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Abstract 
One of the main sources of costs within assets’ life cycle (LCC) are Operation and 
Maintenance (O&M) costs, which appear during the whole assets’ life and in some cases 
they can represent as much as ten times the capital investment costs (i.e. CAPEX). Despite 
this fact, in general terms, few sectors consider them a key factor within their business 
strategies. Hence, the advantage of reducing these costs and improving economic results is 
rarely taken. 
In order to reduce O&M costs, following the correct maintenance strategy plays a very 
important role, as it determines when an asset should be maintained or replaced in order to 
reduce long term costs. Particularly, in the case of the wind energy sector, the importance of 
choosing the correct maintenance strategy is a key factor due to the high O&M costs, 
principally caused by logistics and wind turbines’ operational behavior characteristics. 
In the proposed research, a RAM-LCC (Reliability, Availability and Maintainability) analysis 
has been developed in order to decide which maintenance strategy should be followed for 
reducing long term costs. In fact, the model proposed gives the advantage of identifying 
adequate opportunistic maintenance strategies considering at the same time condition based 
maintenance (CBM) strategies. Furthermore it allows evaluating the performance of 
installed Condition Monitoring Systems (CMS), according to ROI analysis. For this research, 
wind turbines’ reliability, availability and maintainability costs have been modeled and 
calculated based on real field data. 
 
1 INTRODUCTION 

The impact of fossil energies on the environment has been fostering the development of 
renewable energies during the last years. Among all the renewable energy technologies, this 
evolvement has been especially notorious in wind energy sector, on which the main World 
Powers are making great investments. Indeed, during 2014 the annual installation of wind 
energy crossed the 50 GW for the first time, almost reaching 369.6 GW of installed capacity 
[1]. 
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This growth has come along with new challenges to deal with. Among these challenges 
one that acquires high relevance is the asset management, since costs of Operations and 
Maintenance (O&M) are considerable. In fact, O&M can represent between 32% or 12-30% 
of total LCC in offshore or in onshore Wind Farms (WF) respectively [2,3]; mainly due to 
reliability, availability and logistics costs [4,5]. Therefore, reducing maintenance costs by 
optimizing maintenance strategies is crucial for reducing the LCC and maximizing the 
benefits of the WF. 

Currently corrective maintenance (CM) and time-based minor preventive maintenance 
(PM) are the most applied maintenance strategies [6]. In addition to them, Condition Based 
Maintenance (CBM) strategies have also gained importance lately [7], taking advantage of 
the several Condition Monitoring Systems (CMS) installed in the wind turbines (WT) [8]. In 
CBM strategies the health condition of the critical systems is continuously monitored and 
compared to their normal behavior, in order to find the adequate moment to preventively 
maintain them [9]. Although CBM strategies require an important investment on initial 
phases of the asset management, they have been proved to be cost-effective [10].  

The maintenance strategies mentioned above are mainly applied as single-component 
maintenance policies in the wind energy sector, whereas WFs are multi-component systems, 
composed by several WTs that have dependencies among them, which are generally 
classified as [11]: 

a) Structural: maintaining a system implies undertaking maintenance activities in other 
systems. 

b) Stochastic: the failure risk of two systems is not independent. 
c) Economic: performing maintenance activities in different systems simultaneously have 

different economic consequences than doing it individually. 
Accordingly, when such dependences exist, opportunistic maintenance policies have been 

demonstrated to be suitable in different sectors [12]. In fact, it has also been demonstrated 
that WTs within a WF present economic dependencies [13] and that opportunistic 
maintenance policies are suitable for the sector [6]. 

The main objective of this research is to take advantage of the application of opportunistic 
maintenance policies together with CBM strategies in order to minimize the LCC of the WF. 
At the same time CMS economical performance is evaluated according to ROI analysis. With 
this purpose an opportunistic maintenance model has been mathematically represented. Due 
to the difficult analytical handling of the stochastic processes that presents the sector [13], 
simulation techniques have been used to evaluate the different maintenance strategies that 
can be adopted, according to both the LCC of the WF and the ROI of CMS. The simulation 
has been fed with real operational and reliability data provided by a leading company in the 
sector. 

2 STATE OF THE ART 

2.1 Opportunistic maintenance in the wind energy sector 

Opportunistic maintenance policies have been successfully implemented in several sectors 
[12], taking advantage of the economic, stochastic or structural dependencies that present 
multi-component systems. Particularly, opportunistic maintenance policies try to take 
advantage of shut downs or failures in systems in order to perform PM in other running 
systems, before any failure occurs to them and minimizing their risk to fail.  

