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Abstract 

Wind power, as a source of renewable energy, is growing very fast. Especially so, is 
consideration given to offshore wind farms where expansion is due in part to limited social and 
visual impact, reduced noise effect of turbines, and at the same time higher production of 
offshore wind turbines. Maintenance is always a considerable and costly part of the wind power 
investment, especially for offshore projects, but it could not improve as fast as the increasing 
wind industry in the world. The operation and maintenance management of wind farms should 
have always a reliable and structured planning to have an economical investment.  

At the beginning of the growth of wind industry, companies tried to transfer responsibilities of 
the failure and loss of production to the insurance companies, but it cannot be continued any 
more. These days even the insurance companies ask about regular inspection or condition 
monitoring. In other words, they ask for a reliable strategy for operation and maintenance.  

Both preventative and corrective maintenance are used in offshore wind farms. Preventive 
maintenance is usually performed at the first sign of failure, and in so doing it helps reduce costs 
associated from lost production. Having a perfect preventive maintenance program is not easy 
and it usually needs more inspection and online monitoring. To select a suitable strategy, data 
should be gathered from different stakeholders who are involved in the project. The stakeholders 
could be turbine designers, construction companies, transportation companies, operation staff, 
etc. The reason is that each group has the data which could help to define a reliable strategy of 
maintenance. 

Reliability includes measurements, e.g., failure rate, repair time, and availability. Reliability is 
the ability of components or system to perform their function under given operational condition 
and for a predicted period of time. However always preventive maintenance especially for 
offshore wind farm is faced with uncertainty due to bad weather, access difficulty, and logistic 
limitation.  

Reliability Centered Maintenance (RCM) is a systematic qualitative technique that balances 
preventive and corrective maintenance. It chooses the right preventive maintenance activities for 
the right component at the right time to reach the most cost efficient solution. 

This research points out that RCM, as an experienced methodology in other industries, could be a 
good method for scheduled preventive maintenance in offshore wind power for purposes of 
lowering cost while improving reliability and safety.  

RCM implementation is always facing with uncertainty. Engaged uncertainty to RCM is known 
as Reliability and Risk Centered Maintenance RRCM and it could lead maintenance process to an 
optimal preventive schedule with minimum uncertainty. 

Key words: Offshore wind farm maintenance, Preventive maintenance, Reliable centered 
maintenance (RCM), Reliable and Risk Centered Maintenance (RRCM)  
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1. Introduction 

Production of electricity by using wind power as a renewable energy source has increased very 
fast in recent years.  Installation of wind turbine started as onshore wind farms and currently is 
shifting to offshore wind turbines. Table 1 shows that the share of offshore wind turbines is 
increasing rapidly, hence it is very important to have more research focus on offshore wind farm 
challenges from the design part to operation and maintenance. Some items which people involved 
in offshore wind industry are worried about include how to have a robust design in a marine 
environment, which kind of vessels are necessary to install and maintain the wind turbines, 
accessibility in an offshore environment, and what is optimal Operation and Maintenance. 
Reliability offshore is something that the offshore wind industry is searching for: to have 
reliability, availability, maintainability and at the same time safety, starting from the design to 
operational phases. (Hameed, Vatn, & Heggset, 2011) 

Year 

Offshore 
wind 
GW 

Yearly 
growth 
offshore 

wind 

Offshore 
of total 
wind 

power 

Production 
from 

offshore 
wind 

Expected global 
electricity 

consumption 

Penetration 
of offshore 

wind 

GW % % Twh/y Twh/y % 
2006 0.9  1.2 3 15,500 0.0 
2015 12.8 34 2.6 42 21,300 0.2 
2020 42.4 27 4 140 23,800 0.6 
2030 251.1 19.5 9.5 829 29,750 2.8 
2050 773.8 5.5 18.4 2559 40,100 6.4 

Table 1: Scenario for Offshore Wind Power Development 

Nowadays wind turbines have exceeded the experimental stage. Now designer, project developer, 
supplier, and other parties who are involved in a wind power project are putting more emphasis 
on lowering the operational costs over the total life time in order to improve the economics of 
wind energy projects. Maintenance planning is especially considerable for the offshore wind farm 
because a small failure could lead to high maintenance and operation costs due to the difficult 
accessibility and expensive repair cost. (Rademakers, Braam, & Verbruggen, 2003) 

This study is one of the first to investigate the reliability of preventive maintenance planning by 
consideration of Reliable Centered Maintenance (RCM) and Reliability and Risk Centered 
Maintenance (RRCM) in offshore wind farm projects. 

The main purpose of this research is to investigate the current status of maintenance practice or 
policy in offshore wind farms in Sweden. 

The sub-objectives of the research are to: 

1. Identify the steps to have a Reliable Centered Maintenance (RCM) in order to have a 
reliable preventive maintenance planning. 
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2. Clarification of Reliability and Risk Centered Maintenance (RRCM) method to involve 
uncertainty to preventive maintenance planning frame work (Reliable Centered 
Maintenance (RCM)). 

1.2. Scope and Limitation 

 The scope of the study is limited to the maintenance of operational phases of the offshore wind 
farm projects and does not include any engineering, procurement, or any technical works. Since 
investigating the entire aspects of maintenance decreases the validity of the research due to major 
differences between them, this study focuses on reliability of preventive maintenance as one of 
the most important aspect of maintenance. Also due to limited time only Sweden offshore wind 
farms were evaluated as a representational sample of offshore wind industry in world.  

