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Abstract 

Inspections as well as transportation of personnel and repair parts are a significant contributor to the 

levelized cost of energy for offshore wind turbines. There are different operation and maintenance (O&M) 

strategies for offshore wind turbines. Maintenance can be performed preventively by replacing the 

component before it breaks down or correctively by replacing it after it failed. A boat or helicopter can be 

used for transporting personnel and equipment from shore to the wind turbine. This article compares, 

among others, a risk-based inspection and maintenance approach for an offshore wind turbine farm with 

other O&M approaches where only boats are used to access the offshore wind turbines or where the 

downtime of the devices are minimized. This article presents a dynamic approach for total operation and 

maintenance cost estimations of offshore wind turbine farms including real weather data together with 

condition modeling of different main components of an offshore wind turbine. In this approach, mechanical 

failures, electrical failures as well as software failures are considered. Additionally, uncertainties related 

with costs, structural damage accumulation, failure rates as well as different maintenance strategies are 

considered. The report contains a case study where the presented approach is applied to a wind turbine 

farm and a sensitivity study of the different parameters like the operational range of the boat/helicopter, 

the electricity price, real rate of interest, inspection quality and inspection intervals as well as the efficiency 

and sensitivity of the condition monitoring system are evaluated focusing on the overall maintenance costs 

during a lifetime of 20 years and the number of expected repairs/replacements during the lifetime as well 

as the impact on the cost of energy using different maintenance and transportation strategies. 
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1 Introduction 
The yearly amount of global electricity need is expected to increase from 19,000 TWh in 2012 [1] to 47,000 

TWh in 2050 [2] as living standards increase. Furthermore, the trend towards renewable electricity sources 

is expected to continue in the future in order to reduce pollution. In 2050 it is expected that 60% [2] of the 

total electricity production will come from renewable electricity sources. A key player in renewable 

electricity sources is the wind. Wind turbines can be placed onshore as well as offshore. Taking economics 

and water depths up to 40 meters into account the potential of offshore wind is expected to be in the 

range of 7000 TWh a year whereas onshore wind has an expected annual potential of 750 TWh [3]. The 

drawback of electricity from offshore wind turbines is their cost of energy. One reason for these high costs 

of electricity from offshore is the large operation and maintenance (O&M) expenses, which are typically in 

the range of 25% [4] of the levelized cost of energy. 

The large electricity production costs result from limited accessibility leading to large amount of lost 

electricity production [5]. There are different O&M models for offshore wind turbine farms available as 

shown in [6]. These models help to find the optimal maintenance strategy. Common O&M models for 

offshore wind turbines often model the failure frequency and its occurrence using so-called failure rates as 

done e.g. in [7], [8], [9] and [10]. Failures of structural components like blades or the main shaft can be 

modelled by a more advanced approach where crack evolution is directly modeled based on the exposed 

loads. This approach is e.g. considered in studies performed in [11] and [12] as well as enables to include 

inspection modeling and the behavior of condition monitoring systems. 

There are different maintenance strategies for offshore wind turbines. Maintenance of components can be 

performed after failure (corrective) or before a breakdown (preventive) occurs. Maintenance actions as 

well as O&M costs for offshore wind turbines strongly depend on the weather conditions which define the 

accessibility of the device [13]. Boats and helicopters can be used for crew and their equipment 

transportation. Helicopters are faster but also more expensive and limited by the wind speed. Boats are 

slower but also cheaper and mainly limited by the wave height. The optimal maintenance strategy, which 

minimizes the resulting O&M costs, can be found using a risk-based approach. The theoretical background 

about risk-based operation and maintenance strategies for offshore wind turbines is given in [13]. 

Reference [11] applied a risk-based O&M approach for one offshore wind turbine. The next step, as 

presented in this report, is to apply the risk-based approach for finding the optimal O&M strategy for a 

wind turbine farm. 

By the use of real weather data and failure rate data of the main components of a wind turbine, a 

methodology for operation and maintenance cost estimations can be developed, as done for a single wind 

turbine in [11], where weather data as well as failures of different components are directly included and 

modeled. This article presents a methodology for simulating maintenance operations at offshore wind 

turbine farms with incorporated weather data and failure formation of the different components. The 

simulation tool simulates the whole lifetime and enables implementation of specific failure characteristics 

of mechanical as well as electrical components and software failures. Furthermore, stochastic models for 

environmental conditions, fatigue modeling, inspection quality, the condition monitoring system and the 

needed time for repair are implemented. This technical report estimates, based on a case study, the 

possibility to decrease the O&M expenses of a wind turbine farm by following different maintenance 

strategies and the use of different vehicles for transportation. Furthermore, a sensitivity study of different 

parameters used as input for the estimation of the total expected maintenance costs over a lifetime of 20 

years is performed.  
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2 Maintenance Strategies for Offshore Wind Turbine Farms 

There are multiple strategies to maintain a system. Figure 1 gives an overview about the different possible 

maintenance strategies. Corrective maintenance is performed when a component has failed, and 

preventive maintenance is performed with a certain time interval or based on a certain condition (critical 

level of directly or indirectly observed damage). Corrective component replacements lead to irregular 

maintenance actions whereas preventive replacement tries to limit the downtime of the system but which 

may, on the other hand, increase the number of performed maintenances/repairs. Scheduled maintenance 

is based on a certain expected lifetime and could include e.g. lubrication, changing filters, check cooling 

systems or tightening bolts. Conditioned maintenance includes monitoring of damage (e.g. corrosion or 

wear-out) by the use of a condition monitoring system.  

 

Figure 1 Different maintenance strategies. [14] 

A condition monitoring system could be used to detect the health condition of the component as well as to 

define conditional maintenance and find the events leading up to a fault due to its buffer history capability 

[15]. When following a preventive maintenance strategy, the wind turbine might still be able to produce 

electricity between the detection of the damage and the repair, which is not the case when following a 

corrective maintenance strategy and a failure occurs. The corrective maintenance strategy is the simplest 

maintenance strategy, but it has large uncertainties in costs as so-called cascade effects may occur where a 

certain (minor) failure may consequently affect a main component, which is expensive to replace. 

Furthermore, failure of components should be expected during storm conditions with very limited 

accessibility and long waiting times where the wind turbine cannot produce electricity. 

When a component breaks, costs occur due to replacement or repair of the failed component but also due 

to the loss of electricity production between the failure occurrence and finishing the repair/replacement of 

the broken component. 

2.1 Transportation Strategies 
Additional to the different maintenance strategies there are also different transportation strategies. One 

can take a boat or a helicopter to access offshore structures. The best transportation strategy is the one 

leading to lowest overall costs. Based on access possibilities by boat or by helicopter, the following three 

transportation strategies shown in Figure 2 as a flow chart can be used: 

 Only use of boat 

 Repair/replacement as soon as possible (ASAP) 

 Risk-based approach considering weather forecast 
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Figure 2 Different transportation strategies when performing maintenance actions offshore.  

In some cases only the use of boats is possible as helicopters might not be available or the operator of the 

wind farm owns the maintenance boats and as such prefers to use the boats. The so-called ASAP strategy 

targets minimization of the wind turbine downtime. The risk-based approach takes the weather forecast for 

the expected repair time and the transportation strategy (including effects due to waiting time) in order to 

find the strategy which minimizes the overall expected costs for the specific replacement. 

The operational costs for the boat and the helicopter depend, among others, on the distance from shore, 

the possible transfer time (transfer speed), the fuel prices as well as the conditions of the contract when 

the boat or helicopter is chartered from subcontractors. Boats are often chartered on a daily basis whereas 

the helicopter cost depends on the operational hours (operational hours in flight). 

2.2 Optimal Planning of Inspection and Maintenance 

Optimal planning of inspections and maintenance actions can be based on applying risk-based methods 

where experience and information from the past (e.g. from inspections or monitoring results) are taken 

into account. The theoretical background of using risk-based planning of inspections and maintenance 

action for offshore wind turbines can be found in [13]. 

Figure 3 shows a typical decision tree for optimal planning. Risk-based inspection and maintenance 

planning depends on the initial design decisions, z, of the device. The initial design may include e.g. the 

design lifetime of the different components as well as their costs. The inspection/monitoring plan depends 

on the decision parameters, e, which may change during the lifetime of the device due to increased 

knowledge (Bayesian updating) and decreased cost uncertainties. The future decision parameters depend 

on the inspection/monitoring results S. Based on the inspection/monitoring results, a maintenance/repair 

plan, d(S), is developed. The decision rule for future repair decisions has to be chosen at the time where 

the O&M strategy is determined. Together with the realization of uncertain parameters, X, a certain total 

gain minus costs, W, is calculated. Realizations of uncertain parameters include e.g. wind and wave climate 

as well as model uncertainties. 
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Figure 3: Decision tree for optimal planning of inspections and maintenance. [13] 

The application of risk-based decision models for maintenance considerations requires that the condition of 

the different considered components can be described e.g. with damage models where the uncertain 

parameters X are included. When focusing on a wind turbine farm, the maintenance strategy should be 

optimized by considering the whole farm and not just a single device.  