The decision of preventively maintaining the systems when implementing opportunistic 
maintenance policies usually relies on the probability distribution of components’ residual 
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life and their maintenance costs [14]. Accordingly, several strategies have been traditionally 
followed to consider those two factors and find the optimal moment for undertaking PM: age 
limit thresholds, combined failure distribution of systems or accumulated operated periods of 
systems. [12]. 

Traditionally opportunistic maintenance policies have not been implemented in wind 
energy sector [15]. However, more recently, some authors have demonstrated the suitability 
of these maintenance policies in the sector following varied strategies. 

In Besnard et al [16], an opportunistic maintenance policy based on the weather conditions 
is presented. In this research PM is planned when failures have happened in other WTs and 
weather conditions are favourable.  

In Tian et al [15] opportunistic maintenance strategies are combined with CBM systems. 
In their research, the authors are able to calculate the remaining life of the systems according 
to the operational data obtained from CMS, identifying the optimal periods to 
opportunistically perform PM.  

In Ding et al [17] both perfect and imperfect maintenance levels are considered, which 
restore the maintained systems to different extent [18]. Perfect repairs leave the component as 
good as new, so they are usually equated to system replacements. However, imperfect repairs 
leave the components in a state better than just before the failure occurrence, but worse than 
new. For the decision making process of which maintenance activity should be performed in 
each system, the authors establish different age thresholds. Depending on which threshold is 
surpassed by the systems, they undergo perfect, imperfect or no maintenance. The authors 
extended their research in [6], considering different age thresholds for running and failed 
systems. 

Sarker and Faiz [19] propose in their research a multi-level preventive opportunistic 
maintenance strategy. In this research, the adopted maintenance strategy is based on 
reliability thresholds. The authors establish an upper reliability threshold, above of which a 
system should not undergo PM, and a lower limit, below of which the system should undergo 
perfect maintenance. Between those two thresholds, several thresholds are established, 
making groups of imperfect PM with a restoration factor assigned to each group. When a 
failure happens, it is analyzed in which group is each system and when needed, they undergo 
the according imperfect PM. 

Atashgar and Abdollahzahdeh [20] search for optimal maintenance strategies following a 
double objective: minimization of maintenance costs and minimization of loss of production. 
Furthermore, in order to minimize loss of production, the authors consider the option of 
installing redundant WTs in a WF. With this double objective, they establish different 
imperfect PM levels for the systems and they consider both preventive and corrective 
dispatch of maintenance teams.  

Finally, in Abdollahzadeh et al. [13] different reliability thresholds are determined for 
optimizing the decision making about which imperfect maintenance should be performed in 
the critical systems of a WT. Furthermore, a sensitivity analysis is performed for the most 
relevant factors that impact on the maintenance strategies: number of maintenance teams, 
time to repair, lead time of maintenance teams to the WF, etc. 

2.2 Life Cycle Cost Analysis (LCCA) 

The LCCA costing technique aims to optimize the decision making through the all life 
phases of an asset, from the design conception and development, to the retirement and 
disposal [21]. The most common classification of costs during the whole life of a product is 
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[22,23]: 
a) Capex (Capital Expenditure). Costs associated to research and development, design, 

acquisitions and installation. In the particular case of wind energy sector, these costs 
comprise material and labour costs for WTs, civil work and foundation, transportation, 
grid connection, etc.  

b) Opex (Operational Expenditure). Costs principally associated to operate and maintain 
the plant. 

As stated, the main focus of this research is to implement an adequate opportunistic 
maintenance strategy, which will have a direct impact on systems’ reliability and, 
consequently, on the minimization of Opex [24]. For the particular case of wind energy 
sector, the main Opex costs to consider in a LCCA are the following [10]: 

a) Corrective maintenance costs: travel and access, human work, tools and materials. 
b) Preventive maintenance costs: costs associated to scheduled maintenance (travel and 

access, human work, tools and materials, etc.) and to CBM (false alarms, updating of 
systems, online and offline diagnostics, etc.). 

c) Investment costs in CMS. 
d) Spare Parts. 
e) Retirement costs. 
f) Rate of interest. 
According to the reviewed LCC analysis for wind energy sector in the literature, it is 

remarkable the mathematical models proposed by Castro Santos [25] for estimating the costs 
of an offshore WF. In Nilsson and Bertling [25] it is analyzed the aggregated value of 
including CMS in WF’s, analyzing their impact on maintenance strategies and the according 
economical consequence in LCC. This study was extended in Puglia et al [26] considering 
also the effect of ageing in systems’ reliability. Finally, in [10] the added value of CMS is 
evaluated during the life cycle of the assets. In this study the authors consider the 
performance of CMS according to 1) detectability or the probability of detecting a certain 
failure and 2) efficiency or the time window in which the failure is detected. 