To achieve the objectives, first an extensive literature survey was conducted to realize the 
consideration phases to have a reliable system for maintenance in an offshore wind farm project. 
A set of interviews with 5 wind industry professionals were used to identify the current methods 
in wind farm offshore and the main challenges that are facing them. Finally, the findings were 
discussed and some general recommendations were suggested to enhance the current 
performance. 
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2. Background and Literature Review  

2.1.Importance of Inspection and Maintenance in Offshore Plant 

Maintenance cost during operations in the wind industry is important. Operation and maintenance 
costs will have a large impact on the energy costs of wind electricity generated especially at sea. 
From several studies on offshore wind farms it was concluded that the contribution of the 
operation and maintenance costs to the energy costs is considerable (typically in the order of 
25%). (Bussel, 1999)  

Also in a report contribution of operation and maintenance costs to the KWh price mentions 
approximately 25 and 30 % of total investment while onshore the contribution is 10 and 15%. 
(Rademakers L. , Braam, Zaaijer, & van Bussel, 2003) 

Accessibility due to weather conditions consisting of wave and storm offshore, availability of 
base distance to shore and having suitable vessels for each condition on time, more down time 
due to the previous mentioned items cause operation and maintenance cost to be much more than 
an onshore wind farms. In some research it is mentioned that if assuming a land based 
availability of 97% it is found that the actual offshore availability will become some 76% for a 
location 15 km offshore assuming a moderate 25% inaccessibility factor due to high winds and/or 
waves. (Bussel, 1999)  

The cost of maintenance could be negligible for the first two years because customers usually buy 
turbines with two years of operation while only few manufacturers are willing to provide 
maintenance for more than 5 years. (Rademakers, Braam, & Verbruggen, 2003) 

The considerable cost due to the operation and maintenance cost leads the author to focus on this 
part of the wind farm life cycle.  

2.2.Corrective and preventive maintenance 

Maintenance is a combination of all technical and managerial actions during the life cycle of 
equipment or components to keep it or restore it to perform the required function. Maintainability 
is the ability of the equipment or component to retain it in or restore it to a state which it could 
perform under stated condition of use. (Nilsson, On Maintenance Management of Wind and 
Nuclear Power Plants, 2009) 

General maintenance activities can be divided in to corrective and preventive maintenance. 
Corrective maintenance is used when the component has failed also called unplanned 
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maintenance, or Run to Failure (RTF) maintenance, which takes place only at breakdowns. 
(Jardine, Lin, & Banjevic, 2006)  

Preventive maintenance is used to avoid failure. Preventive maintenance could be done based on 
a routine schedule and condition foundation which sets a periodic interval to perform preventive 
maintenance regardless of the health status of a physical asset. Scheduled maintenance is done on 
schedule to check lubrication, tightening of bolts, changing filter, etc. Condition base 
maintenance is performed based on the actual situation of component. To perform condition base 
maintenance having a condition monitoring is necessary. Condition monitoring can be done via 
online monitoring or inspection. In some research it is mentioned that offshore wind turbines 
service visits are performed on a scheduled basis, where scheduled maintenance are performed, 
and at the same time inspection scan be performed at a relatively low additional cost. Figure 1 
shows a summary of maintenance categories. (Nielsen & Sørensen, 2011) (Nilsson, On 
Maintenance Management of Wind and Nuclear Power Plants, 2009) 

 

 

Figure 1: Summery of Maintenance Category  

Corrective maintenance costs compared with preventive maintenance cost could be more 
associated with uncertainty. The reason is corrective maintenance results in continues cost. The 
failure of one minor component can cause damage to a major component, which gives large 
repair or replacement costs. Further if failures happen during a period with large wind loads, and 
the site will be inaccessible during that period, which will cause lost production. Preventive 
maintenance also has cost but this strategy could help to save part of the cost because of 
production. (Nielsen & Sørensen, 2011)  

Preventive
• Schedule
• Condition Monitoring
• Opportunistic

Corrective

Maintenance 
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Scheduled maintenance could be used as preventive maintenance when it is performed based on 
an established time schedule. In this strategy maintenance is planned in advance. Condition base 
maintenance is based on parameter monitoring. It could be done by online monitoring or routine 
inspection. Opportunistic maintenance is also a kind of prevent maintenance which is carried out 
at opportunities. For example when one component is out for maintenance, other components are 
taken out for maintenance before failure. It could save cost by performing several maintenance 
activities at the same time. (Nilsson, On Maintenance Management of Wind and Nuclear Power 
Plants, 2009) 

In one of the conference presentations it is motioned that the cost of corrective maintenance is 
twice higher than preventive cost in offshore projects while in onshore maintenance cost, 
preventive and corrective are in balance. (Rademakers L. , Braam, Zaaijer, & van Bussel, 2003) 

It could be a very serious reason to increase consideration to preventive maintenance for offshore 
wind farm. For a preventive maintenance program in offshore wind farms both online condition 
monitoring and manual inspection is necessary.  

To optimize the maintenance planning inspection interval is a considerable factor. The reason is 
that short time between each two inspections could cause high cost. On the other hand long time 
period between inspections could create corrective maintenance and down time of turbine.   
(Nielsen & Sørensen, 2011)  

It should be mentioned the main goal for operation and maintenance is a balance between 
preventive and corrective maintenance. In other words the aim is to reach level of availability at 
lowest cost. 