The decision rule for future repair operations as well as the time horizon to be used for risk-based 

approaches might change over the lifetime of the device. When the remaining expected lifetime of the 

device is close to zero, maintenance actions might be stopped and a higher risk of failure prior to reaching 

the end of the lifetime of the wind turbine might be acceptable. Furthermore, the time of the season might 

drive the decision rule for repairs when following a risk-based approach. During winter the wind turbine 

might not be accessible for a couple of weeks as the waves and the wind speed are too high. Another factor 

is the amount of information available – postponing a repair increases the repair costs due to lost electricity 

production but makes it possible to gain information about the failure itself and more assistance to make 

the right decision is possible. 

The O&M strategy to be favored is the one maximizing the total income from selling electricity minus the 

total costs due to initial investments, inspections, repair and decommissioning. The value W, which should 

be maximized, is calculated based on: 

, ,
max ( ) ( , ) ( , ) ( , ) ( )I IN REP F D
z e d

W B C z C e d C e d C e d C z        (1) 

where B is the expected income, CI the initial investment costs, CIN the expected service and inspection 

costs (e.g. man-hours or special tools), CREP the repair and maintenance costs, CF the expected failure costs 

and CD the costs for decommissioning. The different costs are, among others, driven by the design 

parameter z, the inspection parameter e and the decision rule d. 

When a wind turbine farm is considered Equation (1) should be maximized for the overall wind turbine 

farm and not for a single wind turbine as some costs can be shared among different wind turbines. 

The discounted present values, C0, are always important in cost considerations: 
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0
(1 )T

C
C

r



      (2) 

where C is real cost, T the time in years when the cost occurs and r the annual real rate of interest. 

2.3 Failure costs 
It is assumed that electrical and mechanical failures need interaction of technicians on site whereas 

software problems can be solved offline (e.g. by restarting the control system). The total cost for corrective 

repair CCM of n broken components within the wind farm can be calculated as: 

1 1 1

, , , ,
max( )

i wd dn m

CM i T i W i E i L j t

i j t

C d C d C C C


  

           (3) 

where di is the number of days needed to do the corrective repair of broken component i, CT is the 

transportation cost to the wind turbine farm per day. The cost CW,I represents the daily working hour costs 

and CE,I represents the repair/replacement costs for the broken component. The cost of lost electricity 

production of wind turbine j at the tth day is represented by the variable CL,j,t . Corrective replacements also 

include the waiting time dw, which accounts for the time while the environmental conditions do not enable 

access to the broken wind turbine. The parameter m accounts for the number of broken wind turbines 

within the wind turbine farm. In case several wind turbines are out of order, transportation costs can be 

shared. 

When following preventive maintenance strategies, the resulting costs of one inspection of n wind turbines 

with m mechanical components to be inspected including h repairs of broken components can be 

calculated as: 

1 1 1 1 1

, , , , ,

n m n h n

PM T I i j E i l L i

i j i l i

C C C C C
    

         (4) 

where CT is the transportation cost of the technician crews from shore to the wind turbines offshore, and 

CI,i,j is the inspection cost for inspecting component j on wind turbine i, and CL,i indicates the lost electricity 

production while an inspection and repair is performed. It can be assumed that when following a 

preventive maintenance strategy with specific inspection intervals, the inspections of all wind turbines can 

be done within one day as several crews use the same vessel to access different wind turbines and, 

therefore, the transportation costs can be shared. 

When following a preventive maintenance strategy with a condition monitoring system, the variable m 

indicates the number of components of a certain wind turbine i that gave an alarm and h shows the 

number of components where a failure is detected and which needs to be repaired. When following a 

preventive maintenance strategy, corrective replacements might still occur. But the amount of corrective 

replacements when following a preventive maintenance strategy is expected to be lower than when only 

performing corrective replacements.  
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3 Different Failure Types 

In a wind turbine different kinds of components can fail and it can be distinguished between the following 

failure cases: 

 Failure of mechanical/structural components 

 Failure of electrical components 

 Failure of software (control) 

Due to time-dependent deterioration of the component, failure of mechanical components, like the blades, 

the shaft or gearbox lead to structural failure after a certain amount of time. In order to repair a 

mechanical failure, access to the device is necessary in order to perform an inspection where structural 

failure in the near future is possible to be detected as deterioration e.g. based on crack evolution. Electrical 

failures (e.g. burning of a fuse) are typically not possible to model with a damage model, because they 

occur randomly and cannot be predicted. But also for repairing electrical failures, access to the device is 

necessary. On the other hand for software failures a manual restart or improved (updated) software often 

solves the problem. The following will present the theoretical background of the different failure cases as 

well as how these failure rates can be modeled. 

3.1 Damage Model – Mechanical Failures 
Mechanical failures often occur due to time-dependent damage of a structural component. These 

mechanical failures can be modeled with a damage model enabling estimation of the component condition 

at a certain time in space. Furthermore, these models enable modeling of the influences from inspections 

(e.g. reparation of detected crack). The damage model presented here is adapted from [11], [16] and [17]. 

Other damage accumulation models can be applied equivalently. The damage size can be measured in a 

relative scale using 0 for no damage and 1 for failure of the component. When the damage size reaches 1, 

the component needs to be replaced/repaired.  

For modeling inspections, the damage needs to be measureable. The general damage accumulation for 

components is assumed to be described by an initial value problem with the following differential equation: 

1 2m mdD
C F D

dt
        (5) 

where dD/dt is the rate of damage growth, F a measure for the load, and D is the damage size. The 

parameters C, m1 and m2 are model parameters and can be estimated from available component failure 

rates. This damage accumulation model uses an exponential damage model, which can be used e.g. for 

fatigue driven damages where the differential equation is based on Paris Law, [18]. The damage 

accumulation rate dD/dt is given as: 

mdD dN
C K

dt dt
        (6) 

where C is the damage coefficient, m the damage exponent, and ΔK the change in damage intensity factor 

which depends, among others, on the current damage D: 
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K s D          (7) 

where β is a geometry factor and Δs the cyclic damage range. For offshore wind turbines, it can be assumed 

that the damage of the different components is wind and wave load driven. Therefore, the cyclic damage 

range is assumed to be proportional to the mean significant wave height HS: 

S Ss H x         (8) 

where xS  is the proportionality factor which also models the uncertainty about estimation of Δs. The wind 

speed (turbulence) could also be the basis for the deterioration model, but this is indirectly taken into 

account as the significant wave height and the wind speed are correlated. Here, it is assumed that the 

mean zero-crossing wave period, TZ, drives the number of cycles: 

3600

Z

dN

dt T
       (9) 

Modeling the cycle rate dependent on the mean zero-crossing wave period gives the load cycles a 

stochastic property. When assuming a mean zero-crossing wave period between 5 and 10 seconds, the 

expected annual number of load cycles is between 6.3e6 and 3.2e6, which is in accordance with the 

common assumption of 5e6 rotations per year for wind turbine components having on average 9.5 rpm 

[19]. 

The damage, D, is calculated and summed up over time with small enough time-steps by (Euler Method): 

t t t

dD
D D t

dt
         (10) 

The damage level after repair will depend, among others, on the used repair method. For simplicity, it can 

be assumed that after a repair the component works independently on its working history before failure 

occurred and is treated as new. 

When inspections are performed, there is the risk that the damage is not detected. The probability that 

damages of a certain size will be detected depends, among others, on the technique used to detect the 

damage (see e.g. [20]) as well as on the size of the damage. It is obvious that larger damages are easier to 

detect and as such have a greater probability of detection. The uncertainty whether damages (cracks) are 

detected is often modeled using a probability of detection (PoD) curve. One possibility of defining such a 

curve is by using a one-dimensional exponential threshold model, see e.g. [20]: 

0( ) 1 exp
D

PoD D P


  
    

  
    (11) 

where 0P is the maximum probability of detection,   the expected value of smallest detectable damage, 

and D the actual damage.  

A replacement decision criterion (when detecting damages during inspections) could be that replacement 

will take place when a detected damage, Dins, is larger than a certain threshold Drep. In case all detected 

damages are repaired, Drep is set equal to 0. The repair decision is equal to: 
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ins repD D       (12) 

where Dins is the detected damage, which is equal to the actual damage D if the damage is detected.  

The results from an inspection can be used for future inspection planning based on a Bayesian approach, as 

explained e.g. in [21] for risk-based inspection planning for offshore wind turbines. Also, information from 

preventive or corrective maintenance as well as monitoring results can be used for inspection planning. 

Uncertainty about measurements of the crack size (damage) itself can be formulated by a normal 

distributed [22] variable εm. The resulting damage from an inspection (Dins) can be estimated in the 

following way: 

ins mD D         (13) 

The measurement uncertainty needs to be estimated based on measurements and depends on the 

considered inspection technology and the ability of the technician doing the inspection. The smallest 

detectable crack,  , can be assumed to be a stochastic variable in order to account for human factors and 

might also include measurement errors. 

A condition monitoring system can be modeled in order to estimate the condition of the different 

mechanical components. Whenever the damage D  of a mechanical component passes a certain alarm 

threshold alarmD , the condition monitoring system gives an alarm which sends a technician group to the 

wind turbine to inspect the component causing the alarm. Additionally, in order to represent the fact that 

not all failures can be indicated by the condition monitoring system, a so called condition monitoring 

efficiency factor CM can be considered. This efficiency factor defines the amount of damages crossing 

alarmD  that are detected by the condition monitoring system. According to [23] this efficiency factor needs 

to be in the range of 60% to 80% in order to be cost-effective. 

