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Abstract:



Inspection and maintenance expenses cover a considerable part of the cost of energy from offshore wind turbines. Risk-based maintenance planning approaches are a powerful tool to optimize maintenance and inspection actions and decrease the total maintenance expenses. Risk-based planning is based on many input parameters, which are in reality often not completely known. This paper will assess the cost impact of this incomplete knowledge based on a case study following risk-based maintenance planning. The sensitivity study focuses on weather forecast uncertainties, incomplete knowledge about the needed repair time on the site as well as uncertainties about the operational range of the boat and helicopter used to access the broken wind turbine. The cost saving potential is estimated by running Crude Monte Carlo simulations. Furthermore, corrective and preventive (scheduled and condition-based) maintenance strategies are implemented. The considered case study focuses on a wind farm consisting of ten 6 MW turbines placed 30 km off the Danish North Sea coast. The results show that the weather forecast is the uncertainty source dominating the maintenance expenses increase when considering risk-based decision-making uncertainties. The overall maintenance expenses increased by 70% to 140% when considering uncertainties directly related with risk-based maintenance planning.
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1. Introduction


Maintenance expenses for offshore wind turbine farms contribute with 15%–30% [1,2,3] to the levelized cost of electricity. This is a large contribution and many efforts are ongoing in order to reduce these maintenance costs.



The most cost-efficient maintenance decision can be found by using decision support models. An overview about different commercial and non-commercial decision support models for offshore wind turbine applications is summarized in [4]. With the aid of these decision models different maintenance strategies can be proven and analyzed.



A promising strategy for reducing maintenance expenses are so-called risk-based approaches, which find the maintenance strategy leading to the lowest overall maintenance costs. The risk-based maintenance concept was developed to inspect the high-risk components, which usually have a higher failure frequency and larger costs in case of failure, in order to achieve a tolerable risk criterion [5]. Risk-based maintenance optimizations are not a new research topic as they are considered in many industry branches since the 1990s. Reference [6] gives an overview about risk assessments for civil engineering facilities. Former studies, like [7,8,9], showed that risk-based maintenance decision-making tools are powerful for offshore wind turbines as electricity produced by these wind turbines is forced to decrease in costs.



However, risk-based approaches depend on many parameters and assumptions. These parameters are often uncertain, and their uncertainty needs to be considered when looking for the best decision leading to the lowest overall maintenance costs. How risk-based decision-making can be applied to maintenance planning of offshore wind turbines is explained in [10,11].



Figure 1 shows different uncertainty groups related with risk-based maintenance approaches. Uncertainty group 1 considers uncertainties related with the indication of a damage and contains e.g., damage and inspection modeling uncertainties. Uncertainty group 2 considers uncertainties related with the assumptions used as input parameters for the risk-based approach and the resulting upcoming reality. Uncertainty sources in group 2 cover imperfect weather forecasts, assumed costs, needed repair time as well as the threshold between accessibility and disability to access the device by boat or helicopter. Former studies investigate the impact of uncertainty sources in group 1 on risk-based approaches, see e.g., [7,12]. No investigation on uncertainty sources of group 2 has been performed so far.


Figure 1. Flow chart showing the different uncertainty groups when performing maintenance simulations using a risk-based approach.
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The purpose of this paper is to make a sensitivity analysis of uncertainties from group 2 (see Figure 1) on the overall maintenance expenses by performing sensitivity studies using uncertainties from groups 1 and 2.



In this paper, Section 2 presents different maintenance strategies and the theoretical background about finding the optimal maintenance strategy, Section 4 gives information about different failure types of different components, Section 5 gives background information about the considered reference wind turbine farm and Section 6 presents the results of this study.




2. Maintenance Strategies


There are corrective and preventive maintenance strategies which can be followed when maintaining offshore wind turbines. Corrective maintenance only replaces/repairs the broken component after it breaks whereas preventive maintenance strategies try to prevent breakdown and replace the component before it breaks. Preventive maintenance can either be performed based on time (scheduled preventive maintenance) or based on the condition of the components (condition-based preventive maintenance). It needs to be kept in mind that preventive replacement can only be performed when a measure about the condition of the considered component is available.