2.3.Condition monitoring  

Condition monitoring has increased in several industries including wind power. Designers 
usually try to design different components of the turbine for the life time of the turbine but 
experience demonstrates that they often fail earlier. With the continuing growth in wind turbine 
installation, investors should give more consideration to condition monitoring. It does not prevent 
failure but it help to recognize minor failure in early stage and avoid major component failure and 
consequence damage. Maintenance base on condition monitoring helps to decrease down time of 
turbine. (Rademakers, Braam, & Verbruggen, 2003) 

Maintenance actions can be better planned which leads to less unexpected failures, therefore less 
downtime. Insurance companies also usually ask about regular inspection or condition 
monitoring. Due to the high cost of maintenance in offshore wind farm, this kind of maintenance 
is more considerable for offshore wind energy. (Rademakers, Braam, & Verbruggen, 2003) 

Condition monitoring system helps to predict failure in each component; hence maintenance and 
repair can be better scheduled. As an illustration condition monitoring system for the gearbox as 
one of critical components primarily measures vibration but a supervision of the oil also is 
necessary. Condition monitoring system is also beneficial to predict which component inside the 
gearbox is defective.  (Ribrant, 2006) 
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Also recent development of wind power in Germany gives another reason of using condition 
monitoring system. Insurance industry asked to overhauled wind farm after 40.000 hours of 
production or every fifth years. The only expectation for insurance company is condition 
monitoring system. (Ribrant, 2006) 

As it mentioned before, Corrective maintenance cost could be two times higher than preventive 
maintenance cost. Selection of a suitable maintenance strategy with consideration of access 
system, hoisting equipment, distance to the shore, water depth and weather condition is very 
important part of maintenance. Condition monitoring could help to reduce failure, have a better 
schedule for preventive maintenance, and consequently reliable centered maintenance. 
(Rademakers L. , Braam, Zaaijer, & van Bussel, 2003) (Ribrant, 2006) (Nilsson, Maintenance 
management of wind power systems Cost effect analysis of condition monitoring systems, 2006) 

Table 2 shows some benefits of condition monitoring system in a turbine. (Ribrant, 2006) 

Characteristics Advantages Benefits 

Early warning Avoid breakdowns 

Better planning of maintenance 

Avoid repair cost 

Minimize downtime. 

Identification of 
problem 

Right service at the right time 

Minimizing unnecessary 
replacements 

Problem resolved before the time of 
guarantee expires 

Prolonged lifetime 

Lowered maintenance cost 

Quality controlled operations 
during time of guarantee 

Continuous 
monitoring 

Constant information that the wind 
power system is working  

Security and less stress 

 

Table 2: Benefit and Advantages of the Condition Monitoring System  

Condition monitoring is a system by collection of data related to different component of turbine 
could help to know more about characteristics of wind turbine. The data from condition 
monitoring condition should be analyzed. It will be useful if measuring data from vibration 
sensors check with weather condition like wind speed, wind turbulence, wind direction, 
temperature, wave height, and also power output. This knowledge could be use by different 
stakeholders like designer, manufacturer, and operation and maintenance companies. (Ribrant, 
2006) 

Figure 2 shows three steps which are necessary for a planning which is based on condition 
monitoring. (Jardine, Lin, & Banjevic, 2006) 
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Figure 2: Three Steps in a Maintenance Planning Based on Condition Monitoring  

Preventive maintenance planning or prognostics deal with fault prediction before it occurs. Fault 
prediction is a task to determine whether a fault is impending and estimate how soon and how 
likely a fault will occur. Condition based monitoring program as a kind of preventive 
maintenance leads to analyze data and make decision about suitable preventive maintenance. 
(Jardine, Lin, & Banjevic, 2006) 

2.3.1. SCADA 

Nowadays most of the turbines use Supervisory Control and Data Acquisition (SCADA) 
technology. A turbine's multiple computer systems and network of sensors deliver information 
via fiber optic data cable to center, where data is carefully studied in real time. (Trabish, 2010) 

Figure 3 shows the communication network of online condition monitoring via SCADA. 
(European Commission, 2005) 

 

Figure 3: Communication Network Structure  

Data Acquisition Data processing Maintenance Decision 
Making
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2.4.Maintenance Planning  

Figure 4 shows an approach to optimize operation and maintenance aspects of offshore wind 
farms by involving probabilistic corrective maintenance and deterministic preventive 
maintenance. Since all the input information consist of failure behavior of turbines, access and 
hosting systems, and weather conditions are covered with uncertainty so probabilistic corrective 
maintenance could happen. This figure also places emphasis on results or in other words data 
which are gathered base on previous maintenance that could help to improve preventive 
maintenance, select a wind turbine to decrease failure behaviors, and select a suitable access 
system and hoisting equipments. These factors show the importance of data gathering to improve 
maintenance and the factors which effect and finally decrease time down of turbines. 
(Rademakers L. , Braam, Zaaijer, & van Bussel, 2003) 

 

 

Figure 4: Approach for Optimizing Operation and Maintenance Aspects of Offshore Wind Farms 

 2.5. Data that Affects Planning 

2.5.1. Design Stage 

The initial design should be considered because design will influence the realization of the 
damage and subsequently the inspection, maintenance and repair schedule. Relevant parameters 
at the initial design stage could be whether to install a permanent crane in the nacelle, and the 
design life of different fatigue, corrosion, and wear exposed components. (Nielsen & Sørensen, 
2011) 
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It should be mentioned that to reduce uncertainty in the initial design, collection of operation and 
maintenance data is very essential. To have these data and improve quality of turbines all parties 
who are involved in the project like owner, operator, manufacturer, and other parties should 
collaborate. 

2.5.2. Turbine Component  

Identification of most critical components could help to have a better maintenance strategy. 
Usually the gearbox is the most critical part due to alignment. If the alignment is incorrect the 
wear on the gear and the bearings will be excessive and the lifetime of the gearbox will be 
reduced. With consideration to the location of wind farm, weather condition, and transportation 
facilities companies should compare cost of repair of gearbox consists new gearbox, 
transportation, losses production with cost of turbine without a gearbox. To make a decision have 
enough reliable data is essential. (Ribrant, 2006) (GE to use offshore wind turbines with no 
gearbox, 2010) 

2.5.3. Transportation 

Types of transportation especially for corrective repairs are implemented in the following types: 

1. Always use a boat. 

2. As soon as possible approach. It means that if the weather conditions are good, a boat is 
first option but if the weather condition is not good enough helicopters are used. 