When implementing a preventive maintenance strategy with regular inspection intervals, the time between 

two inspections, ΔT, can be fixed over the whole lifetime or might be adapted during the lifetime as 

knowledge is gained by the previously performed inspections. 

3.2 Failure Rates - Electrical/Software Failures 
Possible electrical or software failures cannot (or seldom) be detected by inspections as these failures occur 

suddenly without any indication. Failure rates can be estimated based on a database containing the points 

in time of failure as well as their causes. For (offshore) wind turbines, the following databases can be taken 

as a starting point for estimating the failure rates of components installed in wind turbines. As a starting 

point, the following failure databases from wind turbine projects can be taken: [24], [25], [26], and [27]. But 

also failure rates from the petrochemical industry (see e.g. [28]) or generic reliability databases (see e.g. 

[29] and [30]) can be used to estimate failure rates of different electrical components installed in wind 

turbines. 

The failure rate behavior over the lifetime is based on the bathtub curve, shown in Figure 4. The bathtub 

curve shows the change in failure rates during the lifetime of a component. The failure rate behavior can be 

divided into three phases and be modeled e.g. with a Weibull distribution using different distribution 

parameters for the three phases. In phase I, the failure rate decreases due to the presence of early life 

failures like quality problems (manufacture failure) or wrong dimensioning (dimension failure). Once the 
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component is burnt-in, phase II will only have operation failures like handling failures, maintenance failures, 

physical random failures and failure due to disturbances. In phase II, the failure rate is assumed to be 

constant over time and can be calculated as: 

Total number of failures

Component population1

Operating period (years)
PhaseII

MTBF


 
 
      (14) 

where MTBF is the so-called Mean Time Between Failures that indicates the mean time between two 

subsequent failures. After a certain time, the failure rate increases due to wearing problems and moves to 

phase III. 

 
Figure 4: Bathtub curve of a component showing the failure rate over time. MTBF: Mean time between failure. 

Ideally, the lifetime of the considered component ends at the transition point between phases II and III. 

When building up failure rate databases, one assumes that the failure occurs in phase II. The high failure 

rate phases I and III can be prevented by checking the component (quality control) and operating them 

under realistic conditions (pre-aging) before selling it to the customer (phase I) or by preventive 

replacement (preventive maintenance in phase III) as well as condition monitoring which leads to 

conditional maintenance actions in phase III. 

Failure rates also exist for mechanical components and can be used to calibrate the damage model 

described in Section 3.1. 

4 Considered Wind Turbine Farm – Case Study 

This study considers a wind turbine farm consisting of 10 6 MW offshore wind turbines, which has been 

considered already in other studies, see [16], [31]. Figure 5 shows a sketch about the arrangement of the 

wind turbines and transformer station within the wind turbine farm. The wind turbine farm is assumed to 

be placed 30 km off the Danish coast. The expected lifetime of this wind turbine park is assumed to be 20 

years. Furthermore, the basis for the helicopter being in the harbor is that the distance for the helicopter 

and the vessel to reach the wind park is the same. 
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Figure 5: Wind turbine farm layout (not drawn to scale). WT: Wind Turbine. 

Failures of large structural parts like the tower or the foundation, which need a large transportation vessel 

and jack-up or crane vessel and possibly lead to total collapse of the wind turbine are not considered here. 

The focus in this example is on failure of system components like e.g. the generator due to minor/medium 

structural damages or electrical shortcuts. 

The electricity feed-in tariff for this example is chosen as 0.08 €/KWh, which is a typical value for fixed feed-

in tariffs for European offshore wind turbine parks [32] and is kept constant over the whole lifetime of the 

wind turbine farm. The following three different maintenance strategies are considered in this case study: 

 Only corrective maintenance actions. 

 Preventive (and corrective) maintenance actions with fixed regular inspection interval. 

 Preventive (and corrective) maintenance actions based on indications from a condition monitoring 

system. 

The purpose of this report is to show the maintenance cost saving potential of different O&M technologies 

which can be applied to offshore wind turbines based on a generic example. For each condition, 500 

lifetimes are simulated, and the following figures show the expected values. Figure 6 shows a flow chart for 

preventive maintenance illustrating how the methodology is implemented and simulations are performed.  

 
Figure 6: Flow chart for O&M simulation following a preventive (with scheduled inspection intervals) maintenance strategy. 
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4.1 Wind Turbine Specifications 
The considered turbine in this study is a 6 MW wind turbine, which is partly based on the Senvion 6 MW 

wind turbine. The power curve is shown in Figure 7, and the key parameters are given in Table 1. The 

reference wind turbine has an internal lift with a capacity of 2 tons. 

 

Figure 7 Power curve of considered 6 MW reference offshore wind turbine. [16] 

Table 1: Properties of the 6 MW reference offshore wind turbine considered in [16] and [31]. 

Nominal Power 6 MW 

Rotor Orientation, Configuration Upwind, 3 Blades 

Rotor Diameter 126 m 

Cut-in, rated, cut-out wind speed 4 m/s, 14 m/s, 25 m/s 

Hub Height 90 m 

Power control Electrical pitch 

Gear system (gear ratio) Three stage planetary gearbox (97) 

The reference wind turbine is simplified with the number of components considered for the maintenance 

strategy analysis. Figure 8 shows the considered components of the maintenance study of the 6 MW 

reference wind turbine. The impact of wakes from other wind turbines within the wind turbine farm is not 

considered in this study. Therefore, each wind turbine has the same power curve as shown in Figure 7 and 

operates under free flow conditions. 

 

Figure 8: Considered components of the 6 MW reference wind turbine for maintenance study. HSS: High Speed Shaft; LSS: Low 
Speed Shaft. [16] 
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4.2 Considered Failure Rates 
Recent studies on failure rates of offshore wind turbines (see e.g. [33], [34], [35]) show that the annual 

failure rate is in the range of 9 failures per year and turbine. Due to the fact that the wind turbine 

considered in this study is simplified and not all different components are considered, the estimated failure 

rates are adapted in order to reach 9 failures per year and turbine (see Table 2). Table 2 shows the 

estimated mean failure rates for the different considered components of the 6 MW offshore wind turbine. 

These failure rates of the different components are, where necessary, divided into mechanical and 

electrical/software failure rates. Mechanical components like the rotor system (blades and hub), shafts 

(low and high speed shafts) or the gearbox, which do not contain a control system in itself are assumed to 

only have mechanical failures whereas other components of the wind turbine used to generate (generator 

lead) and transfer electricity (transformer station) are assumed to have electrical failure modes. The control 

and protection system, which includes the condition monitoring system and common sensors, is assumed 

to have electrical failures (e.g. blowing of a fuse of the condition monitoring system or failure of control 

sensors) as well as software failures (e.g. software breakdown of control system). The dominating failure 

mode for the yaw system is fatigue failure as according to [36] the most critical parts are the yaw gear, the 

caliper and the sliding pads. Therefore, only mechanical failures are considered for this component. The 

generator has rotating mechanical subcomponents, which are exposed to fatigue failures as well as a 

control system and electrical parts leading to sudden failures of the software and the electrical 

subcomponents. Therefore, this component is assumed to contain mechanical as well as electrical and 

software failures. There is no detailed failure rate database available distinguishing between electrical and 

software failures of the generator as well as the control and protection system. Therefore, for these two 

components it is assumed that 50% of the failures are due to failure in the electrical supply system and the 

rest due to software problems. Failure of the transformer station leads to breakdown of electricity 

production of the whole wind turbine farm.  

Table 2: Estimated failure rates for the different considered wind turbine. 

Description Mean annual failure rates (λ) Failure type Source 

original adapted 

Rotor system (Mainly blades) 0.456  0.830  mechanical  [34] 

Blade adjustment (pitch system and 
bearing rings) 

0.978  1.781  
mechanical  [33], [24] 

Gearbox 0.587  1.069  mechanical  [24], [34] 

Generator 0.325  0.592  mechanical  [33], [24] 

0.600 1.092 electrical/software [33], [24] 

Generator lead 0.465  0.847  electrical  [33], [24] 

HSS 0.046  0.084  mechanical  [24] 

LSS 0.037  0.067  mechanical  [24] 

Yaw system 0.507  0.923  mechanical  [24] 

Control and protection system turbine 0.862 1.569  electrical/software [33], [24] 

Transformer station 0.080  0.147  electrical  [33], [34] 

Total annual failure rate 4.942 9.000   

4.2.1 Considered Damage Model 

In order to implement the time-dependent condition of the component with respect to fatigue failures 

from the failure rates shown in Table 2, these failure rates need to be transferred into a model representing 
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cracks which can be inspected and detected. Table 3 provides the resulting values of the damage 

coefficient C and the proportionality factor xS (see Section 3.1) together with other parameters used for the 

considered damage model. The failure rate for mechanical failures is used to calibrate the mean values of 

parameters C and xS using a corrective maintenance strategy for the different considered wind turbine 

components. 

All considered components have an initial damage, D0, which is assumed to be exponentially distributed for 

all components. The exponential distribution representing D0 has a mean value equal to 0.02 and a 

coefficient of variation (COV) equal to 0.02 [11]. 