Corrective maintenance strategies are expected to lead to a lower number of replacements compared with preventive replacements. However, the corrective replacements which cannot be scheduled and are irregular are expected to be more expensive compared with a preventive repair. However, it needs to be kept in mind that when following a preventive maintenance strategy, also corrective maintenance actions are expected to be necessary once in a while.



Transportation to the broken wind turbine can either be performed by boat or by helicopter. Access by helicopter is limited by the wind speed, and access by boat is limited by the wave characteristics. The operational costs for boats and helicopter depend, among others, on the distance between shore and wind turbine farm, the transfer time which drives the transfer time and the fuel price, as well as the hiring conditions (e.g., cost rates during waiting times in the harbor, daily/hourly rates or fixed rate operation, needed/guaranteed time for mobilization) when chartering boats and helicopters from subcontractors.



Optimal Planning of Inspection and Maintenance


Overall cost minimization over the lifetime of a wind turbine is the main target of optimal planning of maintenance and inspection actions in order to maximize the resulting benefit. Risk-based methods, which are explained in [10] for offshore wind turbine applications, are a powerful approach for finding the minimal maintenance expenses. Risk-based approaches account for risk, which is the product of the probability that a certain failure occurs and the resulting consequences. Consequences from risk calculations are only of monetary value for offshore wind turbine applications as humans are not expected to be in danger when a wind turbine fails or even collapses. Furthermore, compared with other industry branches where risk-based approaches are applied, the pollution in case of failure is small.



The procedure for finding the optimal decision making is given in Equation (1) and in Figure 2. More information about decision making for risk-based maintenance planning for offshore wind turbines can be found in [10,11,13].


Figure 2. Decision tree for optimal planning of operation and maintenance actions [10].
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Before starting with optimal planning of maintenance and inspection actions, the initial conditions [image: there is no content] of the wind turbine farm and the different wind turbines (e.g., expected lifetime, geometry, dimensions or costs) have to be defined. The range of initial conditions are seen as a matrix containing several variables and possible values. The inspection plan defining inspection and monitoring parameters like point in time to perform inspection or which inspection method to be used are defined in the matrix [image: there is no content]. After each inspection/maintenance action a random outcome, [image: there is no content], occurs and drives the decisions for the repair plan [image: there is no content]. The decision rule [image: there is no content] is applied for future decisions on inspection results. These inspection results are uncertain at the time when the decision for the inspection plan is made. Therefore, uncertainties represented in vector [image: there is no content] like model uncertainties, environmental conditions or degradation parameters are present. These uncertainties lead to differences between planned and actual outcomes during the lifetime. The optimal strategy for initial designs, [image: there is no content], can be found as the one that maximizes the cost function, which is the difference between the income from selling electricity and the total costs due to installations, inspections, repair, and decommissioning. The value, W, which represents the best maintenance strategy and maximizes the benefit for the wind turbine farm operator leading to the best set of initial values (z), inspection/monitoring parameters (e) and decisions (d) to be made can be calculated as (see e.g., [13]):


[image: there is no content]



(1)




where B is the expected income from selling electricity, [image: there is no content] the initial investment costs, [image: there is no content] the expected service and inspection costs, [image: there is no content] the repair and maintenance costs, [image: there is no content] the expected failure costs and [image: there is no content] the decommissioning costs. When finding the optimal maintenance strategy for a wind turbine farm, the optimization problem presented in Equation (1) should be applied for the whole wind turbine farm and not a single machine.



Risk-based maintenance planning methods are stochastic approaches, where the following probabilities/uncertainties need to be considered:

	
probabilities of deterioration amplification;



	
probabilities of monitoring/inspection results;



	
probabilities of inspection results;



	
probabilities of repair (costs, required time and access possibilities).








When considering costs, the discounted present values, [image: there is no content], is considered here and can be calculated as [7,13]:


[image: there is no content]



(2)




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





3. Uncertainty Models


This section presents the uncertainty models developed for group 2 uncertainty sources (see Figure 1). The uncertainty models represent imperfect weather forecast, uncertain repair time on the site as well as uncertain operational range (access threshold) of the boat and helicopter.



3.1. Imperfect Weather Forecast


Weather forecasts are needed for finding weather windows enabling transportation to and from the broken wind turbine. Studies performed in [14,15] show that weather forecast uncertainty plays a central role in the number of available weather windows for performing the maintenance actions and in estimating the resulting maintenance costs.