3 OPPORTUNISTIC MAINTENANCE MODEL 

The aim of the research performed is to identify the benefits of combining CBM and 
opportunistic maintenance on finding cost-effective maintenance strategies for the whole 
LCC of WFs. At the same time, the ROI of the CMS systems is analyzed, identifying which 
are the most suitable CMS to be installed in the WT according to their characteristics [10]: 
detectability and efficiency.  

With this purpose, an opportunistic maintenance model is proposed, which will help 
establish the maintenance strategies that should be followed. These maintenance strategies 
will be defined by the called reliability thresholds, which will determine whether a system 
should undergo a determined imperfect PM during a period or not. The different imperfect 
PM activities that can be performed to a system will have different restoration effect (q), 
diminishing the virtual age of the system to different extent, according to the Generalized 
Renewal Process (GRP) method [13]. 

3.1 Problem definition  

The WF consists of H WTs composed by I critical systems, that can undergo K different 
CM or J different PM. Each PM will be performed according to the thresholds established in 
the maintenance strategy for each system (minRij). Every maintenance activity has a 



5 
 

restoration effect associated to the system on which it is performed, defined by q, which can 
be approximated according to the routine followed in the maintenance [6]. Likewise, each 
maintenance activity involves some maintenance costs (see Table 1): dispatch of 
maintenance teams to the WF, working hours of maintenance teams, materials and tools, loss 
of production, penalty costs, CMS costs, etc. 

The performance of the CMS is defined according to their efficiency and detectability of 
failures, following the methodology proposed in [10]. The detectability (γ) represents the 
ability of a CMS to detect a failure and the efficiency (η) represents the spot on the P-F curve 
where the failure is detected. Therefore the performance of a CMS is modeled by a single 
point (γ and η), established by expert knowledge (see Figure 1) (for further information the 
reader is addressed to [10]). In the proposed approach, for the detected percentage of failures 
(γ) the PM is compulsorily performed at point (η), and if they are not detected, the systems 
are maintained according to the opportunistic maintenance established.  

 

 
Figure 1(a) Representation of parameter η on the P-F curve and (b) relation between efficiency η and 

detectability γ [10]. 

Without loss of generality, some assumptions have been made for the model development: 
1) degradation process of the systems are independent from each other, 2) increasing failure 
rate (IFR) is considered, 3) installed WTs and the systems are the same model, with identical 
reliability distributions, 4) PM is assumed to be less resource consuming than CM due to a 
reduction of damage because of failure, minor time to repair, better planning of interventions, 
etc. 5) maintenance teams are composed by two workers, 6) WF operators make decisions in 
discrete time and frequently, 7) k=1 are minor failures that do not require WF visit nor 
materials for reparation and 8) no stock or human resources capacity constraints are 
considered. 
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3.2 Model formulation 

Table 1: Nomenclature used on the problem modelling. 

In this section it is represented the mathematical formulation of the proposed opportunistic 
maintenance model1, which afterwards, is strictly represented in the simulation. As the main 
objective of the proposed opportunistic maintenance model is to minimize LCC associated to 
maintenance, on the objective function (Eq.1) costs of CM and PM are considered, attending 
to working hours, materials and opportunity costs, as well as dispatch and CMS costs. Due to 
the long term characteristic of LCCA, costs should be accordingly updated. 兼件券      権件倦ℎ建 ·  2潔拳 · 兼件倦潔剣堅 + 潔件倦潔剣堅  建倦≠1件ℎ +     権件倦ℎ建 · (潔券� + 潔喧) · 兼件倦潔剣堅建倦件ℎ

+     検件倦ℎ建 ·  兼件倹喧堅結懸 ·  2潔拳 + 潔券�  + 潔件倹喧堅結懸  建倹件ℎ +   拳建 + 懸建 + 憲建 建 · 潔穴件嫌喧
+    潔件剣喧 ,兼剣券建件ℎ  · (1 + 倦�)−建+1 +   �件 · 潔件件券懸 ,兼剣券件ℎ  

(1) 

Each time a failure happens, a maintenance team is correctively dispatched (懸建 = 1) to the 
WF in order to perform the required CM (Eq.2).  