Table 3: Values for damage parameters of the different considered wind turbine components caused by mechanical failures. The 
damage coefficient C and proportionality factor xS are assumed to follow a Lognormal distribution as considered in [11]. Damage 
exponent m and geometry factor β are constant (deterministic values). COV: Coefficient of variation. 

Component of Wind 
Turbine 

Damage 
exponent m 

Geometry 
factor β 

Damage Coefficient C Proportionality factor xS 

Mean COV Mean COV 

Rotor system 

2 1 

11.63e-10 

0.2 

9.2 

0.1 

Blade adjustment 23.82e-10 10.0 

Gearbox 16.54e-10 8.6 

Generator 21.58e-10 6.0 

HSS 10.68e-10 3.0 

LSS 10.52e-10 2.7 

Yaw system 15.71e-10 8.2 

4.2.2 Considered Failure Types 

Table 4 gives a summary of the three considered failure types and their consequences in case a 

mechanical/electrical component fails or software problems occur. Failures of mechanical and electrical 

components necessitate access to the device as replacement/repair on site is necessary whereas software 

problems can be solved by restarting as well as online access to the control system of the wind turbine. 

It is assumed here that there is no interaction between different failure modes. Also, no secondary 

damages, which are damages induced by other damages, are considered in this example. Furthermore, this 

study does not consider the complete structural collapse of the main structural parts like the foundation or 

tower, which will need complete replacement of the turbine and make the use of a heavy jack-up vessel 

necessary. 

Table 4 Summary of the three considered failure types and their consequences. 

Failure type Considered model What happens when failure occurred 

Mechanical components Damage model (see Section 3.1) Replacement on site, access necessary 

Electrical components Failure rate (see Section 3.2) Replacement on site, access necessary 

Control system 
(software) 

Failure rate (see Section 3.2) Restarting (software update), no access 
necessary 

4.3 Parameters for Inspection and Maintenance Modeling 
Table 5 shows the variables used for the PoD curve defining the probability of detection dependent on the 

crack size and parameters needed for modeling different preventive maintenance strategies. In this 

example it is assumed that the PoD curve is the same for all components having mechanical failures. The 

smallest detectable damage λ is modeled as a stochastic variable reflecting human uncertainties as well as 

measurement uncertainties. Due to the fact that the same crew and the same inspection method as well as 



19 
 

equipment are used for inspecting the whole device and all components are inspected at the same day, the 

uncertainty about λ is assumed to be constant during a certain inspection. The COV value for the λ value is 

assumed to be 0.1. In this example the decision rule, which is represented by Drep, as well as the statistical 

values of the PoD curve are assumed to be constant over the whole lifetime. The parameters Dalarm and ηCM 

representing the sensitivity and efficiency of the condition monitoring system, respectively, are needed as 

input parameters when simulating a condition-based condition maintenance strategy. When following a 

preventive maintenance strategy with regular inspection intervals, default annual inspection intervals are 

considered.  

Table 5 Values used for the PoD curve of the components having mechanical failure as well as input parameters for preventive 
(regular inspection intervals and condition-based) maintenances. COV: Coefficient of variation. Adapted from [16]. 

Symbol Meaning Mean COV Distribution 

P0 Maximum probability of detection 1 - Deterministic 

λ Expected smallest detectable damage 0.4 0.1 Normal 

Drep Minimal damage for reparation/replacement 0.3 - Deterministic 

Dalarm Damage threshold for alarm of condition 

monitoring system 

0.8 - Deterministic 

ηCM Detection efficiency of condition monitoring 

system 

0.7 - Deterministic 

ΔT Time interval between two inspections 1 year - Deterministic 

It needs to be mentioned that the investment and operational costs of the condition monitoring system is 

not considered in this case study and is assumed to be negligible compared with the initial other 

investment costs. 

4.4 Costs and Time for Repair, Inspection and Transportation 
Table 6 shows the expected repair costs CE for different considered components. The values shown in Table 

6 are based on studies collecting and summarizing real data. Reference [34] estimated the expected repair 

costs from a study from roughly 350 offshore wind turbines throughout Europe. Expected costs for the low 

speed shaft part (main shaft and main shaft bearing) as well as the high speed shaft are not explicitly 

available and are summarized in one category in reference [34] as these failure rates are much smaller than 

the other listed failure rates in the study. The considered repair costs for a 6 MW wind turbine are adjusted 

based on scaling law presented in [37] assuming that the considered capacity per offshore wind turbine 

considered in [34] is 3 MW. 

The number of working days on the site is assumed to be Lognormal distributed in order to prevent 

negative values.  

Table 7 shows the mean value and the coefficient of variation (=0.5, taken from [11]) for the different 

mechanical and electrical failures of the wind turbines. The number of days needed on the device in order 

to fix the failure is estimated from [34] and [36]. In this study only integer values for the days on the site 

needed for the repair are considered and a minimum of one day is needed to fix a certain failure on the 

wind turbine. 
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Table 6 Expected repair (material) costs CE for different considered components. Data is adapted from [34] and [16]. 

Description Expected repair costs CE (€) 

Baseline from [34] Adapted for 6 MW machine 

Rotor system 1500 4250 

Blade adjustment 1900 4770 

Gearbox 2500 5000 

Generator 3500 7000 

Generator lead/ cables 3600 9860 

HSS part 2400 6530 

LSS part 2400 6530 

Yaw system 3000 8380 

Control and protection system turbine 2200 4400 

Transformer station 2300 14520 
 

Table 7 Repair durations (in days) on the device for different mechanical and electrical failures - Data is taken from [11], [16], 
[34], [36]. 

Description Number of days d needed on the site for the repair  

Mean COV 

Rotor system 4 

0.5 

Blade adjustment 2 

Gearbox 3 

Generator 3 

Generator lead 2 

HSS part 3 

LSS part 3 

Yaw system 3 

Control and protection system 
turbine 2 

Transformer station 3 

Software failures can be solved by online access (e.g. by restarting the control software). Experience shows 

that software problems can be solved relatively quickly compared with physical break-down of the system 

where access to the device is necessary. The only costs the operator of the wind turbine farm has when a 

software failure occurs are labor costs. It is assumed due to lack of knowledge that repairing a software 

problem (including manual restart and observation, problem analysis wind turbine manufacturer and 

operator) takes one working day and, in each case, two specialists are working on it. 

Table 8 shows the assumed costs for the inspection of a wind turbine, the transportation costs by 

boat/helicopter, and the labor costs per day for a technician crew as well as the considered interest rate. 

The labor costs CW on the device are according to [33] in the range of 3600 € per day resulting from the 

assumption that a technician costs 150 € an hour (including insurance and offshore premium), and the 

technician crew consists of 2 people each working for 12 hours a day. The transportation cost by boat 

reflects the daily transportation cost for a crew transporting vessel (CTV). The expected renting costs for 

such a boat is in the range of 5000 € a day [38], [35] for maintenance actions of offshore wind turbines 30 

km off the coast. The ratio between transportation by helicopter and by boat is chosen according to [39] 

where the transportation cost by helicopter are roughly 2 times larger than by boat when the offshore wind 
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farm is placed 30 km off the coast. When an electrical or mechanical failure on an offshore wind turbine 

occurs, the replacement or repair starts the day after (at 6 o’clock) the damage occurred. The rest of the 

day is used to order the repair parts, brief the technicians, and prepare the helicopter/boat for the 

transport. The inspection costs for one component are assumed to be 1000 € including equipment costs 

and labor costs for two technicians. An interest rate of 5%, as considered e.g. in other studies presented in 

[35] or [11], is also considered in current study. 

Table 8 Inspection and transportation costs as well as considered interest rate. Data is taken from [16] and [31]. 

Description  Costs (€) and rate (%) 

Labor costs CW per day  3600 € 

Inspection costs per component CI  1000 € 

Transportation cost by boat  5000 € 

Transportation cost by helicopter  10000 € 

Interest rate r  5% 

When performing inspection it is assumed that this is done by boat as these operations can be planned and 

take place during the summer months when the weather is moderate. Consequently, there might be 

seasonal differences in hiring costs, which are not considered in this example, due to large demands during 

summer months for performing inspections and preventive maintenance actions. In this study it is assumed 

that all components are inspected during an inspection. 

Waiting times due to bad weather conditions are represented by the lost electricity production. Waiting 

costs of the transportation vehicles is not considered in this example as the boat and the helicopter are 

paid based on the days on sea. Furthermore, this example assumes that the boat as well as the helicopter is 

always available. In this example the hiring and inspection costs are assumed to be constant over the whole 

lifetime. 

It needs to be mentioned that additional investment costs like installation costs for a landing platform 

when accessing the device by helicopter or costs for installing a condition monitoring system as well as 

operational costs for running a condition monitoring system may be necessary for different transportation 

and maintenance strategies. These additional costs are not considered in this study. 

4.5 Operational Range Boat and Helicopter 
Boats and helicopters are used in this example to transport crew and material from the shore to the device. 

