existing LCC 
models in maintenance. We also describe the design and 
costing principles used in constructing our general item-level 
LCC tool for network-level maintenance decision making, and 
finally explicate the limitations and challenges that still remain 
unsettled and should thus evoke further research. 

After this introduction section, section II concentrates on the 
comparison between the existing models and our model by
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using the five-step method of LCC. Next, section III introduces 
the mathematical structure of our LCC model for an industrial 
maintenance network. In section IV the limitations and 
challenges of our LCC model are discussed. The article 
finishes with conclusions in section V. 

II. LIFE-CYCLE COSTING PROCESS 

Originally, the LCC has been seen as a tool for estimating 
the acquisition cost of a product from design to disposal. 
Nowadays the LCC can be used in various situations, like 
managing the costs, planning the future or organizing the 
actions in the long run [11].  

Life-cycle costs mean typically the costs which arise from 
owning, utilization, maintenance and disposal of a product, 
item, project or system [12], [13]. As the main focus in 
analysing different kinds of LCC methods is usually on costs, 
when speaking of comprehensive LCCs, the profits must also 
be included. The life-cycle profits (LCP) are the profits the 
company gains during the whole life-cycle period of the 
product, item or service [14]. Indounas [15] has pointed out 
that the price is the only way to get profit. This is true when we 
think of the equipment provider or service provider, but the 
customer on the other hand gets profit for example through 
rationalization or better reliability [16]. 

Many models and methods for describing the LCC have 
been developed.  For example the standards for life-cycle costs 
present calculation processes including four to seven main 
stages [17], [18]. Several alternatives for designing the LCC 
process can be found in the literature [19] - [21]. Figure 1 
shows a five-step method for the LCC, adapted from 
Woodward [19] and Kawauchi & Rausand [21]. 

Fig. 1. Five  steps  of  LCC (adapted from Woodward [19] and Kawauchi & 
Rausand [21])

The following chapters concentrate on comparing the 
existing models with our model by using the five-step method 
of LCC presented in figure 1.  

A. Step 1: Definition of the problem and cost elements 

Step 1 defines the problem and the cost elements needed. 
This means specifying the wideness and target of the model. It 
also includes a description of the cash flow along the life cycle. 
This step is important for the success of the final accounting 
process, although it may be very challenging to identify the 
cash flow in many cases [19], [21]. 

Seven recent academic studies from years 2006 – 2012 
presenting LCC models including maintenance, have been 
mainly constructed to contain costs along the whole life cycle, 
designed only for the item in question and from the perspective 
of one company [1] – [7]. Our general item-level life-cycle 
model takes account of the point of view of all maintenance 

network members, i.e. the customer, service provider and 
equipment provider.  

Our model focuses on the life cycle of the item based on the 
maintenance contracts. This life cycle can vary depending on 
the role of the network member. The length of the life-cycle 
period of the item for the equipment provider may be for 
example ten years, but at the same time the customer company 
may have two to three different contracts with the maintenance 
service provider. During the life cycle of the item, the cash 
flows to be included in the model include e.g. the network 
members' maintenance costs, revenues from equipment and 
service sales, and performance-related bonuses and penalties. 

B. Step 2: Definition of the cost structure and modelling 
Step 2 is definition of the structure of the model and the 

cost categories to be used.  There are many ways to classify the 
costs,  but  it  must  be  done  so  that  the  company  can  make  a  
comparison between the selected products or services on a 
sufficient level. The costs can be categorized for example by 
design, research and development, production, implementation, 
and utilization [19], [21]. 

Jun and Kim [2] have only three main cost categories in 
their LCC model; investment, annual operation and 
maintenance, and disposal costs. Waghmode and Sahasrabudhe 
[4] have included 25 different cost elements in their LCC 
model, whereas Lapašinskait  and Boguslauskas [3] have paid 
most attention only to operational and maintenance costs.   

There are six cost categories in our model; operational 
maintenance, quality, outsourcing and logistics, environmental, 
asset management, and other costs. These main cost categories 
(e.g. operational maintenance costs) are then further divided to 
subcategories like labour, material or energy. The original cost 
structure was developed together with companies working in 
the forest industry and it was then specified in co-operation 
with maintenance experts [22] – [24].  Although our model 
contains a number of subcategories for costs, using them is 
optional in order to increase the generalization of the tool. If 
the accumulated cost data is not specific enough, or if the 
company feels that breaking down the costs will not bring any 
specific additional value to them, they are free to use even one 
single cost category. 