 懸建 =       
      1 件血    権件倦ℎ建 半 1倦≠1件ℎ

0 剣建ℎ結堅拳件嫌結      ∀建� 劇 (2) 

 
In order to preventively dispatch a maintenance team to the WF (wt = 1), several 

conditions have to be met: the minimum reliability required for the WF is not reached (Eq.3), 
there is not another dispatch on the same period (Eq.6) and the total number of preventive 
maintenance dispatches on the past P periods do not exceed a certain number (Eq.4). 
Furthermore, a maintenance team can also be preventively dispatched due to an alarm of 
CMS (ut = 1) (Eq. 5). The total number of maintenance dispatches is set by Eq.7. 
  

                                                 
1 Notation and binary variables used on the formulation are specified on Table 1 
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Table 2: Binary variables used on the problem modelling. 

   迎件ℎ(捲件ℎ建)件ℎ 茎 判 兼件券迎ℎ   ∀件� 荊, ∀ℎ� 茎, ∀建� 劇      
(3) 

 拳券券=建−1

券=建−鶏 + 拳建 < 拳喧    ∀建� 劇 
(4) 

憲建 =  
        1 件血   �件ℎ建件 半 1ℎ

0 剣建ℎ結堅拳件嫌結       ∀建� 劇 (5) 懸建 + 拳建 + 憲建 判 1     ∀建� 劇       (6) 鯨 =  (拳建 + 懸建 + 憲建)建  (7) 

In the presented opportunistic maintenance model, if a maintenance team has been 
dispatched to the WF PM is allowed to be performed. However, imperfect PM activities are 
only performed in a system when its reliability is between the thresholds established for a 
particular opportunistic strategy. 

  検件倹 ℎ建 =
   1 件血 兼件券迎件(倹+1)

判 迎件 捲件ℎ 建−1  判 兼件券迎件倹 ∩   (拳建 + 懸建 + 憲建)建 = 1

0 剣建ℎ結堅拳件嫌結          ∀件� 荊,∀ℎ� 茎,∀建� 劇,∀倹� 蛍 
 

(8) 

Finally, after both PM or CM, the virtual age of the system is updated, according to the 
restoration factor of the preventive activity performed (Eq.9) 捲件ℎ建 = (捲件ℎ 建−1 + 1) · (1 −  権件倦ℎ建 · 圏件倦潔剣堅倦 −  検件倹 ℎ建 · 圏件倹喧堅結懸倹 )    ∀件� 荊, ∀ℎ� 茎, ∀建� 劇 (9) 
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3.3 Simulation Process 

The simulation has been developed in an agent based simulation environment, due to its 
appropriate adaptation to engineering problems that involve multi-agent systems [27]. The 
simulation process is composed by 6 different steps, at which different decisions are made or 
different actions are performed, according to the mathematical model explained in the 
previous section: 

Step 1. The simulation is initialized; establishing which maintenance strategy shall be 
followed and accordingly setting all the parameters needed for the simulation process (see 
Table 1). 

Step 2. Required CM is performed in failed systems and virtual age and reliability of the 
systems is updated. If no failure happens, the decision of preventively dispatching a 
maintenance team is made according to the maintenance strategy followed. 

Step 3. PM decision is made, according to the maintenance strategy followed. Virtual age 
and reliability of maintained systems is updated. 

Step 4. Total costs are updated. While the iteration period does not correspond to 
maximum iteration period, steps 2, 3 and 4 are repeated. 

Step 5. Total LCC are calculated and the adopted strategy is evaluated. 

4 COMPUTATIONAL RESULTS 

In this section some of the computational results obtained through the simulation process. 
The simulation has been fed with real operational and maintenance data, so a representative 
environment of a real WF has been achieved. However, due to confidentiality issues, no 
reliability data can be provided. The virtual WF under study is composed by 30 WT. For each 
WT the four most critical systems identified, both according to their failure frequency and 
severity are the blades, gearbox, pitch system and yaw system. 