Accessing the device by boats is limited by significant wave heights whereas when accessing the device via 

helicopter, the wind speed can limit safe lowering of crew and material. There are different types of boats 

with different wave height operational limits, see e.g. [40]. For the minor/medium repair, where no 

additional crane boat is needed, a so-called CTV can be used. These boats are highly maneuverable, fast, 

and enable a comfortable transport of personnel to the offshore devices. Furthermore, these boats are 

developed to operate in strong weather conditions. The following limitations are used here: 

Boat: Maximum significant wave height: 1.5 m  [11], [35], [41], [42]  

Helicopter: Maximum wind speed:  20 m/s [11]  

The access limitation does not only depend on whether boat or helicopter is used but also on the weight of 

the considered spare parts to be transported or the need for a crane vessel. Also, other parameters not 

considered here may affect the use of boats (e.g. strong current velocities) and helicopters (e.g. fog) for 
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transportation. Furthermore, the above mentioned limitations for boat and helicopter operations are not 

strict limitations but depend on the skills of the pilots as well as the boat operators. 

4.6 Environmental Conditions 
Weather data is available for the period 1979–2009 with 1-hour values of significant wave height (HS), 

mean zero-crossing wave period (TZ), and wind speed (V). The weather data is recorded 30 km off the 

Danish North Sea Coast near Hanstholm. In order to get an idea about the wave characteristics at the 

considered location, Table 9 shows the scatter diagram representing the probability of occurrence of a 

certain wave state given by HS and TZ. The wave characteristics are of importance for defining weather 

windows where the boat can be used as well as the calculation of the accumulated damage (see Section 

3.1). Figure 9 shows the histogram of the measured mean wind speed between 1979 and 2009. During 94% 

of the time, the turbine is able to produce electricity whereas for the rest of the time the wind speed is 

either below 4 m/s or above 25 m/s. At the considered location during 28% of the time, the wind turbine is 

able to produce electricity at rated power of 6 MW. 

In order to make the weather a pseudo-random variable, the available weather data is bootstrapped based 

on yearly steps. Bootstrapping enables resampling of a dataset by different combinations of weather 

conditions over the lifetime. The weather forecast, which is needed for the risk-based transportation 

strategy, is assumed to be perfect in this example. 

Table 9 Probability of occurrence of different wave states given by the significant wave height and the mean wave period 

(Scatter diagram) at the considered location taking the whole period (1979-2009) into account. HS: significant wave height; TZ: 

mean wave period. 

HS (m) 
TZ (s) 

2.5 3.5 4.5 5.5 6.5 7.5 

0.25 0.01 0.04 0.04 0.02 0.01 0.00 

0.75 0.01 0.07 0.16 0.11 0.05 0.01 

1.25 0.00 0.00 0.06 0.11 0.05 0.01 

1.75 0.00 0.00 0.00 0.06 0.05 0.01 

2.25 0.00 0.00 0.00 0.01 0.04 0.02 

2.75 0.00 0.00 0.00 0.01 0.02 0.02 
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Figure 9 Histogram of mean wind speeds at hub height taking all measurements from 1979 to 2009 into account. 

5 Results and Discussion 
This section presents the expected total maintenance expenses as well as the number of needed 

repairs/replacements of the considered reference wind turbine farm including a sensitivity analysis of 

different input parameters for different transportation and maintenance strategies. 

Corrective and preventive maintenance strategies with either regular inspection intervals or a condition 

monitoring system are considered here. Transportation strategies include the case where access is only 

performed by boat (called ‘only boat’) or where the target is to minimize the downtime of the different 

wind turbines and repair or replacement of the broken component should be done as soon as possible 

(called ‘ASAP’) as well as the transportation strategy where the overall costs are minimized (called ‘risk-

based’). Figure 10 shows the expected total maintenance costs for the considered wind turbine farm during 

a lifetime of 20 years for different transportation and maintenance strategies as explained in Section 2. The 

highest total expected maintenance expenses are reached when only using the boat for a given 

maintenance strategy due to high loss of electricity production. This means that the availability of a 

helicopter – as considered in the ‘ASAP’ and ‘risk-based’ strategy – makes it possible to decrease the total 

expected maintenance expenses. The lowest expected maintenance expenses following a certain 

maintenance strategy can be reached when installing a condition monitoring system giving an indication of 

the condition of the different components. 

Furthermore, one can see that the difference between the ‘ASAP’ and the ‘risk-based’ maintenance 

strategy is small (range of 2.5% - 5%) for a given maintenance strategy. The ‘ASAP’ gives, as expected, a 

slightly lower loss of electricity but, on the other side, it is necessary with larger costs for the 

repair/replacement of the device compared with the ‘risk-based’ maintenance strategy. The ‘risk-based’ 
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transportation strategy leads for a given maintenance strategy to the lowest maintenance expenses.

 
Figure 10: Influence of maintenance and transportation strategy on total maintenance costs during one lifetime. ‘only Boat’: only 
boat used to access the wind turbines; ‘ASAP’: replacement/repair as soon as possible considering helicopter and boat for 
transportation; ‘Risk-based’: Minimization of overall costs considering boat and helicopter for transportation. CM: Condition 
monitoring; regular: regular inspection interval of 1 year. 

Figure 11 shows the number of performed repairs at the reference wind turbine farm during a lifetime of 

20 years. It shows that the number of repairs is not dependent on the transportation strategy, but on the 

maintenance strategy (preventive or corrective). The lowest number of repairs is reached, as expected, 

when following a corrective maintenance strategy. When following a corrective maintenance strategy, 

roughly 1500 repairs are needed during the expected lifetime of 20 years. When following a preventive 

maintenance strategy with inspections every year, the number of repairs increases to 1600 and with a 

condition monitoring system, the number of performed replacements and repairs is in the range of 1700. 
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Figure 11: Average total number of repairs for different transportation and maintenance strategies during one lifetime. ‘only 
boat’: only Boat used to access the wind turbines; ‘ASAP’: replacement/repair as soon as possible considering helicopter and 
boat for transportation; ‘Risk-based’: Minimization of overall costs considering boat and helicopter for transportation. CM: 
Condition monitoring; regular: regular inspection interval of 1 year. 

Table 10 provides further information about the expected availability of the wind turbine farm dependent 

on the transportation and maintenance strategy. Availability is considered based on the down and uptime 

(time-based) as well as the lost and produced power (power-based). Lowest availabilities are in the range of 

80% and reached when following a corrective maintenance strategy where only the boat is used for 

assessing the wind turbines. Larger availabilities in the range of 90% - 93% can be reached when following 

the ASAP as well as the risk-based transportation strategy. The expected O&M expenses per KWh in this 

study are in the range between 32.1% (corrective maintenance, only boat) and 14.3% (preventive 

maintenance, condition monitoring, risk-based), which corresponds to 0.026 € and 0.011 € per produced 

KWh of electricity. Table 10 also shows the COV of the overall maintenance costs considering the 

simulation results. High COV (only boat) values of the resulting overall maintenance costs mean high risk 

due to uncertain costs. The COV is the standard deviation of the different simulations for a given 

maintenance and transport strategy divided by its mean value. The higher the COV value, the larger the risk 

as high variations between the different lifetime simulation result in uncertain cost estimations. In this 

study, the largest COV values with a value around 8% - 9% are reached when only using the boat to access 

the wind turbines. The smallest COV of 5% is reached when following a preventive maintenance strategy 

using the ASAP or risk-based transportation strategy to access the wind turbines.  

Overall it can be seen that a corrective maintenance strategy leads to a lower number of repairs, but higher 

expected maintenance expenses compared with preventive maintenance strategies. The smallest 

maintenance expenses are reached when using a condition monitoring (CM) system to detect future 

structural failures and the risk-based transportation strategy. 
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Table 10 Expected values for availability (time-based and power-based) total O&M expenses (in €/KWh and as % of the 
electricity price) as well as the COV values for the total maintenance costs presented in Figure 10. Corr.: corrective; Prev.: 
Preventive; CM: Condition Monitoring; COV: Coefficient of variation. 

Transport strategy Only Boat ASAP Risk-based 

Maintenance strategy Corr. 
Prev. 

regular 
Prev. 
CM 

Corr. 
Prev. 

regular 
Prev. 
CM 

Corr. 
Prev. 

regular 
Prev. 
CM 

Availability (time-based) 0.842 0.860 0.887 0.924 0.931 0.926 0.918 0.926 0.924 

Availability (power-based) 0.807 0.828 0.879 0.909 0.919 0.930 0.906 0.916 0.929 

O&M expenses/KWh (€/KWh) 0.026 0.023 0.016 0.016 0.015 0.012 0.015 0.014 0.011 

O&M expenses/KWh (%) 32.1 28.5 20.1 19.9 18.2 14.9 19.4 17.7 14.3 

COV total maintenance expenses (-) 0.083 0.088 0.082 0.056 0.058 0.050 0.055 0.058 0.050 

The resulting maintenance costs as well as the number of repaired components are dependent on the 

inspection intervals as well as the efficiency and sensitivity of the condition monitoring system when 

following a preventive maintenance strategy, the quality of the performed inspections, the operational 

conditions for the boat and helicopter, the impact of the electricity price and the value of the real rate of 

interest. Therefore, different sensitivity analyses are performed in the following. 

5.1 Preventive Maintenance – Regular Inspection Intervals 
Figure 12 shows the total expected costs when following a preventive maintenance strategy with fixed 

inspections intervals for different intervals between two inspections. The figure shows that the optimal 

inspection interval is 0.15 years when only using the boat for accessing the wind turbines whereas when 

using the boat and the helicopter the optimal inspection interval is in the range between 0.15 and 0.25 

years for this reference wind turbine farm. Short inspection intervals between two inspections lead to large 

overall inspection expenses, and large inspection intervals lead to a larger amount of corrective failures 

which need to be repaired followed by an increased amount of lost electricity. 