All recent LCC models [1] – [7] consider the costs only 
from the point of view of the user. Our model is made for a 
maintenance network. It is a tool for planning the operations 
together with a customer (buyer of maintenance services), a 
maintenance service provider and an equipment provider, who 
supplies the equipment and maybe also equipment-related 
services to the customer. 

C. Step 3: Data collection 
Step 3 is collecting all the data required. This step has the 

great impact on the final results. The initial data must be 
reliable and as relevant as possible [19], [21].  This has been a 
very challenging stage for us as well, because it is very difficult 
to acquire adequate maintenance cost data at the item or 
operational level. There are a lot of cost data in companies’ 
cost systems, but the information is not detailed enough.  
Production-related information such as capacity, operating 
time, production speed etc. is well known, and also 
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maintenance-related information like maintenance hours and 
the share of corrective or preventive maintenance can be found 
easily. However, product-related information can be 
problematic, because the item in question may not produce 
finished products but semi-finished products or parts of the 
finished product. In these situations it is challenging to define 
for example the unit production cost or profit margin. This 
problem will disappear when the perspective is expanded to the 
production line or even larger entities.  

The network-level view is beneficial also from the 
perspective of data collection. The life-cycle data of the item 
can be fragmented between different network partners, and 
pooling the data with a joint decision-making tool can result in 
valuable information for each company. 

D. Step 4: Selection of the LCC method 
The method for life-cycle accounting is chosen in step 4.

The model must be suitable for analysing the costs of the 
product or service in question. This stage includes also the 
actual calculation.  

In life-cycle cost analysis, the cost elements will occur at 
different times throughout the life of the item. Thus, it is 
essential to calculate the present value of the life-cycle costs. 
The future costs can be discounted to the present value by 
using a specific discount rate [19].  The present value can be 
seen as a good evaluating method when discounted cash flows 
are concerned [25] – [27]. For example Jun and Kim [2],  
Waghmode and Sahasrabudhe [4],  Lapašinskait  and 
Boguslauskas [3], and Lad  and Kulkarni [1] use the present 
value to calculate the LCC.  

Kayrbekova et al. [6] introduce activity-based LCCs in 
their research. This technique observes the overhead costs and 
allocates them more accurately than conventional cash flow -
oriented costing. It also highlights the cause-and-effect-
relationships of the costs. Korpi and Ala-Risku [10] remind 
that using the activity-based method requires an extensive 
activity-cost database.  

We have developed our model based on the conventional 
cash flow -oriented model by using the present value to 
calculate the LCC. These choices make it possible to keep the 
model simple to implement and easy to use. The decision of 
not to apply the activity-based LCC is justified in terms of 
model generalization, as a vast majority of companies do not 
have the needed activity-related data available. 

E. Step 5: Evaluation 
Step 5 is for analysing the LCC results, estimating the 

whole calculation process and sensitivity analyses.  It is 
possible to analyse the changes of the important factors and 
their impact for the final results. It is also possible to move 
back to step 1 and change the initial data if necessary [19], 
[21].  Jun and Kim [2] emphasise the importance of sensitivity 
analysis when there are uncertainties in the input data.  

Our LCC model results in the cumulative net present value 
of maintenance as well as in the maintenance benefit-cost ratio 
for each network member. For years now the academic 
discussion on maintenance has emphasized the fact that in 
order to convince the decision makers, the results of 
maintenance analysis should be translated into economic 
aspects. This is what we have done, trying to offer maintenance 
managers a tool for validating their decisions to the managers 
at the top levels of organizational hierarchy. In addition, the 
results of our model enable network-level performance 
measurement and management. However, sharing the 
economic results outside the company borders requires a 
considerable amount of trust and work from the partners, and is 
thus not often put into practice.  

III. OUR NETWORK LEVEL LCC MODEL 

In this section, the structure of our life-cycle cost model as 
a planning tool for an industrial maintenance network is 
presented. The developed model focuses on the maintenance 
operations and their costs and effects at the network level. The 
objective has been to create a common tool for planning to gain 
benefit for each member by increasing the value of the whole 
network. 

