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Abstract—Maintenance costs for wind power plants are a
significant part of the total life cycle cost, especially for
offshore wind power plants, situated at remote sites. In order
to decrease the cost of maintenance, monitoring systems have
been used to estimate the condition of critical components in
wind turbines. This paper proposes Life Cycle Cost analysis
(LCC) approach for maintenance management of wind
turbines. The LCC approach for maintenance management
presented in this paper is an extension on previous work by J.
Nilsson and L. Bertling, where a comparison has been made
with this previous work and the same is extended with new
data and models. Case studies are presented based on data
from three different wind turbinesrated 3 and 6MW. Three
different scenarios have been studied and the effect of
condition monitoring system (CMS) has been analysed. For any
chosen value the CMS proves to be a profitable option.

Index Terms—Condition Monitoring System (CMS),
Corrective Maintenance (CM), Life Cycle Cost analysis
(LCC), Preventive maintenance (PM), Reliability Centered
Asset Management (RCAM), Wind Turbine (WT).

. INTRODUCTION

Wind power has become an important source of
sustainable electric power in the modern power systems.
Unlike conventional sources of power, like hydro and
nuclear, wind power output is uncertain and can be
controlled only to a certain extent. This uncertainty in
output has led to an increased focus on reducing the cost of
operation and maintenance for wind turbines, in order to
increase the profitability from wind power. Research has
shown that the present maintenance practices, both for on-
and off-shore installations, are not optimized[1, 2]. There
isan opportunity to reduce the maintenance cost over the
lifetime of WTs, by developing maintenance strategies[3].

Reliability Centered Asset Management (RCAM), presents
an approach to define maintenance strategy based on
reliability of critical components [4]. Estimation of health
of critical components can aid in planning focused
maintenance activities, thereby giving a possibility to
improve the availability of wind turbines. CMS has been
utilized for health estimation purposes. CMS uses sensors
to measure specific parameters; for example vibration, for
the components being monitored. The crux of CMS
effectiveness lies in the ability of the CMS to reliably
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diagnose the status of the component and hence the overall
system [5]. CMS for critical componentscan be used as a tool to
plan maintenance strategies. This will be especially beneficial for
off-shore wind farm where the maintenance is known to be
difficult and expensive[1].

Life Cycle Cost analysis (LCC) for WTs has received increased
attention in recent years; see for example[l, 2, 6-9]. LCC has
been evaluated with probabilistic methods and sensitivity analysis
to identify the benefit of using condition monitoring system
(CMS) in [1]. The cost benefit of CMS over the life of a WT has
been analysed with a probabilistic LCC model and two
approaches have been used to study the random behaviour of the
failures and the critical parameters that influence the value of
CMS. Within the first approach an average LCC has been
estimated, the randomness has been averaged by the yearly
expected number of failure for each component. While in the
second approach a probabilistic evaluation of LCC has been
studied.

This paper is a result of master thesis project, carried out within
the Wind Power Asset Management (WindAM) research group at
Chalmers University of Technology in Gothenburg. The main aim
of the project is to repeat and extend previous work presented
in[1] with new data and models.

An approach of LCC analysis method for strategies using CMS
improved maintenance planning has been presented in [1]. This
approach is used and applied to two WTs rated 3 MW and one
WT rated 6 MW. The data for this study were obtained from
Vattenfall based on their historical data and experience. The
approach has been extended with two different models; a‘base
model” where the frequency failure of each component is constant
during the life time of the WT and an ‘ageingmode/ 'where the
frequency failure increases linearly. For both models, three
different scenarios have been carried out. Each scenario has a
varying degree of utilization of CMS in order to evaluate its
profitability. Furthermore, the approach is extended by modelling
the affects of failure rate and CMS on the preventive maintenance
(PM), corrective maintenance (CM) and production losses (PL).
A sensitivity analysis has been done to investigate the effect of
interest rate on the total life cycle cost for the wind turbines under
consideration.

This paper is organized as follows. Section Il gives a
description of the theory. Section Ill explains the approach.
Section 1V shows the case study and Section V gives the
numerical results and a comparison between those obtained from
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previous work. Eventually, Sections VI and VII show
conclusions and future work.