Table 11 shows the relative impact on maintenance expenses per produced KWh of electricity. By reducing 

the inspection interval form 1 year to 0.25 year, the maintenance expenses can be reduced by 17% - 25% 

per produced unit of electricity. The optimal inspection interval is, among others, dependent on the failure 

rates of the mechanical components as these failure rates define the benefit of doing preventive 

replacements at a certain point in time. 
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Figure 12 Influence of inspection interval on the total expected costs during one lifetime for different transportation strategies. 
‘only Boat’: only boat used to access the wind turbines; ‘ASAP’: replacement/repair as soon as possible considering helicopter 
and boat for transportation; ‘Risk-based’: Minimization of overall costs considering boat and helicopter for transportation.  

Table 11 Relative impact on maintenance expenses per produced KWh of electricity (Normalized by using the risk-based 
transportation strategy and an inspection interval of 1 year) dependent on the interval between two inspections. (DREP=0.3). 

Transportation 
strategy 

Inspection interval between two Inspections (years) 

0.15 0.25 0.5 1 1.5 

Only boat 1.110 1.198 1.410 1.507 1.608 

ASAP 0.841 0.855 0.943 1.026 1.041 

Risk-based 0.806 0.814 0.910 1.000 1.024 

5.2 Preventive Maintenance – Condition Monitoring System 
When using a condition monitoring system, mechanical failures can be detected before they will occur. But 

the benefit using a condition monitoring system depends on the sensitivity meaning how early future 

failures can be detected but also on the efficiency of the condition monitoring system indicating the 

probability that an existing damage is detected by the condition monitoring system. The following sections 

will investigate these two aforementioned factors. 

5.2.1 Influence of Alarm Threshold of Condition Monitoring System 

The influence of the total expected maintenance costs for the reference wind turbine farm dependent on 

the alarm threshold, Dalarm, of the condition monitoring system is given in Figure 13. Figure 14 shows the 

number of total repairs and replacements during one lifetime. 

Figure 13 indicates that the lowest expected total maintenance costs are reached when having an alarm 

threshold of 0.6 as the total number of replacements is minimal with an alarm threshold of 0.6 (see Figure 

14). For smaller and larger alarm thresholds, the total maintenance costs increase as the number of 

corrective repairs (high alarm thresholds) and the number of preventive repairs (low alarm thresholds) 

slightly increase compared with an alarm threshold of 0.6. 
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Table 12 shows impact on relative maintenance expenses per produced KWh of electricity dependent on 

the alarm threshold (Dalarm) of the condition monitoring system. It can be seen that the reduction potential 

of the maintenance expenses per produced unit of electricity by choosing the optimal alarm threshold is of 

minor importance compared with the differences in expenses due to different transportation strategies. 

 

Figure 13 Influence of alarm threshold Dalarm of the condition monitoring efficiency on the total expected costs during one 
lifetime for different transportation strategies. ‘only Boat’: only boat used to access the wind turbines; ‘ASAP’: 
replacement/repair as soon as possible considering helicopter and boat for transportation; ‘Risk-based’: Minimization of overall 
costs considering boat and helicopter for transportation. The detection efficiency (ηCM) is set to 0.7 and the damage level for 
repair for detected damages (DREP) is set to 0.3 for all simulations. 
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Figure 14 Influence of alarm threshold Dalarm of the condition monitoring efficiency on the expected number of total 
repairs/replacements during one lifetime for different transportation strategies. ‘only Boat’: only boat used to access the wind 
turbines; ‘ASAP’: replacement/repair as soon as possible considering helicopter and boat for transportation; ‘Risk-based’: 
Minimization of overall costs considering boat and helicopter for transportation. The detection efficiency (ηCM) is set to 0.7 and 
the damage level for repair for detected damages (DREP) is set to 0.3 for all simulations. 

Table 12 Relative impact on maintenance expenses per produced KWh of electricity (Normalized by using the risk-based 
transportation strategy and an alarm threshold of 70%) dependent on the condition monitoring alarm threshold Dalarm. 
(ηCM=0.7;DREP=0.3). 

Transportation strategy 
Alarm Threshold Condition Monitoring System (Dalarm) 

0.5 0.7 0.9 

Only boat 1.401 1.397 1.427 

ASAP 1.061 1.044 1.062 

Risk-based 1.016 1.000 1.015 

 

5.2.2 Influence of Failure Detection Efficiency of Condition Monitoring System 

The influence of the detection efficiency, ηCM, of the condition monitoring system on the total expected 

maintenance cost during one year is shown in Figure 15 for different transportation strategies. In general, a 

high detection efficiency of the condition monitoring system is desired as the total expected maintenance 

costs can be decreased. Figure 16 shows the expected total number of repairs and replacements during one 

lifetime of the reference wind turbine farm. When the condition monitoring system is improved from a 

detection efficiency of 70% to 100%, the total maintenance expenses could be decreased by roughly 7% - 

10%. A high detection efficiency of future mechanical failures leads to slightly more repairs/replacements 

as more repairs are performed preventively instead of correctively as done when the condition monitoring 

has low detection efficiency. The number of total repairs increases by roughly 2% when having a perfect 

condition monitoring system (ηCM=100%) instead of ηCM=70%. 
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Figure 15 Influence of detection efficiency ηCM of the condition monitoring efficiency on the total expected costs during one 
lifetime for different transportation strategies. ‘only Boat’: only boat used to access the wind turbines; ‘ASAP’: 
replacement/repair as soon as possible considering helicopter and boat for transportation; ‘Risk-based’: Minimization of overall 
costs considering boat and helicopter for transportation. The alarm threshold (Dalarm) is set to 0.8 and the damage level for repair 
for detected damages (DREP) is set to 0.3 for all simulations. 

 

Figure 16 Influence of detection efficiency ηCM of the condition monitoring efficiency on the expected number of total 
repairs/replacements during one lifetime for different transportation strategies. ‘only Boat’: only boat used to access the wind 
turbines; ‘ASAP’: replacement/repair as soon as possible considering helicopter and boat for transportation; ‘Risk-based’: 
Minimization of overall costs considering boat and helicopter for transportation. The alarm threshold (Dalarm) is set to 0.8 and the 
damage level for repair for detected damages (DREP) is set to 0.3 for all simulations. 
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Table 13 gives the normalized maintenance expenses per produced unit of electricity dependent on the 

transportation strategy and the condition monitoring system detection efficiency (ηCM). It can be seen that 

larger detection efficiencies of the condition monitoring decreases the maintenance expenses per KWh of 

produced electricity. The impact of the detection efficiency (ηCM) of the condition monitoring system (see 

Table 13) has larger impact on the expected maintenance expenses per produced unit of electricity than 

the alarm threshold (Dalarm) of the condition monitoring system (see Table 12). 

Table 13 Relative impact on maintenance expenses per produced KWh of electricity (Normalized by using the risk-based 
transportation strategy and a CM efficiency of 70%) dependent on the condition monitoring system detection efficiency 
(ηCM).(Dalarm=0.8;DREP=0.3). 

Transportation strategy 
Condition Monitoring System Detection Efficiency (ηCM) 

0.5 0.7 1 

Only boat 1.550 1.333 1.207 

ASAP 1.110 1.045 0.976 

Risk-based 1.057 1.000 0.932 

 

5.3 Inspection Quality 
The inspection quality is investigated in this case by looking at the influence of the damage threshold for 

repair (DREP) once damage is detected as well as the accuracy of the inspection by looking at the minimal 

detectable damage (λ). 

5.3.1 Influence of Damage Threshold for Repair (DREP) During Inspections 

The damage threshold for repair (DREP) defines the threshold for repair/replacement given a detection of a 

damage D (see Section 3.1 for more details about damage factor D). The damage threshold for repair is 

used whenever inspections take place following a preventive maintenance strategy.  

Figure 17 shows the total expected maintenance costs for a preventive maintenance strategy with annual 

inspections. The costs are minimal having a repair threshold equal to 0 and are increasing the larger the 

damage threshold for repair is defined. Figure 18 shows the expected number of repairs of the whole wind 

turbine farm for different transportation strategies having inspections once an year dependent on DREP. 

Large DREP lead to lower number of preventive repairs but more costly corrective repairs compared with no 

threshold (DREP=0).  

Table 14 gives the relative maintenance expenses per produced unit of electricity for different 

transportation strategies and DREP values. A DREP value of 0 enables decrease of the cost by 3% - 5% 

compared when having a DREP value of 0.3 for a given transportation strategy. It can be concluded that it is 

beneficial for this wind turbine farm to replace and repair damages whenever they are detected 

independent on the severity and level of damage. 



32 
 

 

Figure 17 Influence of damage threshold for repair DREP during inspections on the total expected costs during one lifetime for 
different transportation strategies following a preventive maintenance strategy with annual inspections. ‘only Boat’: only boat 
used to access the wind turbines; ‘ASAP’: replacement/repair as soon as possible considering helicopter and boat for 
transportation; ‘Risk-based’: Minimization of overall costs considering boat and helicopter for transportation. 