The life-cycle model is defined as the summation of three 
cost components; maintenance costs, maintenance cost savings 
and maintenance profit loss or gain. In addition, the 
maintenance profit loss or gain, closely connected to the 
maintenance of the equipment itself, is substituted with certain 
profit categories, such as contract-based profits, in the case of 
the service provider or equipment provider, as the equipment is 
owned by the customer. 

The model focuses on maintenance, because its costs, 
savings and profits dominate along the whole life-cycle of the 
item in many cases [3], [4]. 

Figure 2 illustrates the design and costing principles of our 
model. The input data is on the left of the figure, the costing 
principles in the middle and the results on the right. 
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Fig. 2 LCC model for a maintenance network (the abbreviations are explained in the sections below) 

A. Annual Maintenance Costs  

The annual maintenance costs in total, Ctotal,  can  be  
calculated by summing up the six subcategories of the costs 
(1). 

= + + + + + (1)

where 

C1 = operational maintenance costs  
C2 = quality costs  
C3 = costs of outsourcing and logistics  
C4 = environmental costs  
C5 = asset management costs  
C6 = other costs  

 These six subcomponents of the costs are based on the 
definition of the cost structure for maintenance services 
made by the researcher [22]. Some of the original cost 
categories have been left out during the development of the 
model due to the reserved feedback of maintenance experts. 

   The operational maintenance costs, C1, consist of 
labour, energy and material costs. The quality costs, C2,
include quality control costs and disposal and processing 
costs of low-grade products. The costs related to outsourcing 
and logistics are marked as C3. The environmental costs, C4,
are the sum of cleaning, processing and supervision costs. 
The costs of current assets and the costs of fixed assets form 
asset management costs, C5. The other costs, C6, are 

composed of costs like tools and instruments, research and 
development, training and negotiation, as well as the costs of 
occupational safety and accidents. There  is,  however,  a  
couple of exceptions to this categorization. First of all, the 
quality costs include warranty costs instead of the above-
mentioned ones for the service providers and equipment 
providers in the model. Also research and development form 
a  separate  cost  category  to  these  two actors,  including both  
designing costs and data acquisition costs. 

B. Annual Maintenance Cost Savings  

Annual maintenance cost savings, Stotal, consist of six sub 
components (2) which are based directly on cost information 
entered by the user. For example S1 is the operational cost 
savings.   

= + + + + + (2)

Modelling  the  annual  cost  savings  is  based  on  the  
comparison of the average costs of the life-cycle so far to the 
annual costs of the present year. Thus occasional large 
variation in yearly costs can be eliminated and they do not 
have too much influence on planning the future operations. 
Equation (3) presents the annual subcomponent of 
maintenance cost saving. 

= (3), 
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where 

 S1 = operational maintenance cost savings based on input 
data of operational costs

 k = length of the planning period, including both history 
and future years  

 The other five cost saving subcategories from S2 to S6 are 
calculated the same way as S1 above.  

C. Annual Maintenance Profit Loss or Gain 

Maintenance-related profits and losses illustrate the 
financial effects of maintenance changes. This can be 
calculated by the profit losses due to one hour stoppage in 
production, PLh, and maintenance hour, Mh. Profit losses 
caused by one hour stoppage in production, PLh, is 
calculated by multiplying the production costs per unit, 
UPC, profit margin ratio, PM%, and production speed on 
average, APS (4).

= % (4)

The annual maintenance hours, Mh, consist of maintenance 
stoppages, maintenance performed during on-going 
manufacturing and maintenance executed during other 
production stoppages. This means stoppages during which 
no actions are done with the machine. However, 
underutilization is not included in the number.  

 Equation (5) represents the annual maintenance hours, 
Mh.

= % (5),

 where 

 TMOT = theoretical maximum operating time  
 M%  = share of maintenance of maximum operating 
time  

 The theoretical maximum operating time, TMOT,  is  the  
absolute maximal number of hours in a year that the 
equipment could be run in an ideal situation. For example, 
when the equipment is continuously in use, the theoretical 
maximum operating time is 24h  365 = 8760h. The share of 
total maintenance of maximum operating time, M%, is the 
percentage of different maintenance operations in relation to 
the annual operating time maximum. This percentage 
includes both corrective and preventive maintenance.  