3. Risk base approach. In this approach a perfect weather condition should help us to predict 
the first day of access via boat or helicopter to the site. At the same time calculation of 
production losses should be done. Comparison between this two helps to make the final 
decision. It is not easy alternative but help to calculate the minimum level of cost for both 
boat and helicopter options. 

Definitely ideal weather prediction is necessary for all offshore wind farm maintenance case to 
have a continuous repair. (Nielsen & Sørensen, 2011) 

It shows all type of transportation could be faced with uncertainty. Transportation could be a big 
risk for offshore wind farm. Unavailability of transportation vehicle and unsuitable weather 
condition could be serious reasons that corrective maintenance be more expensive. It is not only 
because of kind of maintenance but also due to the losing production. It lead author to focus on 
preventive maintenance and identification of how is possible to improve preventive maintenance. 

2.6.Keywords in Maintenance Scheduling 

2.6.1. Repair 

Some factors which could affect the operation and maintenance factor are the different kind of 
repairs based on the size of equipment and transportation type. 
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 Kind of repair base on size of equipment is dividable to: 

1. Repair cleaning and reset. The repair can be done during visit to the turbine and no 
additional equipment is necessary. 

2. Replacement. For this category both personal and some small or medium size spare part 
are required. Internal crane is enough to be hoisted.  

3. Failure of large component. Failure of big component is placed in this category. In this 
case internal crane is not enough and equipment should be hoisted outside the tower.  

(Rademakers, Braam, & Verbruggen, 2003) 

2.6.2. Interval 

One important step for a good plan of operation and maintenance is the decision on when and 
how to perform maintenance or repair. Interval between maintenance is an essential factor. Lack 
of repair before any failure could cause major failure, loss of production, and it means extra cost. 
On the other hand if a repair is performed before it is necessary, the total cost of repair will be 
considerable and larger than initial estimation. For a short inspection interval more condition base 
repair are performed and cost due to the inspections are dominating. At higher inspection 
intervals the cost due to the corrective repairs goes up. Optimal maintenance planning should lead 
company to optimal decision to repair just in time. For sure having this plan will face a lot of 
uncertainty. Weather condition is one of essential factors. (Nielsen & Sørensen, 2011) 

Some experience showed that an inspection schedule for each 180 days is a good option. 
However weather conditions could have a big effect on it to postpone it to a day with suitable 
condition. In general there is a probability that a present damage is not detected at an inspection, 
and in addition there is a probability that there is an indication of damage, without the damage 
being present. The reliability of the inspection depends on the inspection method, and in general 
it can be chosen to make a more reliable inspection that on the other hand is more expensive. 
(Nielsen & Sørensen, 2011) 

2.6.3. Mean Time between Failure 

As it mentioned before one of important aspect in operation and maintenance is inspection 
interval. To optimize inspection interval “Mean Time between Failures” and “Mean Time to 
Repair” should be calculated. The “Mean Time between Failures” or MTBF is calculating by 
dividing the total available time by the number of breakdowns. The “Mean Time to Repair” or 
MTTR is calculating by dividing the total down time by number of breakdowns. It should be 
mentioned that the right term for a thing that cannot be repaired is “Mean Time to Failure” or 
MTTF. It could be said that MTTF + MTTR = MTBF. (Mean Time Between Failures & Mean 
Time to Repair) 
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2.6.4. Reliability 

Reliability includes measurements, e.g., failure rate, repair time, and availability. Reliability is 
the ability of components or system to perform their function under given operational condition 
and for predicted period of time. (Nilsson, On Maintenance Management of Wind and Nuclear 
Power Plants, 2009) 

2.6.5. Availability 

Availability is a fundamental measure of reliability. It can be calculated based on down time, 
when an interruption occurred and the frequency of interruptions for a specific period of time. 
Availability also can be defined as probability of a component will be up or down. If we consider 
only corrective maintenance and not preventive maintenance, Availability could be calculated 
like this: 

A= 
MTBF 

MTBF+MTTR 

(Nilsson, On Maintenance Management of Wind and Nuclear Power Plants, 2009) 

Preventive maintenance could help to increase availability of system due to increase MTBF. 

2.7.Reliability Centered Maintenance (RCM) 

Reliability Centered Maintenance (RCM) is a structured approach that is focused on reliability 
aspects when determining maintenance plans. It could help to find a balance between corrective 
and preventive maintenance.  The method help to have an effective maintenance plan with 
consideration to critical components. (Nilsson, Maintenance management of wind power systems 
Cost effect analysis of condition monitoring systems, 2006)  

In other words RCM gives a systematic method to choose right preventive maintenance activities 
for the right component at the right time to reach the most cost efficient solution. 

RCM is an accepted methodology in industry that has been available over 30 years especially in 
some industry like oil and gas. This methodology helps to achieve a sufficient preventive 
maintenance plan, the main goal of which is reduction in the cost of maintenance and at the same 
time to increase reliability and safety: reliability is the focused of Reliability Centered 
Maintenance. Defining of RCM could be base on following process: (Selvik & Aven, Reliability 
Engineering and System Safety, 2011) 

1. Determination of critical components of systems by Inductive analysis of the potential 
failures, where typically a variant of failure mode, effects and criticality analysis 
(FMECA) is used. 
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2. Application of logical decision diagrams: that is called RCM logic; it helps to specify 
suitable categories of preventive maintenance (predictive maintenance, replacement, etc.). 