 

Figure 18 Influence of damage threshold for repair DREP during inspections on the total number of repairs during one lifetime for 
different transportation strategies following a preventive maintenance strategy with annual inspections. ‘only Boat’: only boat 
used to access the wind turbines; ‘ASAP’: replacement/repair as soon as possible considering helicopter and boat for 
transportation; ‘Risk-based’: Minimization of overall costs considering boat and helicopter for transportation.  
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Table 14 Relative impact on maintenance expenses per produced KWh of electricity (Normalized by using the risk-based 
transportation strategy and a damage threshold for repair of 0.3) dependent on the damage threshold of repair DREP following a 
preventive maintenance strategy with regular inspection intervals of 1 year.  

Transportation strategy 
Damage Threshold for Repair (DREP) 

0.0 0.3 0.6 

Only boat 1.410 1.455 1.517 

ASAP 1.000 1.027 1.075 

Risk-based 0.964 1.000 1.050 

Figure 19 and Figure 20 show the expected total maintenance costs and the total number of expected 

repairs, respectively, during one lifetime when using a condition monitoring system (condition-based 

preventive maintenance). The influence on the total maintenance costs (see Figure 19) as well as the total 

number of repairs (see Figure 20) looks slightly different when using a condition monitoring system 

compared with the previously shown Figures (see Figure 17 and Figure 18) with a preventive maintenance 

strategy with constant inspection intervals. The lowest total expected maintenance costs are reached when 

using a low damage threshold for repair (DREP) of 0.1 independent on the transportation strategy. When 

repairing all detected damages independent on its size (choosing DREP=0), the preventive repair costs 

increase due to many preventive replacements during inspections (see Figure 20) compared with the 

optimal case. When moving to DREP values larger than 0.1, the amount of lost electricity is increasing due to 

longer down times because of more corrective replacements need to be performed. Figure 20 shows that 

the larger the damage threshold for the repair chosen, the lower the expected total number of repairs. 

Table 15 presents the relative impact on maintenance expenses per produced KWh of electricity following a 

preventive maintenance strategy using a condition monitoring system. A DREP value of 0.6 instead of 0.3 

increases the cost by 10% - 12%.  

In general, one can say that the sensitivity of the damage threshold for repair on the maintenance expenses 

is larger when using a condition monitoring system compared with regular and fixed inspection intervals. 
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Figure 19 Influence of damage threshold for repair DREP during inspections on the total expected costs during one lifetime for 
different transportation strategies following a preventive maintenance strategy with a condition monitoring system (Dalarm=0.8; 
ηCM =0.7). ‘only Boat’: only boat used to access the wind turbines; ‘ASAP’: replacement/repair as soon as possible considering 
helicopter and boat for transportation; ‘Risk-based’: Minimization of overall costs considering boat and helicopter for 
transportation. 

 

Figure 20 Influence of damage threshold for repair DREP during inspections on the total number of repairs during one lifetime for 
different transportation strategies following a preventive maintenance strategy with a condition monitoring system (Dalarm=0.8; 
ηCM =0.7). ‘only Boat’: only boat used to access the wind turbines; ‘ASAP’: replacement/repair as soon as possible considering 
helicopter and boat for transportation; ‘Risk-based’: Minimization of overall costs considering boat and helicopter for 
transportation.  
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Table 15 Relative impact on maintenance expenses per produced KWh of electricity (Normalized by using the risk-based 
transportation strategy and a damage threshold for repair of 0.3) dependent on the damage threshold of repair DREP following a 
preventive maintenance strategy using a condition monitoring system. (Dalarm=0.8; ηCM =0.7). 

Transportation strategy 
Damage Threshold for Repair (DREP) 

0.0 0.3 0.6 

Only boat 1.356 1.407 1.571 

ASAP 1.018 1.046 1.155 

Risk-based 0.973 1.000 1.113 

5.3.2 Influence of Minimal Detectable Damage (λ) During Inspections 

The minimal detectable damage influences the total maintenance costs as replacements and repairs will be 

differently distributed between corrective and preventive repairs when following a preventive maintenance 

strategy. Figure 21 and Figure 22 show the total maintenance expenses during one lifetime for the 

considered wind turbine farm considering different minimal detectable damage values when performing 

annual inspections (Figure 21) and using a condition monitoring system (Figure 22), respectively. Both 

maintenance strategies show that increased minimal detectable damages slightly increase the expected 

total maintenance expenses. The main reason for increased maintenance costs when increasing the 

minimal detectable damage is due to increased lost electricity resulting from increase in corrective 

replacements and decrease in preventive replacements. 

 

Figure 21 Influence of minimal detectable damage λ during inspections on the total expected costs during one lifetime for 
different transportation strategies following a preventive maintenance strategy with a regular inspection interval of one year 
(DREP=0.3). ‘only Boat’: only boat used to access the wind turbines; ‘ASAP’: replacement/repair as soon as possible considering 
helicopter and boat for transportation; ‘Risk-based’: Minimization of overall costs considering boat and helicopter for 
transportation. 

Table 16 and Table 17 show the relative impact on maintenance expenses per produced unit of electricity 

for different maintenance strategies (Table 16: regular annual inspection intervals; Table 17: inspections 
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based on a condition monitoring system) and different minimal detectable damages. The results show that 

the maintenance expenses per produced unit of electricity can be reduced by 5% - 9% (annual inspections) 

or 4% - 8% (condition monitoring system) when reducing the minimal detectable damage from 0.6 to 0.2.  

Table 16 Relative impact on maintenance expenses per produced KWh of electricity (Normalized by using the risk-based 
transportation strategy and a minimal detectable damage of 0.3) dependent on the minimal detectable damage λ  following a 
preventive maintenance strategy annual inspection intervals. (DREP=0.3). 

Transportation strategy 
Minimal detectable damage (λ) 

0.2 0.4 0.6 

Only boat 1.548 1.608 1.636 

ASAP 0.994 1.026 1.046 

Risk-based 0.965 1.000 1.018 

 

 

Figure 22 Influence of minimal detectable damage λ during inspections on the total expected costs during one lifetime for 
different transportation strategies following a preventive maintenance strategy with a condition monitoring system (Dalarm=0.8; 
ηCM =0.7). ‘only Boat’: only boat used to access the wind turbines; ‘ASAP’: replacement/repair as soon as possible considering 
helicopter and boat for transportation; ‘Risk-based’: Minimization of overall costs considering boat and helicopter for 
transportation. 

Table 17 Relative impact on maintenance expenses per produced KWh of electricity (Normalized by using the risk-based 
transportation strategy and a minimal detectable damage of 0.3) dependent on the minimal detectable damage λ  following a 
preventive maintenance strategy using a condition monitoring system. (Dalarm=0.8; ηCM =0.7). 

Transportation strategy 
Minimal detectable damage (λ) 

0.2 0.4 0.6 

Only boat 1.377 1.407 1.453 

ASAP 1.020 1.046 1.068 

Risk-based 0.976 1.000 1.020 
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5.4 Influence on Operational Range Ship and Helicopter 
The sensitivity of the operational range of the boat and the helicopter is investigated by adding and 

subtracting 20% of the initial chosen maximum operational mean wind speed of 20 m/s and significant 

wave height of 1.5 meters. No additional costs due to larger operational ranges of the helicopter and the 

boat are considered in this case study. 

Figure 23 shows the expected total maintenance costs for the considered wind farm for different 

maintenance strategies using the risk-based approach dependent on the maximum significant wave height 

the boat can be used to access the wind turbines. It can be seen from this figure that the larger the range of 

the significant wave height for operating the boat, the lower the expected total maintenance expenses. The 

reason for decreasing maintenance expenses is, on the one hand, due to shorter waiting times leading to 

lower amount of lost electricity and, on the other hand, some repairs can be performed by boat instead of 

using the more expensive helicopter for accessing the wind turbines. The total number of repairs is not 

affected by the operational range of the boat. 

 

Figure 23 Influence of maximum significant wave height HS, max for transportations by boat on the total expected maintenance 
costs during one lifetime for different maintenance strategies following a risk-based transportation strategy. ‘regular’: Annual 
inspections; ‘CM’: Condition monitoring system. Vmax=20 m/s. 

Table 18 shows the relative impact on maintenance expenses per produced KWh of electricity for different 

transportation and maintenance strategies dependent on the maximum significant wave height with which 

the boat can reach the wind turbine. This table illustrates that the dominating impact on the maintenance 

costs per produced unit of electricity is the transportation strategy. For a given maintenance strategy, the 

maintenance expenses can be more than 2 times more expensive depending on the choice of 

transportation strategy. When increasing the maximum significant wave height the boat can access the 

wind turbines by 20%, the maintenance expenses per produced KWh will decrease between 1% and 17% 

for a given maintenance and transportation strategy.  
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Table 18 Relative impact on maintenance expenses per produced KWh of electricity (Normalized by using the risk-based 
transportation strategy and a maximum significant wave height for operation of 1.5 m) dependent on the maximum significant 
wave height where access to the wind turbine is possible for different transportation and maintenance strategies. CM: condition 
monitoring; regular: annual inspections. 