In case the weather forecast shows excedance of the operational limits, the maintenance action needs to be postponed. In case the operational limit is exceeded during maintenance actions on sea, the maintenance action is stopped and another window needs to be found for running the remaining maintenance actions.



Weather forecasts are made based on the actual weather condition and physical/mathematical models of the atmosphere and oceans. These models can have different time lengths - from short-term weather forecast to long-term predictions about climate change. Due to the fact that weather forecasts are based among others on models, there are different reasons for uncertainties, like:

	
limited number of observations;



	
data errors;



	
software-based and hardware-based inconsistencies between different measuring tools;



	
limited time for making the forecast (trade-off between cost and quality of forecast);



	
incomplete understanding about all different physical and chemical processes.








Furthermore, when talking about weather forecast uncertainties, the overall forecast uncertainty is dependent on the weather prediction horizon. A weather forecast is performed before a maintenance action is planned to be executed. Generally, the farther the forecast is, the lower the confidence and the larger the uncertainty about the weather forecast as the available information and confidence level are expected to decrease when increasing the time horizon. The weather forecast uncertainty can be considered as error term [image: there is no content], which describes the difference between the forecasted value [image: there is no content] for time t performed at time [image: there is no content] and the actual real value [image: there is no content] at time time [image: there is no content]:


[image: there is no content]



(3)







The error term [image: there is no content] represents the uncertainty about forecasting and can be assumed to be Normal distributed [16] with a bias [image: there is no content] and a standard deviation [image: there is no content].



This model does not consider seasonal weather forecast uncertainty changes, like icing during winter periods. Table 1 shows the considered forecast uncertainties used for wind speed and significant wave height. The mean value [image: there is no content] is, as proposed by [16], set equal to 0. The time-dependent uncertainty about weather forecast standard deviation [image: there is no content] is chosen based on available forecast studies (wind: [17,18]; significant wave height [19,20,21]). Additionally an autocorrelation function is considered here in order to represent correlation between the successively following wind speeds and significant wave height values and preventing large variations, which is physically unrealistic, among values behind each other. This uncertainty model can be used for weather forecast uncertainty modeling for risk-based planning of maintenance actions. Figure 3 gives an example of a two-day weather forecast taking the model explained in Equation (3) and the model values shown in Table 1 into account.


Figure 3. Example of a 48-h wind speed and significant wave height forecast based on the model explained in Table 1 and Equation (3). dev.: deviation.
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Table 1. Weather forecast uncertainty values for wind speed and significant wave height. Time t is considered in hours. std.: Standard; and Sig.: Significant.







	
Description

	
Forecast Term [image: there is no content]




	
Mean Value [image: there is no content]

	
Std. Deviation [image: there is no content]






	
Wind speed (m/s)

	
0

	
0.055·t




	
Sig. wave height (m)

	
0

	
0.005·t











3.2. Uncertain Repair Time


The repair time on the site itself is considered as a stochastic variable ([image: there is no content]) due to the fact that there are different severities and failure levels (from minor to major), which will use different numbers of days on the site to be repaired. The number of repair days on site is used as input parameter for the risk-based maintenance approach. However, the considered needed days for repair might not always be the number of days that the technicians really need to fix the failure as unforeseen problems can occur or the technicians can repair the failure faster as expected. Therefore, an uncertainty factor, [image: there is no content], which models the difference between the expected number of days for repair and the real used number of days on site is introduced here. The real needed number of days to repair the failure, [image: there is no content], can be modeled in the following way:


[image: there is no content]



(4)




where [image: there is no content] is the number of repair days considered for estimating the costs for risk-based maintenance approach. The uncertainty, [image: there is no content], about the repair times can, according to [15], be assumed to be Lognormal distributed in order to prevent negative repair times. The mean value of [image: there is no content] is equal to or larger than 1. In case of using conservative estimates on the duration, a bias larger than 1 can be relevant.




3.3. Uncertain Operational Range Limitations of Boat and Helicopter


In research, one often defines operational range limitations of boats and helicopters with e.g., the maximum significant wave height or maximum wind speed for operational actions. However, these values are, once on sea, impossible to detect accurately. Additionally, not a sharp threshold between access and no access as considered in most maintenance studies, exists but accessibility also depends on the skills of the crew.