3. Assignment of suitable preventive maintenance and implementation and update of the 
preventive maintenance tasks. 

Different groups should be involved who could cover different aspects of RCM: for example 
from the maintenance function and operation in addition to a RCM specialist. (Selvik & Aven, 
Reliability Engineering and System Safety, 2011) 

The minimum criteria that a RCM process has to meet is defined by the three technical standards: 
IEC 60300-3-11(1999) Dependability management - Part 3-11: Application guide - Reliability 
Centered Maintenance, SAE-JA1011 (1999) Evaluation Criteria for Reliability-Centered 
Maintenance (RCM) Processes, and SAE-Ja1012 (2002) A Guide to the Reliability-Centered 
Maintenance (RCM) Standard are RCM standards. (Rausand) (Selvik & Aven, Reliability 
Engineering and System Safety, 2011) 

The WMEP database as a Scientific Measurement and Evaluation Program contains a quantity of 
detailed information about reliability and availability of wind turbines and subassemblies and 
provides, so far, the most comprehensive study of the long-term behavior of wind turbines 
worldwide and the most reliable characteristic values regarding reliability (MTBF, MTTR). The 
available data is more related to onshore wind farms. It has started to have an offshore database 
or in other words Offshore WMEP. The WMEP data breakdown failures into subassemblies like 
converter, fuses, switches, etc. The WMEP database is close to what associates with a component 
reliability database. Figure 5 shows Offshore Database Pool input and output which is used in 
WMEP database. (Pettersson L. , Andersson, Orbert, & Skagerman, 2010) 

 

Figure 5. Offshore Database Pool 
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Data and insights on technology and cost developments must be available for further 
development. The generation of a common database will, due to its size, enable statistically 
reliable predictions concerning the success of operational concepts. Furthermore, based on 
anonymous benchmarking and weakness analyses, operators and manufacturers have the 
opportunity to test and, if necessary, to optimize the performance of their offshore wind farms. 
(Hahn, Faulstich, & Lyding, 2009) 

Applying Reliability Centered Maintenance (RCM) allows the operators to set up a new part of 
the database, namely a library of characteristic values. Typical characteristics will be MTBF or 
MTTR and reliability functions. But they will also derive individual values to improve their 
maintenance strategies for subassemblies and components. Figure 6 shows the output of 
Reliability Centered Maintenance: (Pettersson L. , Andersson, Orbert, & Skagerman, 2010) 

 

 

Figure 6: Output of RCM Database 

2.7.1. Identification of Critical Components 

As it is mentioned before, the first step of the RCM process is identification of critical 
components. The following question could lead us to a good point to identify the critical 
components. (Nilsson, On Maintenance Management of Wind and Nuclear Power Plants, 2009) 

1. What are the functions and performances required? 

RCM Database

Preventive 
Maintenance tasks

Modification 
requirements

Components with 
strategies “run to 

failure”
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2. In what ways can each function fail?  

 Too much detail could make the process long and expensive; while too low detail makes 
it worthless. 

3. What causes each functional failure?  

 Too much detail could make the process long and expensive; while too low detail makes 
it worthless. 

4. What are the effects of each failure?  

 Physical or environmental 

5. What are the consequences of each failure?  

 Safety or environmental consequence like injuring a person or broken environmental law 

 Operational consequence like losing the production 

 Non operational consequence like only cost in the form of operation) 

6. How can each failure be prevented?  

 Using decision tree to determine which maintenance should be carried out. It should be 
base on consequence of failure and kind of maintenance which is necessary 

7. How does one proceed if no preventive activity is possible? 

It should be mentioned that the optimal maintenance strategy for the uncritical components is 
assessed to be operation until failure occurs and then to perform Corrective Maintenance i.e. Run 
to Failure (RTF). Run to Failure (RTF) might also be a relevant maintenance strategy for some of 
the critical components, depending on their failure and lifetime characteristics, failure 
consequences and maintenance costs. For simple systems that include only a few components, it 
is in most cases quite obvious which of the items are important for the reliability of the system 
and what their failure consequences are, and the critical components may be identified without 
any rigid analysis. (Selvik & Aven, Reliability Engineering and System Safety, 2011) 

2.7.1.1.  Failure Mode, Effects and Criticality Analysis (FMECA) 

Failure Mode, Effect and Critical Analysis (FMECA) can be used in reliability analysis to 
identify critical components. It could help to determine the connection between possible failure 
and the failure effects. The main purpose of that is to find all ways that the component can fail. It 
helps to identify critical components. To gather enough data some questions should be answered 
like what failure could appear? What are the effects of the failures? What are the causes of the 
failures? Next step after finding the answers to the mentioned question is time of clarification of 
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frequency of each failure which should be done base on experience. (Nilsson, On Maintenance 
Management of Wind and Nuclear Power Plants, 2009) 

Some research related to the offshore oil and gas industries also mention that Failure Mode, 
Effect and Critically Analysis (FMECA) assign probabilities of failure events and expected 
consequences, and expected value could be extended by the use of worst case consequences. 
Analysis is focused on expected value and it is usually base on background knowledge, including 
many assumptions. For example, for assessments on a specific valve, there are assumptions on 
fluid pressures and amount of erosive particles. (Aven, 2007) (Selvik & Aven, Reliability 
Engineering and System Safety, 2011) 