 The lost profits caused by maintenance operations are 
constructed in a way that only maintenance-related stoppages 
are taken into the calculations. Maintenance operations 
executed during manufacturing without a stoppage and 
maintenance carried out during other stoppages than 
maintenance-related ones, are not included either, because 
they do not add to losses from maintenance.  

 The annual maintenance profit loss or gain in relation to 
the life-cycle average, MRPL is 

= [ ( % + % )] (6)

 where 

MDM% = share of maintenance performed during 
manufacturing 

 MDU%  = share of maintenance performed during 
underutilization 

MRPL is for the customer. The profit of the service 
provider or equipment provider is called SCBP. SCBP is a 
sum of contract-based profits, CBP, equipment-based 
bonuses, EBB, and equipment sales-based profits, EBP (7).

= + + (7)

The contract-based profits, CBP, are understood here widely, 
as all those payments/profits that belong to the service 
provider are based on maintenance contracts. The 
equipment-based bonuses, EBB, are extra profits/incentives 
that the service provider or equipment provider gets only 
under certain circumstances, such as meeting key indicators. 
For example, a bonus is granted when the utilization rate 
goes over 90 percent. This potential bonus can also be 
dependent on certain steps (90 percent = bonus amount, 95 
percent = 2 x bonus amount) in order to give extra 
motivation to the one taking care of maintaining the 
equipment. The equipment sales-based profits, ESP, include 
only those profits that originate directly from equipment 
sales to the customer. Thus, this category is only available 
for the equipment provider. The contract-based profits 
should not be entered here.  

D. Cumulative Net Present Value of Maintenance Profits 

The first key figure of the life-cycle model is the 
cumulative net present value. The cumulative net present 
value of maintenance profits, CNPV,  is  a  sum  of  the  
cumulative present value of maintenance costs, CPVC, cost 
savings, CPVS, and profit loss or gain, CPVMRPL.

Equation (8) presents the cumulative net present value of 
maintenance profits, CPNV

= ( + ) (8)

 The first part of the equation of the CNPV is a sum of the 
present values of the annual cost savings, CPVS , throughout 
the planning period (9).  

=
1

(1 + )
(9)

 The second part of the equation of the CPNV is a sum of 
the present values of the annual profit loss or gain, CPVMRPL,
along the planning period (10).  

=
1

(1 + )
(10)
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 The third factor of the equation of the CPNV is a sum of 
the present value of the annual maintenance costs, CPVC,
throughout the planning period.  

=
1

(1 + )
(11)

 It is possible to estimate the maintenance profits of the 
whole planning period by the cumulative net present value 
with a specific discount rate.  

The cumulative net present value expresses the 
maintenance surplus, or alternatively the maintenance deficit 
over the chosen planning period in the model. Therefore, the 
CNPV is an excellent indicator that ultimately clarifies the 
point where the profits exceed the costs within the item’s 
life-cycle. Naturally, it is possible that this kind of  a 
“breaking point” does not exist and thus the CNPV can also 
be used to find an acceptable level for the deficit and 
maintain it. 

E. Benefit-Cost Ratio 
The second key figure of the life-cycle model is the 

benefit-cost ratio (12).  It can be seen annually what the 
proportion of maintenance profits is in the maintenance 
costs. The figure benefit-cost ratio describes in practice what 
the multiple maintenance profits are in comparison with the 
maintenance costs. The benefit-cost ratio should always get 
the value of over 1, because then the profits overrun the 
costs.    

=
( + )

(12)

The benefit-cost ratio is a suitable indicator for analysing 
the balance between costs and profits. It is important to find 
the optimal balance between the maintenance costs and 
maintenance losses, but it is also important not to focus too 
much on optimizing the maintenance actions, because it may 
lead to a situation where the costs of item maintenance are 
bigger than the received profits. 

F. Sensitivity analyses  
In our model it is possible to analyse the changes of the 

important factors and their impact on the final results 
(cumulative net present value and benefit-cost ratio) by using 
sensitivity analysis. The user can decide which input factor -   
share of maintenance of maximum operating time, cost 
element, production speed on average or interest-rate, is 
critical and what are the effects to the calculation if this 
factor changes for example ±10% from the planned. 

G. Value-elements 
 The user can choose one to five important value elements 
and weight the elements based on his perspective and 
thoughts in this particular maintenance service case. The 
model gives numerical values to the value elements, which 
can be then used as a basis for contracts and bonus systems 
between the network members. 