When performing maintenance actions, human factors like the experience and risk willingness of the supply vessel skipper or helicopter pilot play important roles. This not only means that the significant wave height as well as the wind speed give a threshold about accessibility to the wind turbines, but also other aspects, which are not considered in the simplified operational range definition in Section 5.4, like the steepness of the waves for the boat and the turbulence intensity for the helicopter as well as the physical response of the equipment to be transported as explained in [22].



The operational range uncertainty can be assumed to be small for small maintenance boats, as considered in this study, but becomes more important for installation purposes where big ships and cranes are used. The uncertainty about human risk and experience might be quite scattered among different captains/pilots. Therefore, it is very difficult to quantify this uncertainty source in numbers. A sensitivity study is performed assuming that the origin of operational range limitations is based on the uncertain detection of wave characteristics on sea (wrong estimation of significant wave height and wind speed).



The model in order to assess the cost impact on access uncertainty is based on a stochastic variable [image: there is no content] modeling the access threshold (significant wave height or wind speed) at the site, which is dependent on the deterministic threshold value considered in the risk-based approach as well as a Normal distributed parameter [image: there is no content], which represents the incomplete knowledge about repair time needed on site:


[image: there is no content]



(5)




where [image: there is no content] represents the deterministic threshold for having access by boat/helicopter considered for risk-based maintenance planning. The parameter [image: there is no content] has a mean value [image: there is no content] equal to 1 and a standard deviation [image: there is no content]. This parameter can be due to lack of data and experience assumed to be presented by a simple Normal distribution.





4. Failure Types and Their Corresponding Models


Failures of mechanical as well as electrical components and software failures happen in different ways. These differences need to be accounted for when doing maintenance cost estimations.



4.1. Mechanical Failures—Damage Model


Failure of mechanical components are based on mechanical procedures leading to failures. Critical for most mechanical components used in offshore wind turbines is cyclic loading (wear or fatigue). This procedure can be mathematically described as a time-dependent deterioration process. Examples of mechanical components are the blades, the gearboxes or the shafts. Inspections and monitoring systems can indicate future mechanical failure as deterioration is shown e.g., by cracks (inspections) or vibrations (monitoring).



Mechanical failures can be modeled with damage accumulation models that estimate the component condition at each time step. The model considered in this article is based on the model shown in [7,13,23]. The damage model considered in this section implies fatigue cracking. However, also other kinds of time-dependent damages like corrosion or wear can be modeled using the explained approach. The general equation representing the damage size D is given as:


[image: there is no content]



(6)




where [image: there is no content] represents the damage growth, F a load measure and D is the damage size. The parameters C, [image: there is no content] and [image: there is no content] are model parameters, which can be estimated from available failure rates. The damage size D reaches numbers between 0 and 1. When the damage size reaches 1, failure of the considered component occurs and needs to be repaired/replaced. Paris Law [24] can be used to calculate the damage accumulation rate [image: there is no content]:


[image: there is no content]



(7)




where C is the damage coefficient, m the damage exponent and [image: there is no content] the damage intensity factor, which, among others, depends on the actual damage D and can be calculated using the following equation:


[image: there is no content]



(8)




where [image: there is no content] is the cyclic damage range and [image: there is no content] the geometry factor. The damage coefficient C and the damage exponent m from Equation (6) can be calibrated from available failure rates of the corresponding components or directly taken from already performed studies like [7,13,23]. The cyclic damage [image: there is no content] is in this study assumed to be proportional to the mean significant wave height [image: there is no content] as done in other studies, like [7,13]) with focus on offshore wind turbine applications. Furthermore, the mean zero-crossing wave period, [image: there is no content], is assumed to drive the number of cycles N per time step, which is indicated as [image: there is no content] in Equation (7).