2.7.2. Determination of Preventive Maintenance 

Based on the Failure Mode, Effect and Critically Analysis FMECA results, Preventive 
Maintenance (PM) tasks are determined by application of Reliable Centered Maintenance RCM 
logic. These are decision diagrams that through various YES or NO questions lead to assess or to 
the ‘‘optimal’’ maintenance task for the item assessed. Figure 7 shows an example of Reliable 
Centered Maintenance (RCM) Logic. (Selvik & Aven, A framework for reliability and risk 
centered maintenance, 2011) 

 

Figure 7: Example of RCM Logic  

It should be mentioned that when we do not have enough information about a component all the 
answer should be NO and lead us to “Run to Failure”. Also for optimization of inspection 
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intervals this model could involve expert judgment based on available data. There is no defined 
‘‘single-way’’ to determine the intervals. In many cases the intervals are not optimized at all and 
simply determined as a combination of expert recommendations, operational experience, various 
requirements and available resources. (Selvik & Aven, Reliability Engineering and System 
Safety, 2011) 

Some research in the oil and gas industry as experienced operators in offshore projects shows that 
use of RCM interval determination for the involved participants was mainly based on experience 
of operational staff and established practice in line with oil and gas industry more than 
mathematical models. A mix of various maintenance tasks and intervals is typically the result of 
RCM assessment. The preventive maintenance and intervals should be grouped such that 
maintenance group are able to implement the task efficiently. A mix of various maintenance tasks 
and intervals is typically the result of the above assessments. (Selvik & Aven, Reliability 
Engineering and System Safety, 2011) 

2.7.3. Implementation and update Preventive Maintenance 

This phase could be named managerial phase to apply the results in practice. It consists of 
communication between management and the project group about how the maintenance should 
be practiced. Quality assurance also helps in this phase to identify some issues which were 
overlooked or ignored in Failure Mode, Effect and Critically Analysis FMECA phase. In the later 
stages an efficient update all the assumption is used in assessment and general conditions should 
be documented. (Selvik & Aven, Reliability Engineering and System Safety, 2011) 

2.8.Potential to Improvements RCM Methodology 

Some research in the oil and gas industry shows that 60% percent of the Reliable Centered 
Maintenance RCM failed to implement due to weakness of involvement of uncertainty in the 
assessment. Without doubt, the complexity of system and type of industry are important factors. 
Also resources which assigned to the RCM project like consultant company and maintenance 
software are considered. In practice, industries usually do not consider uncertainties as much as 
industrial awareness. It was argued that the RCM process should be adjusted to take into account 
broader uncertainty assessments. Already some uncertainty assessments are included, but as 
pointed out before, these are restricted to probabilities of failure events and expected 
consequences in the FMECA assessments, and do not reflect all of the relevant uncertainty 
dimensions; they especially exclude uncertainties ‘‘hidden’’ in the assumptions mode. These 
uncertainties are referred to as ‘‘uncertainty factors’’. As mentioned earlier, it may be possible to 
reveal some of the assumptions in the RCM documentation and treat them in later updates, but it 
will not give the assessors the relevant uncertainty information for decision making.   (Selvik & 
Aven, Reliability Engineering and System Safety, 2011) 
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2.9.Reliability and Risk Centered Maintenance (RRCM) 

As mentioned earlier, Reliability and Risk Centered Maintenance (RRCM) is another 
methodology to optimize preventive maintenance but in comparison with RCM, risk and 
uncertainty are more involved. Figure 8 shows the RRCM process. 

 

 

Figure 8: Reliable and Risk Centered Maintenance Framework 

The first four boxes are equal with phases one and two in RCM to cover identification of critical 
components and also preventive maintenance which is related to those components. The box 
number 5 involves uncertainty factors to box 2 and 3. Many of these factors are derived from the 
assumption in assessment of preventive maintenance task and preventive maintenance interval.  
Uncertainty analysis covers following items: 

 Identification of uncertainty factors.  

 Assessment and categorization of the uncertainty factors with respect to degree of 
uncertainty. (Selvik & Aven, Reliability Engineering and System Safety, 2011) 

The most important part after uncertainty evaluation is managerial review and judgment. In this 
part the experience of managers should be combined with this data, so consideration to not 
overload managers with irrelevant information is important. To have an effective decision in box 
7, managers sometimes need to have some other data input such as manufacturer 
recommendations or existing preventive maintenance practice. 

Risk is a combination of events and the consequences of these events, and there are uncertainties 
attached to each event. In this way instead of reliability and probabilistic could be mentioned 
reliability and uncertainty. (Selvik & Aven, Reliability Engineering and System Safety, 2011) 
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Aspect  Score Interpretation 
Uncertainty Low(L) One or more of the following conditions are met: 
  The assumptions made are seen as very reasonable. 
  Much reliable data are available. 
  There is broad agreement/ consensus among experts. 
  The phenomena involved are well understood: the models used are 

known to give predictions with the required accuracy. 
 Medium(M) Conditions between those characterizing low and high uncertainty. 
 High (H) One or more of the following conditions are met: 
  The assumptions made represent strong simplifications. 
  Data are not available, or are unreliable. 
  There is lack of agreement/ Consensus among experts. 
  The phenomena involved are not well understood: models are non-

exist or known/ believe to give poor prediction. 
Sensitivity Low (L) Unrealistically large changes in base case values needed to bring 

about altered conclusions. 
 Medium (M) Relatively large changes in base case values needed to bring about 

altered conclusions. 
 High (H) Relatively small changes in base case values needed to bring about 

altered conclusions. 
Importance L,M, or H Average of the other two aspect scores. 

Table 3: Uncertainty Assessment Score Interpretation 

The following steps describe figure 8. In other words the performance of assessment of 
uncertainty factors: 

1. In first step result from the Reliable Centered Maintenance RCM logic recommended 
preventive maintenance tasks.   

2. In this step RCM team should prepare list of relevant uncertainty factors related to the 
preventive maintenance task assessment. 