Transportation 
strategy 

Maintenance strategy 

corrective Preventive, regular Preventive, CM 

1.2 m  1.5 m 1.8 m 1.2 m  1.5 m 1.8 m 1.2 m  1.5 m 1.8 m 

Only boat 2.911 2.246 1.877 2.568 1.997 1.653 1.623 1.407 1.347 

ASAP 1.422 1.393 1.364 1.301 1.274 1.236 1.136 1.047 0.984 

Risk-based 1.389 1.361 1.344 1.264 1.242 1.211 1.084 1.000 0.943 

The influence of the maximum wind speed where the helicopter can operate on the total expected 

maintenance costs during one lifetime is shown in Figure 24 for different maintenance strategies following 

a risk-based transportation strategy. The expected maintenance costs can be decreased when increasing 

the operational range of the helicopter as mainly the costs representing the lost electricity is decreasing 

meaning that the waiting times given a certain broken component is decreased. The total amount of 

performed repairs depends on the maintenance strategy, but is not changed when adapting the 

operational range of the helicopter. 

Table 19 presents the relative expenses per unit of produced electricity for different transportation and 

maintenance strategies. Increasing the maximum wind speed for operation by helicopter from 20 m/s to 24 

m/s, a reduction potential in the range of 4% - 7% is possible to be reached when following a certain 

maintenance and transportation strategy. 

 

Figure 24 Influence of maximum wind speed Vmax for transportations by helicopter on the total expected costs during one 
lifetime for different maintenance strategies following a risk-based transportation strategy. ‘regular’: Annual inspections; ‘CM’: 
Condition monitoring system. HSmax=1.5 meters. 
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Table 19 Relative impact on maintenance expenses per produced KWh of electricity (Normalized by using the risk-based 
transportation strategy and a maximum mean wind speed of 20 m/s) dependent on the maximum wind speed where access to 
the wind turbine is possible for different transportation and maintenance strategies. CM: condition monitoring; regular: annual 
inspections. 

Transportation 
strategy 

Maintenance strategy 

corrective Preventive, regular Preventive, CM 

16 m/s  20 m/s 24 m/s 16 m/s  20 m/s 24 m/s 16 m/s  20 m/s 24 m/s 

ASAP 1.712 1.393 1.295 1.531 1.274 1.191 1.174 1.047 1.006 

Risk-based 1.672 1.361 1.280 1.485 1.242 1.167 1.126 1.000 0.964 

In general, there is larger potential for decreasing the maintenance expenses when increasing the 

maximum significant wave height with which the boat can access the wind turbines by 20% instead of 

focusing on the maximum wind speed that the helicopter can handle. 

5.5 Influence of Electricity Price 
The electricity price is an important value for the operator of an offshore wind turbine farm as many 

countries have different subsidies like fixed feed-in-tariff or supplements to the actual market prize for 

electricity from offshore wind turbines, and it often decides whether or not a wind turbine farm is making 

profit or it cannot be realized. This example will consider a fixed feed-in tariff and its influence on the 

overall maintenance costs as well as include investigation of the relative impact on the maintenance 

expenses per produced unit of electricity. 

Figure 25 shows the total expected maintenance expenses for different maintenance strategies using a risk-

based transportation strategy dependent on the electricity price. The overall maintenance expenses 

increase when increasing the electricity price as the costs for lost electricity increase. Table 20 shows the 

relative impact on the total expected maintenance expenses per produced KWh of electricity for different 

maintenance and transportation strategies dependent on the electricity selling price. When increasing the 

electricity price, the income per produced KWh increases, but the relative maintenance expenses per 

produced unit of electricity decrease as the income increases more than the maintenance expenses. The 

electricity price has a large impact on the relative maintenance expenses per produced electricity and 

becomes more important than the impact of the transportation strategy. 
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Figure 25 Influence of electricity price on the total expected maintenance costs during one lifetime for different maintenance 
strategies following a risk-based transportation strategy. ‘regular’: Annual inspections; ‘CM’: Condition monitoring system.  

Table 20 Relative impact on maintenance expenses per produced KWh of electricity (Normalized by using the risk-based 
transportation strategy and an electricity price of 0.08 €/KWh) dependent on the electricity price for different transportation 
and maintenance strategies. CM: condition monitoring; regular: annual inspections. 

Transportation 
strategy 

Maintenance strategy 

corrective Preventive, regular Preventive, CM 

0.04 
€/KWh 

0.08 
€/KWh 

0.12 
€/KWh 

0.04 
€/KWh 

0.08 
€/KWh 

0.12 
€/KWh 

0.04 
€/KWh 

0.08 
€/KWh 

0.12 
€/KWh 

Only boat 2.839 2.245 2.060 2.563 1.997 1.795 1.852 1.407 1.260 

ASAP 2.087 1.392 1.159 1.932 1.273 1.050 1.568 1.047 0.870 

Risk-based 1.998 1.361 1.142 1.835 1.242 1.034 1.451 1.000 0.845 

5.6 Influence of Real Rate of Interest 
The interest rate is considered in this case study to calculate the discounted present value. Figure 26 shows 

the impact of the interest rate on the discounted present total maintenance expenses for different 

maintenance strategies using a risk-based transportation strategy. The impact of the interest rate on the 

maintenance expenses is high. 

Table 21 shows the impact of the interest rate on the normalized maintenance expenses per produced unit 

of electricity. It can be seen that the maintenance expenses are nearly independent on the interest rate for 

a given transportation and maintenance strategy. This independence occurs because the maintenance 

costs as well as the income from producing electricity are discounted in this example with the same interest 

rate. 
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Figure 26 Influence of interest rate r for different maintenance strategies on the total expected maintenance costs during one 
lifetime following a risk-based transportation strategy. ‘regular’: Annual inspections; ‘CM’: Condition monitoring system. 

Table 21 Relative impact on maintenance expenses per produced KWh of electricity (Normalized by using the risk-based 
transportation strategy and an interest rate of 5%) dependent on the considered interest rate for different transportation and 
maintenance strategies. CM: condition monitoring; regular: annual inspections. 

Transportation 
strategy 

Maintenance strategy 

corrective Preventive, regular Preventive, CM 

2%  5% 8% 2%  5% 8% 2%  5% 8% 

Only boat 2.265 2.246 2.224 2.013 1.997 1.979 1.411 1.407 1.401 

ASAP 1.401 1.392 1.380 1.281 1.273 1.263 1.049 1.046 1.037 

Risk-based 1.374 1.361 1.352 1.247 1.242 1.225 1.001 1.000 0.9955 

6 Conclusions 
This article investigates the cost impact of different maintenance and transportation strategies for an 

offshore wind turbine farm consisting of 10 6 MW wind turbines. Corrective and preventive maintenance 

strategies using either fixed intervals for inspections or a condition monitoring system are considered. 

Transportation of technician and material needed to repair and replace broken components is either done 

by boat or by helicopter. Three different transportation cases are investigated. The first transportation 

strategy only considers access by boat, the second strategy focuses on short downtime of the device and 

the third transportation strategy considers a risk-based approach where the overall costs resulting from the 

downtime (lost electricity) as well as the costs for repair/replacement of the components are minimized. 

Failures of the main mechanical and electrical components of a wind turbine as well as software failures are 

considered.  

The study results show that the main cost reduction potential is given by the transportation strategy, which 

defines which means of transportation (boat or helicopter) to be considered. Another important cost driver 
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is the maintenance strategy. Optimizing the operation and maintenance schedule makes it possible to 

reduce the overall maintenance expenses from more than 30% of the levelized cost of energy (LCOE) when 

following a corrective maintenance strategy using boats to access the device to 15% of the LCOE when 

optimizing the maintenance actions by using a so-called risk-based approach and a condition monitoring 

system. 

A parametric study is performed in order to assess the sensitivity of the different input parameters. The 

sensitivity analysis shows that the interest rate and the electricity price have large impact on the total 

maintenance costs. Therefore, it is fundamental to accurately predict the interest rate and the electricity 

price before doing maintenance optimizations. The total maintenance costs are increased by roughly 30% 

when decreasing the real rate of interest from 5% to 2%. When increasing the electricity price from 0.08 

€/KWh to 0.12 €/KWh, the total expected maintenance expenses increase by 24% to 37%. 

It can be concluded from the considered case that when following regular inspections (preventive 

maintenance), all detected damages should be immediately repaired independent on their severity 

whereas when using a condition monitoring system for indicating future failures of mechanical 

components, the small damages do not need to be repaired during inspections in order to reached lowest 

maintenance expenses. Furthermore, the inspection quality impacts the maintenance expenses. Detection 

of small damages makes it possible to decrease the total maintenance expenses. Decreasing the minimal 

detectable damage size by 50% enables to decrease the maintenance expenses per produced KWh by 2% - 

5%.  

Furthermore, increasing the operational range of ship leads to larger maintenance expense savings 

compared with increasing the operational range of the helicopter by the same percentage. Increasing the 

operational range of the boat by 20% decreases the maintenance expenses per produced KWh electricity 

by up to 17%. The lowest maintenance expenses result in this case study when following a preventive 

maintenance strategy with a condition monitoring system. 

In general it needs to be mentioned that the resulting optimizations and cost reduction potentials depend 

on many factors like assumed costs, expected downtimes for the different failure types, the location 

(defining resource, accessibility and power production) of the wind turbine farm as well as the amount and 

type of considered wind turbines. Therefore, when considering different assumptions than used in this 

report, other results and conclusions might be obtained. 
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