Il.  THEORY
A. Life Cycle Cost Analysis

The fundamental purpose ofLCC is to estimate the total
life time cost for an asset, where the initial investment cost
is taken into account in addition to the costs related to the
product’s whole lifetime[10].

LCC is defined in the same way as presented in [1]:
LCC = Ciny + Cepy + Cpyy + Cpp, + Crem [€] (1)

The economic parameters and the input data considered
within this definition are the cost of investment (Cy,,,), the
cost for corrective maintenance (Ccy), the cost for
preventive maintenance (Cpy,), the cost for production loss
(Cp.) and the remainder value (Copm)-

B. Preventive Maintenance

PM is the maintenance carried out before failures occur
and it can be divided into[11]:

Scheduled maintenance: it is the “the preventive
maintenance carried out in accordance with an established
time schedule”[12]

Condition based maintenance: it is based on performance
and condition monitoring of the component parameters[1].

The main difference between a schedule maintenance
and condition based maintenance is that the latteris
planned based on information given by for example CMS.

C. Corrective Maintenance

“Corrective maintenance is the maintenance carried out
after a fault and is intended to put an item into a state in
which it can perform the required function.” [12]

CM implies that as long as a component is under normal
operating condition, no maintenance is carried out.
Maintenance is initiated only after a faultor an accident has
occurred and the component cannot perform the required
function.

D. Present Value Method

The PV method is used to compare future payments over
a certain time to one point in the present time. The present
value of an outlay (C) can be calculated as follows:

PV=C-PV;(n,d)=C-(1+d)™ [1] (2)
where, Cis in €nis the number of years, and d is the
discount rate.

E. Condition Monitoring System

CMS can be defined as follows: “Activity performed either
manually or automatically, intended to measure at pre-
determined intervals the characteristics and parameters of
the actual state of an item. CMS is distinguished from
inspection in that it is used to evaluate any changes in the
parameters of the item with time. CMS may be continuous,
over time interval or after a given number of

operations”[13]. Techniques that are included in CMS are, for
example, vibrations analysis and oil analysis.

1. PROPOSED APPROACH

In this paper an approach for comparing different maintenance
strategies using LCC is proposed. Considering the values C;,,, and
Crem In EQ.1 are constant, LCC will directly be affected by the
choice of the maintenance strategy. The maintenance cost
depends on the expected failures in the wind turbine components.
Hence, the choice of failure rate model is crucial. Here, two basic
failure rate models are used to demonstrate the application of the
proposed approach.

The two different models used are; a base model where the
frequency of failure of each component is constant during the life
time of the wind turbine and an ageing model where the
frequency of failure increases linearly every year because of the
ageing of components. The ageing model is based on the intuitive
understanding that the probability of failure for components
increases with age due to degradation, over-stress during
abnormal operating conditions and other factors. Following this
argument, it is assumed that the change in failure rate due to
ageing is seen only in mechanical components and that the failure
rate of electrical components is not affected by age. Furthermore,
in the ageing model, a component is considered “as good as new”
after maintenance has been carried out. Hence, in both the base
and ageing models the failure rate for electrical components is
assumed constant. The difference in the two models arises in the
amount of PM performed. In the base model the PM is scheduled
maintenance is constant due to constant failure rate, whereas, in
the ageing model the PM increases depending on the linearly
increasing failure rate

Within both base and ageing models three different scenarios
have been carried out.

1. Scenario 1: LCC analysis is performed considering no CMS.
The PM is only the time based scheduled maintenance applied to
the wind turbine.

2. Scenario 2: LCC analysis is performed considering CMS
with an efficiency of 80%. It is considered that for components
with CMS, the faults can be predicted in advance in 80% of cases.
For these 80% of cases PM is carried out when the CMS alarm is
received. The PM could either be a repair action or replacement
of the effected component. Hence, this scenario considers that
80% of CM is replaced by PM.

3. Scenario 3: LCC analysis is done considering 100%
efficiency for CMS.Hence, in this scenario 100% CM is replaced
by PM. However, failures of components, which are not
monitored by CMS, are corrected by CM.