3. Creating a qualitative score on degree of uncertainty, sensitivity and importance of 
uncertainty factors base on table 3 is next step. 

4. If the uncertainty is high it means that there is potential to produce a different preventive 
maintenance task compare with recommended PM in step No.1. So list the adjusted tasks 
and the corresponding uncertainty factors. (Selvik & Aven, Reliability Engineering and 
System Safety, 2011) 

Following is a description of how preventive maintenance is performed, it is an illustration of an 
optimization model and how relevant constraints could help determine preventive maintenance 
intervals. Expert judgment is a best case to assess interval sequence. 
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1. Based on previous steps preventive maintenance interval recommended is ready. 

2. List the relevant uncertainty factors identified related to the preventive maintenance 
interval assessment. 

3. Table 3 could help to give a quantitative score on degree of uncertainty, sensitivity and 
importance to the uncertainty factors. The uncertainly factor has the potential to produce a 
significant change in the PM interval compared with the one recommended. List the 
adjusted intervals and the corresponding uncertainty factors. 

4. A simple example could be if uncertainty of “Data are able to describe the items’ failure 
characteristics” is high so this uncertainty factor naturally lead to the PM tasks 
‘‘scheduled overhaul’’ or ‘‘replacement’’ instead of Run to Failure RTF. (Selvik & Aven, 
Reliability Engineering and System Safety, 2011) 

It should be mentioned to select sensitivity of Preventive Maintenance (PM) task: check if an 
uncertainly factor has the potential to produce a different PM task than the one recommended. 
List the adjusted tasks and the corresponding uncertainty factors; and for selection of sensitivity 
of Preventive Maintenance (PM) interval: check if an uncertainly factor has the potential to 
produce a significant change in the PM interval compared with the one recommended. List the 
adjusted intervals and the corresponding uncertainty factors. (Selvik & Aven, Reliability 
Engineering and System Safety, 2011) 

Brainstorming, analyzing of reports, and group discussion could be suitable to identify risks. As 
mentioned before we should be sure about the importance of components to evaluate. The RRCM 
provides a methodology for assessing the importance of the various assumptions and support 
decision-making. By using this method for evaluation of critical components, managers have 
weights of uncertainty to make a decision and not only based on personal ideas. An extended 
uncertainty assessment is added, to address uncertainties ‘‘hidden’’ in assumptions of the 
standard RCM analyses. 
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3.  Research Methodology 

The purpose of this study is to isolate a suitable methodology which can improve maintenance in 
offshore wind industry. Specifically it follows preventive maintenance in offshore wind farms in 
Sweden. In this paper, the author attempts to investigate Reliability Centered Maintenance in 
offshore wind farms based on similar research in other industries like oil and gas, and nuclear. In 
this paper the author followed the below steps:  

The first part of the research was a thorough review of the relevant literature, including articles, 
web sites, reports, paper research, and some other references which helped in-depth 
understanding of the concepts of maintenance and reliability Centered Maintenance. 

The second part was the body of the research. Undoubtedly, it was impossible to investigate all 
aspects of maintenance in wind farms in one research project. In addition, the offshore wind 
industry as a young industry is faced with uncertain information. To prevent reduction of validity 
of the study in that situation, the author decided to select preventive maintenance in offshore 
wind farms in Sweden as the research focus area with consideration of methodology used in 
some experienced industries like oil and gas, and nuclear. 

The common practice of maintenance process was reviewed through 5 interviews with 
professionals who were familiar with source of problems related to maintenance of offshore wind 
farms, or directly involving in maintenance of offshore wind farms.  

The interviews were conducted in the May of 2011 and helped the author to identify current 
maintenance processes in offshore wind farms and challenges they face daily. 

These experienced people were selected from small and big offshore wind farms in Sweden. Also 
they are selected from different parties involved in offshore projects to ensure different points of 
view related to maintenance. They work in Vattenfall, Siemense, Dynawind, and EON in 
different positions, such as operations manager and site manager. (Svensson, 2011) (Carlsson, 
2011) (Forslund, 2011) (Lindkvist, 2011) (Jansson, 2011) 
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4. Validity and Reliability 

The interviews were conducted with people involved in maintenance of active offshore wind 
farm. In identifying the Reliability Centered Maintenance situation in offshore wind farm and 
preventive maintenance, validity is gained by interviews from different parties involved in the 
offshore projects to reduce the potential bias. However, evaluating the possible difference of their 
responses was not the objective of this research. 
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5. Findings and Discussion 

Current widespread practice in wind industry maintenances scheduling is prepared by the turbine 
manufacturer (annual maintenance schedule) and usually during the first five years all the 
maintenance is done base on manufacturer advice. A major reason for this is that usually the 
turbines are under warranty for the first 2 to 5 years, but another reason is that owner, operator, 
and other involved stakeholders do not have enough information and data related to the wind 
turbine performance to create maintenance programs. The first turbine service is usually 
performed after 500 hours of use based on manufacturer recommendation and warranty term. 
Based on manufacturer’s schedule usually there are two annual services function, one of them is 
full inspection and service which could take more than 40 days for each turbine, but another one 
is only one day inspection. 

Condition monitoring is used almost in all turbines so technicians or engineers are monitoring the 
turbines 24 hours per day. In other words there is another type of maintenance which is based on 
online monitoring. Online monitoring is a common practice in the wind industry these days but it 
does not reduce necessity of scheduled preventive maintenance.   