IV. LIMITATIONS OF OUR LCC MODEL 

The model has been developed in close cooperation with 
maintenance experts from eight different companies 
representing a customer, service provider and equipment 
provider. These experts have tested the model and given us 
useful information and feedback to improve the model so far, 
but there are still some shortcomings in the model. Some of 
these weaknesses, limitations and targets for further 
development are listed below.    

Existing market conditions should be acknowledged 
in relation to the theoretically lost production that 
causes lost profits in the model. At the moment all 
stoppages are treated as a lost profit although the 
production cannot be sold.  This can be eliminated in 
the model by decreasing the theoretical maximum 
operating time.   

Eliminating the present correlation of the increased 
production speed and the increased profit losses by 
taking gained revenues into account. The model 
works like that at the moment.   

Taking alternative or reduplicate production options 
and buffer stocks into account when determining the 
maintenance costs in the model. The model does not 
take into account the effect of the sale on the 
maintenance. The errors of maintenance lead to lost 
production, but improved maintenance does not raise 
the profits. This is already an option in the model, but 
it is not linked to the components of lost production.  

Enabling the entering of start-up and shutdown times 
of an item to the model, as the production speed may 
be reduced in these cases. At the moment these are 
left  out,  because  the  idea  was  to  develop  a  general-
level model, and considering the costs along the 
whole life cycle, these are trivialities.   

Protecting confidential information throughout the 
worksheets of the value-based life-cycle model 
should be rigorously considered. At the moment all 
input data is shown to all network members.  

The entire value-thinking should be altered. At the 
moment we have decided to speak only for increased 
total value of the network (equals CNPV).  Value 
distribution into the single elements will be left out of 
our LCC model, because the current division of the 
value by weighted value elements is quite artificial. 
However, the value elements are still useful for 
negotiations and contracts between the members of 
the maintenance network. .

 The first three improvements on the list, related to the 
calculation of the maintenance-related profit losses will most 
likely be included in the third version of the model, as these 
aspects have somewhat substantial influence on the main 
results. The aim is to develop the general-level and simple 
model, and therefore some facts for special lines of business 
must be left out. 
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 There are still some limitations in applying our model in 
different industries and contexts. The network perspective 
brings additional challenges related to information 
confidentiality. In addition, the results of the model should 
be integrated better to comprehensive maintenance 
performance measurement, taking intangible value elements 
into account. These limitations represent logical topics for 
further research. 

 The value elements and the distribution of value will be 
realised with an additional model called value analyser, 
which will probably be connected to the LCC model.  These 
two models together complement each other in such a way 
that LCC model presents the hard side of the value thinking, 
and the value analyser the soft side.   

V. CONCLUSIONS 

In this paper we have shed light on the construction 
process of a general LCC model for maintenance planning at 
the network level. Compared to the existing LCC models in 
maintenance, we have made the improvements described in 
Table I. 
Table 1. Comparison of the characteristic of previous LCC models and the 
created model. 

Characteristics of previous 
models 

Characteristics of the created 
model 

Case-specific Pursuing generalization

The perspective of one company The perspective of a company 
network or one company 

Life-cycle profits are not always 
included 

Life-cycle profits are included and 
customized for each network 

member 
Various different sets of cost 

categories, depending on the case 
and on the model 

Various cost categories in the same 
model, the user can decide on how 

to apply them 
Data collection poses challenges 

for each user individually 
Collaboration in data collection is 

enabled through a joint tool 
LCC methods depend on the case; 
some could be generalized, some 

not

Conventional cash flow and present 
value chosen as LCC methods to 

increase applicability 

Sensitivity analyses and 
economically justified results are 

often used 

Sensitivity analyses, economically 
justified results and the possibility 

for network-level performance 
management 

  The theoretical contribution of the paper includes 
pointing out the limitations of previous research on LCC 
modelling in maintenance. We have suggested a model to 
overcome a number of these limitations, and we have 
presented the design and costing principles of our model in a 
transparent way to enable feedback, discussion and iteration. 
Our model still has a number of shortcomings, which 
indicate possible research gaps for the academia. Our 
managerial implications include discussion on the process 
and mathematics of constructing a general model to support 
decision making in maintenance. Hopefully this paper will 
challenge companies to use LCC modelling in maintenance 
planning, both at the company and network level. 
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