These three scenarios represent three different maintenance
strategies. The value of CMS efficiency in the Scenario 2 is the
closest to the real values since is has been taken from empirical
data while in the Scenario 3 an ideal value has been chosen to
observe the results in case of maximum efficiency of the CMS.
To consider CMS in the LCC analysis, the cost is added to the
investment cost of each turbine. Here, the cost of CMS is
considered dependent on efficiency, which means the CMS with
higher efficiency is more expensive.Application of CMS is
modeled as change from CM to PM, in this approach. Following



assumption has been made in line with[1]; when PM is
carried out, maintenance activities are planned in advance,
CMS supplies information to predict a failure,ideally, 3
months in advance and during this time the maintenance is
planned and the necessary tools can bereserved. Further,
PM reduces the longer downtimes, generally, associated
with CM, in case of failure of critical components. The
reduced downtimes will influence the production loses.

The sum of the costs for each year is calculated taking
into account the present value factor and the present value
of LCC of each year is summed to calculate the Total
Present Value of LCC (TPV(LCC)). This is the final value
that will be used to compare the different scenarios for the
three types of WT systems.

IV. CASE STUDY
A. System description

Case studies are done for three different WTSs: the first
one is an offshore WT with a rating power of 3MW; the
second is an offshore WT with rating power of 6MW and
the third an onshore WT with rating power of 3MW.

The service contract plays an important role on the
evaluation of LCC. Through these contracts the
manufactures and owners decide the time duration during
which the costs of maintenance are covered by the
manufactures. After the end of the contract period, the
maintenance costs are paid by the owner. In the following
case studies, a 5 year contract with the manufactures is
considered for the offshore wind turbines (WT1 and WT2)
and a 2 year service contract is considered for the onshore
wind turbine WT3. These assumptions are based on the
general practice prevalent currently.

B. Maintenance activities and turbine components

In this study each WT has been considered with 17
different components, each one with a different failure rate
and maintenance activities have been divided in four
different categories:

1. Inspection

2. Small repair (4 or 8 hours)

3. Major repair (12, 16 or 24 hours)

4. Major replacement (12, 24, 36, 48, or 60 hours)

These maintenance activities present different work
times. For instance, a“small repair” can take 4 or 8 hours
of work time.A “major repair” can take 12, 16, or 24 hours,
and “major replacement” can take 12, 24, 36, 48, or 60
hours of work time depending on the type of failure,
component, and turbine type. Maintenance activities for
offshore wind turbine might include the use of crane ship.
The cost of shipping is then added to the basic cost of the
maintenance.

Different maintenance activities have been selected for
each component of the turbine considering the failure
probabilities for different type of failures.lt is assumed that

different failures will lead toone of the four maintenance actions,
listed above. This selection has been made on data regarding each
WT. Each turbine has been considered composed ofthe following
17 components:

Gearbox Generator

Main shaft/bearings
Cooling system
Sensors

Hydraulic and oil systems

1 2
3. Brake system 4.
5. Yaw system 6
7. Composite disc coupling 8

9. Crane system 10.

11. Rotor blades/hub 12. Pitch system
13. Rotor structure 14. HV component
15. Electrical system 16. Structure parts

17.  Accessorises

C. Application of CMS

In the case studies, second and third scenarios take into account
use of CMS. CMS is generally applied to critical components of
wind turbines. Based on real data, in all the three WTs the CMS is
applied on the following eightcomponents:

1.  Gearbox (WT1&WT3) 2. Generator

3. Main shaft 4. Yaw system

5. Blades 6.  Pitch system

7. Rotor structure 8.  HV component

For the components with CMS, replacement of CM by PM is
considered in scenarios 2 and 3. However, for the components
without any CMS, the CM is considered unaffected.

The CMS has an initial cost that is added to the investment cost in
year zero.The cost of a CMS with an efficiency of 80% is
considered 20000€ while a CMS with an efficiency of 100% is
considered to be 26000€.

D. Preventive Maintenance

The preventive maintenance costs in the second and third
scenarios have been calculated as follows:

Com = %4 fy(£,C) - CMS,sf 3

= (Nt : Nhr . th,pm + Csp,pm + Ccs,pm * thp) (4)

where,

N; = number of technicians [pers],

Ni= number of hours needed to repair a specific component [hr],
Crnpm = the cost of scheduled man per hour [€/Ar*pers],

Csppm = the cost of spare parts due to a replacement[€],

Ces,pm = the cost of the crane ship per hour [€/Ar],

Nres = the number of hours of crane ship use [hr],

f. (t,c) = the probability of failure of a specific component during
a given time interval in this case a year,

CMS = efficiency of condition monitoring system.