In order to contrast the suitability of the proposed opportunistic maintenance model and 
the CBM, 3 different scenarios have been developed, in which 3 different maintenance 
strategies are performed: 

a) Scenario 1. Only CM and minor PM is applied, as currently done in the industry [6]. 
b) Scenario 2. CM and imperfect PM is performed, according to the opportunistic 

maintenance model proposed in section 3 but without using CMS or implementing 
CBM strategies. 

c) Scenario 3. CM and imperfect PM is performed, according to the opportunistic 
maintenance model proposed in section 3. In this scenario CMS are used for Gearbox 
and Blades, two of the systems on which the application of CBM strategies is more 
extended. For the Gearbox oil analysis and vibration measurements [10] are usually 
performed, whereas for Blades’ damage vibration of the main shaft is analyzed [28]2. 

In each scenario, for the maintenance costs and the CMS costs evaluation [29, 10, 30] 
have been respectively addressed (see Table 3). Furthermore, for the comparison made 
between the maintenance policies, in each case the high quality maintenance strategies have 
been searched. The results have been obtained identifying adequeate values of the reliability 
thresholds presented in section 3 (兼件券迎ℎ ,兼件券迎件倹 ). These results have been found through the 
OptQuest Engine, a commercial optimization software developed by Fred Glover in OptTek 
Systems Inc. (Opttec Systems Inc. 2000), which has been proved to be robust and efficient on 

                                                 
2 In both cases a PF interval of 30 days has been considered, being conservative, as most of the failures of the monitored 
systems can be detected with more than 2 months time interval prior to their occurrence [31]. 
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finding high quality solutions. 
 

System 
Investement 
Expenditure 

(€) 

Operation 
Expenditure 

(€) 

Detectability 
(%) 

Efficiency 
(%) 

Gearbox 22000 2100 0.7 0.95 
Blades 35152 2100 0.9 0.95 

Table 3: CMS parameters used as Simulation Input Data. 

In Figure 2 the performance of the different strategies is analyzed according to LCC 
evolution for the estimated life cycle of the WTs (20 years). In Figure 2 it is shown that 
whereas initially a major investment is needed in order to be able to implement condition 
based maintenance strategies (strategy 3), this investment is likely to be recovered in the first 
half of the life cycle of the WTs. 

 
Figure 2 LCC evolution following the proposed strategies  

 

 
Figure 3 LCC associated to gearbox system before and after implementing CMS 

On the other hand, Figure 3 focuses on the impact of the CMS within the gearbox O&M, 
according to material, CMS and manpower work costs. If ROI is calculated for the CMS 
installed in the gearbox and the blades system (see Eq.10) according to the revenue obtained 
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by following strategy 3 instead of 2, ROI of the gearbox is set to 161% and blades’ to 111%. 
Although technical performance of the CMS implemented in the blades is better than the one 
in the gearbox, CMS of the gearbox has a better economical performance, mainly associated 
to lower cost of investment of CMS and the higher failure rate and severity of gearbox 
failures compared to blades’ failures. 迎頚荊 =  �鯨検嫌建結兼迎結懸結券憲結2,3 − 劇剣建�健 ��鯨 �剣嫌建劇剣建�健 ��鯨 �剣嫌建  ∗ 100 

(10) 

 

5 CONCLUSIONS 

On this research it is proposed a mathematical model that allows estimating LCC and 
facilitates the decision making process that determines which maintenance strategies should 
be applied. Particularly, the proposed model takes advantage of the economic dependencies 
that have the WTs within a WF by applying opportunistic maintenance policies. Furthermore, 
the model also allows estimating the economical performance of the CMS implemented in 
the systems of the WT when opportunistic maintenance policies are followed. 

After obtaining the computational results for four of the most critical systems of the WT, 
based on real operational and reliability data of WFs, it is shown that opportunistic 
maintenance strategies are adequate for wind energy sector. Moreover, it is also proven that 
CMS systems implemented both in gearbox and blades are economically effective and that 
they can be a successful complement of the opportunistic maintenance strategies. 

Further research lines will focus on applying capacity constraints to the model, such as 
human resources’ capacity or material stock constraints, in order to represent more realistic 
scenarios. At the same time, further research will be done in the utilisation of CMS together 
with opportunistic maintenance policies, in order to be able to facilitate decision making 
about the correct CMS to be installed in the several systems within the WF. 
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