The wind industry needs more knowledge and data related to type and time of failure. They want 
to improve preventive maintenance because corrective maintenance is costly for them. As the 
wind industry is a young industry it needs more time to collect data and information. They started 
to collect data based on their maintenance experience and turbine performance. They know that 
having data only about some turbines and in a short time is not enough; so they started to use a 
program to have a common and reliable database for wind turbines. Iberdrola, one of the leading 
private electric utilities worldwide and the largest renewable energy operator in the world, has 
been using SAP PM since a couple of years, so Vattenfall as a Swedish power company and one 
of the leading energy producers in Northern Europe is  following. Use of this program in the 
wind power industry in Sweden is in the training step yet and needs more time to be used in all 
wind farms.  

Collection of data is started in some of wind farms by transfer data related to availability of 
turbines, reasons of unavailability, kind of failure, kind of maintenance, numbers of technicians 
needed, kind of spare part used, etc. Also data which are related to condition monitoring is 
transferred to this program. In addition, wind turbine manufacturers have data related to 
components reliability consisting of why turbine failed, how long waiting for maintenance 
personnel, or spare parts which are transferred to the program. The program is known as SAP 
PM.  The data could help the wind industry to have a wide and reliable database for wind 
turbines. All the interviewees agree that these data should collect from different parties who are 
involved in the project. Subsequently they can have a better plan for the preventive maintenance 
and hopefully less maintenance cost.  
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The wind industry, due to lack of reliable data related to wind turbine performance, is faced with 
a lot of unplanned maintenance, but offshore wind farms also are threatened by some other type 
of uncertainty like weather conditions, availability of transportation vehicles, and spare parts. 
Preparation of a planning schedule for maintenance with consideration of weather, transportation 
and spare parts is known as one of the biggest challenge in wind industry. 

Having good database to know a suitable time to have preventive maintenance, and for which 
components, could help to reduce effects of bad weather and have better data about necessary 
spare part.  

If the maintenance group does not know that they need which one of spare parts they waste a lot 
of time. In other words it takes a lot of time if the suitable spare parts are not available when they 
need it for a specific maintenance. Also if the maintenance group could not predict or forget to 
bring a specific spare part it costs a lot of time. The reason that spare part consideration is 
important is because no one can stay in turbine while the boat should go back to the shore to take 
the spare part.  

Currently the wind industry is applying traditional methods of risk assessment based on random 
meeting. They try to reduce down time for wind farm operation by involving some international 
standards and by consideration to safe and healthy and environment factors. It means that their 
decision is made by consideration to some of the standards like ISO 9001 (quality management), 
ISO 14001 (environmental management system), OHSAS 18001 (health and safety management 
system).  

Nowadays the wind industry knows about the importance of RCM and they start to use it. They 
also know that there are a lot of uncertainties in wind industry. Uncertainty is more of a 
consideration for offshore wind farm due to the limitation of offshore wind farm includes 
availability. It is not completely clear for offshore wind industry how they can involve risk 
assessment with RCM. Reliable and Risk Centered Maintenance (RRCM) provides a 
methodology base on RCM framework for assessing the various assumptions and support 
decision-making about kind and time of preventive maintenance. 

It is completely clear for the offshore wind industry that reliability and availability have to 
improve. The offshore wind industry believes that improvements have to be achieved in the 
design of turbines as well as in the organization of maintenance. 
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6. Conclusion 

Preventive maintenance as a kind of maintenance that has received considerable attention due to 
the effect it has on saving cost of corrective maintenance and production losses. It is more 
considerable for offshore wind farms because of less availability of turbine and more uncertainty. 
Definition of balance between preventive maintenance and corrective maintenance is not easy. 
RCM as systematic analysis method for planning the preventive maintenance (PM) of technical 
systems is using in different industry. It is a common practice in oil and gas and nuclear industry. 
Wind power as a young industry could use lessons of other industry with some similarity. 
Especially offshore oil and gas industry could be good source of information for offshore wind 
power. 

Experience in other industries shows that to define RCM, the first necessity is collection of 
reliable data. The wind industry has started collection of data.  The sources of these data are 
online condition monitoring and experience from different wind farms. To have a common 
database the wind industry should use a common program; that different parties could transfer 
data in it. Vattenfall as one of important energy companies in Europe and Sweden started to use 
SAP PM. It is in training step in most wind farms in Sweden and needs more time to collect 
enough data.  

Experience in oil and gas shows that most of preventive maintenance could not be performed 
completely due to weakness of uncertainty involvement; so this paper was discussed about 
method of involving uncertainty assessment with RCM. Currently the traditional method of risk 
assessment is common in wind industry base on random meeting by maintenance group. In some 
experienced industry like oil and gas the use RRCM based on a framework of RCM has started to 
be used. This methodology (RRCM) improves the uncertainty assessments by adding some 
additional features to the existing RCM methodology. As in both RCM and RRCM managers are 
involved in decisions, experience is very important value for people who are involved in this 
phase. 

The author believes that by applying the RRCM, an improved basis can be established for 
informing decision makers compared with the RCM method, as the importance of risk and 
uncertainties are more adequately taken into account. 

The limitation of the study is that it is based on the professionals' experience rather than direct 
observation due to time constraints, and also because scheduling preventive maintenance might 
vary slightly for different projects regarding their unique nature and characteristics. Nevertheless, 
the research could be applied as a beneficial guide for project managers to change their 
perspectives towards preventive maintenance, reliability centered maintenance, and risk analysis 
not only in offshore wind farms industry, but also in onshore and other industries. It is hoped that 
future research on other processes and applicability of risk analysis could pave the way for 
decreasing uncertainty for applying preventive maintenance, consequently cost of production 
losses, increase efficiency of turbine life cycle and production. 
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