In the first scenario, where CMS is not used, PM is
considered to be time based scheduled maintenance and
the cost is fixed at 6000 € per year for WT1 and WT3 and
it is fixed at 8000 € per year for WT2.

E. Corrective Maintenance
The Corrective maintenance has been calculated as:

Com =% fr(t, ) - (1 — CMSez5) (5)

Xp= (Nt . Nhr . th,cm + Csp,cm + Ccs,cm : thp) (6)

where,

Crmhem= the cost of unscheduled man per hour [€/hr*pers],
Csp.cm = the cost of spare parts due to replacement[€],

Cescm = the cost of the crane ship per hour in case of CM
[€/hr],

(1-CMS¢)= the inefficiency of the condition monitoring
system.

F. Production Losses

Due to failures and resulting maintenance actions, the
WT unit has to be shut down for a certain time period. This
“shut down” period causes loss of production, which
eventually translates in to monetary loss. This economic
loss is considered in the LCC analysis as cost of
production losses. This is an extension to the approach
presented in[1], as in the former a constant value for
production loss was assumed for each year.

The cost of production losses has been evaluated as
follows:

Cpr =3 Npy + P+ Cp - Cg (7

&3= fr(t,c) - (CMSgzf - 0.85 + (1 — CMS,5f)) (8)
where,
(<3 Npy) = the total downtime [hours],
P =the electric power that could have been produced
[kWh], C¢= the capacity factor,
Ce = the cost of electricity [€/kWV].

The proposed method to calculate the production losses
considers the probability of failure of the components;
downtime associated to failure of each component and
models the affect of CMS on the expected downtime. As
seen in Eq. 7 and Eq.8, it is assumed that an indication of
failure from the CMS will reduce the downtime by 15%.

V. RESULTS FROM APPLICATION STUDIES

The three scenarios defined in Section Il have been
applied to the sample wind turbines WT1, WT2 and WT3
and the results are presented in this Section.

Fig 1 shows the cost reduction gained from scenario 1to
scenario 3.For instance in the base model, the TPV(LCC)

of WT2 decreases by 1.5% in the scenario 2 and by 2.4% in
scenario 3 compared to scenario 1, where the CMS is not used.
This decrease indicates the total saving that can be gained with
the use of CMS during the entire lifetime of the WTs.

=%+ WT1-Base model
==WT1-Ageing model

-4 WT2-Base model
—=\WT2-Ageing model

WT3-Base model
WT3-Ageing model

1 [
0,995
0,99
0,985

0,98

Percentage of costs reduction [%]

0,875

Scenario 1-no CMS Scenario 3-CMSeff=100%

Scenario 2-CMSeff=80%

Figure 1: Cost reduction from strategy 1 to strategy 3

The comparison of the three scenarios for WT2 for the ageing
model is shown in Figure 2. The costs for scenario 1 are higher
for the entire operating life of the turbine. It can be observed that
scenario 2, with CMS efficiency of 80%, gives lower cost and
scenario 3, with CMS efficiency of 100%, gives the lowest yearly
cost. The comparison in Figure 2 does not include year zero, this
is done so that the presented diagram is easy to read.

<10° WT2-offshore 6MW
Il scenario 1 [ scenario 2 Il Scenario 3[

101~

2 4 6 8 10 12 14 16 18

Time [year]
Figure 2:Comparison between scenarios 1, 2, 3 applied to WT2 in the ageing
model from year 1

Present Value cost[€]
a

20

The results from the study show, that WT2 (highest power
rating and offshore installation) has the highest value of
TPV(LCC) andWT3 (lowest rating power and onshore
installation) has the lowest for both base and ageing models. This
is due to maintenance being less expensive for an onshore
installation as there are no shipping costs and spare parts
transportation costs. However, in all the three WTs the value of
TPV(LCC) decreases when CMS is considered in the analysis.
Hence, it can be concluded that CMS is beneficial for the three
types of wind turbines analysed.

A. Sensitivity Analysis

Discount rate affects the value of TPV(LCC). As the discount
rate for future is uncertain, it is of interest to understand the affect



of its variation on the final results. Hence, a sensitivity
analysis has been carried out for different discount rates.

The total sum of TPV(LCC) has been evaluated with
three different discount rates: 0 %, 7 %, 10 % for the three
scenarios and WT2 considering the ageing model. As
shown in Figure 3, TPV(LCC) decreases when the
discount rate increases. It can be observed from the figure
that the profitability of CMS decreases with increasing
discount rate. Hence, CMS becomes more attractive with
lower discount rates.

~+=Scenario 1 Scenario 2 =&—Scenario 3

o
w

Normalized values of TPV_LCC
o s
- o

a

o 7 10

Discount rate [%]

Figure 3:Profitability of use of CMS for different values of discount rate

In Figure 3, for the purpose of presentation the values are
normalized to the TPV_LCC of scenario 1 at 0% discount
rate.

B. Comparison with previous work

In[1], two WTs were analysed, a single onshore WT of
3MW power rating and an average offshore WT of 3 MW
power rating. This approach, with the suggested
modification, has been used with available data for a single
on-shore MW WT, a single off-shore 3aMW WT. Further,
the approach is also applied to a single off-shore WT of 6
MW rating power. Hence, a comparison has been done
between the results presented, in this paper and those
obtained from[1].Table I shows the conclusions from[1],
for an average off-shore WT of 3 MW and in an off-shore
WT of 3MW, considered here.

TABLE I: COMPARISON WITH PREVIOUS WORK

LCC results

Strategy

LCC 2007-[1] LCC 2013-updated

How much the cost of

0, 0,
PM+CM has to decreases 2,5% 1%

How much of the CM

0, 0,
needs to be PM 47% 27,5%

In Table I, the first strategy shows the minimum decrease
in cost for maintenance (both PM and CM) to make CMS
profitable. Strategy 2, presents the amount CM that should
be replaced by PM in order to make CMS profitable. For
these calculations PL is set to zero[1].

The results from[1]show that the sum of CM and PM has to
decrease by 2,5% for CMS to be profitable. However, in the
current case, the sum of PM and CM has to decrease by 1% to
make CMS profitable. The difference in the results is mainly due
to two reasons; difference in input data and evaluation of PM and
CM based on the failure rate of the most critical components in
this current work.

When the CM is partially replaced by PM a change from
unscheduled service to schedule service occurs. In[1] a change
from unscheduled to scheduled maintenance of 47% is deemed
necessary to make CMS profitable. In this study, the results
suggest that CMS will be profitable if the unscheduled service
decreaseshy 27,5% and becomes scheduled.

The comparison between these two studiesis considered
appropriate, since data used are similar and the LCC analysis
takes into account the same type of costs. An implementation of
the approach, in this work, includes the evaluation of cost of PM,
CM and PL based on linearly increasing failure rates of
components and the affect of CMS. The affect of efficiency of
CMS has been considered.

Furthermore, within this study a new type of WT has been
considered: TPV(LCC) and its changes due to CMS have been
calculated for an off-shore WT of 6 MW and results show that
due to higher power rating, the profitability of CMS increases.

VI. CONCLUSIONS

The LCC analysis has been presented considering cost
evaluation of PM, CM and PL based on linearly increasing failure
rates of components and the affect of CMS and application to a
6MW offshore WT. Furthermore, two failure rate models have
been investigatedand the effect of CMS on the maintenance and
on the LCC has been studied for both the failure rate models.

For both, base and ageing, models the benefit of CMS has been
analysed considering three different scenarios. CMSgives higher
benefit with the ageing model where failure rate linearly increases
over time compared to the base model.

For the offshore wind turbine (WT2), use of CMS with
efficiency 80% and 100%, gives a profit of 1.5% and 2.4%
respectively. This profit is calculated based on TPV(LCC)
compared to the case without CMS. The results also show that the
profitability of CMS increases with the rating of the turbine.

VIl. FUTURE WORK

An interesting further step might be to consider LCC of an
entire wind farm where maintenance can be coordinated in order
to repair more than one turbine per time saving the high costs of
shipping operations and reduce further the life cycle cost.
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