Inspections and repair/replacement of a damaged component are performed when the detected damage [image: there is no content] is larger than a certain threshold [image: there is no content]. Replacements when detecting damages during inspections will take place when the detected damage [image: there is no content] is larger than a certain threshold [image: there is no content], which indicates the minimal necessary damage that repair/replacement is performed. When performing inspections not all damages might be detected. This fact needs to be accounted for when modeling inspections. Inspections can be modeled using so-called probability of detection curves ([image: there is no content]s). These curves show the probability of detection dependent on the damage size and the used inspection technique. Different [image: there is no content] curves are presented in [25]. One possibility of defining such a probability of detection curve is by using a one-dimensional exponential threshold model, see e.g., [7,13,25]:


[image: there is no content]



(9)




where D is the actual damage, [image: there is no content] the maximum probability of detection and [image: there is no content] the expected value of smallest detectable damage.



There exist different inspection strategies: performing inspections with pre-defined inspection intervals (intervals fixed over lifetime or dependent on the damage result from former inspections) or condition-based inspections where inspections are performed based on failure indication from the monitoring system.




4.2. Electrical/Software Failures—Failure Rates


For electrical component failures or software failures no deterioration model as presented in Equation (6) can be used as these failure types occur randomly in time. Software failures can often be solved by manual restarts or updates of the operating system/software using online access. Electrical failures make access by technicians to the device necessary, as these failures need exchange/repair of components. A common way to model electrical and software failures is by using so-called annual failure rates [image: there is no content]. These failure rates model the expected (mean) failure rate over one year. The annual failure rate from a data set of failure reports can be estimated based on [13,26]:


[image: there is no content]



(10)




where [image: there is no content] is the number of failures, N is the component population and T indicates the operational period (in years). There exist failure rate databases developed for offshore wind turbine applications like [27,28,29,30]. Failure rate studies for offshore wind turbine applications are performed in [26,31,32]. Furthermore, databases from the the petrochemical industry (see e.g., [33]) or generic reliability databases like [34,35] could be used for failure rate estimations.





5. Case Study


The case study considers a wind turbine farm consisting of ten 6 MW wind turbines, which are placed 30 km off the Danish coast. Figure 4 shows the considered power curve of the reference offshore wind turbine, which is similar to the 6 MW Senvion wind turbine. All wind turbines are assumed to operate under free flow conditions without wake conditions from other wind turbines. The study presented in [13] considers the same wind turbine farm layout and reference wind turbine.


Figure 4. Power curve of 6 MW reference offshore wind turbine [13].
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Real weather data (available between 1979 and 2009) is considered for this study. More detailed information about the wind speed distribution and the significant wave height as well as the zero-crossing wave period can be seen in [13]. The autocorrelation of wind speed and significant wave height considered in this case study is based on the autocorrelation estimation, taking all 31 years of weather data into account. Figure 5 shows the resulting correlation coefficients for the mean wind speed and the significant wave height. A polynomial function with 7 degrees as well as a two-term exponential function are fitted to the resulting autocorrelation results. The polynomial fit shows better fit for high time horizons whereas for small forecast horizons the difference between the fits is negligible.


Figure 5. Autocorrelation factor dependent on the forecast horizon for the mean wind speed and the significant wave height at the considered location. A polynomial fit with 7 degrees and a two term exponential function are fitted to the data.
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The reference wind turbine in this study is simplified with respect to the number of considered components. Figure 6 shows the main components of which the considered wind turbine consists of. The expected lifetime of the wind turbines is 20 years. Crude Monte Carlo simulations are considered in order to estimate the expected total maintenance costs and repairs during one lifetime. This study considers the following three different maintenance strategies:

	
only corrective maintenance actions;



	
preventive and corrective maintenance actions with a fixed inspection interval of 0.5 years;



	
preventive and corrective maintenance actions based on alarms from a condition monitoring system.







Figure 6. Considered components of the 6 MW reference wind turbine for maintenance study. LSS: low speed shaft; and HSS: high speed shaft [13].
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Reference [13] considers the same maintenance strategies for a maintenance study of casted components mounted on the drive train of the 6 MW reference wind turbine. Failures at a wind turbine can have different severity levels. There are minor failures, which contain failures of electrical and mechanical components and can be replaced on the site by either exchanging a sub-component or simply repair the broken part. However, also major failures which may lead to total or partial collapse of the wind turbine as well as secondary damages may occur. For these severe damages of large structural parts like the tower or the foundation, large transportation vessels and jack-up crane vessels may be needed. This study only considers minor failures. It is assumed that the electricity feed-in tariff is equal to 0.08 €/KWh, which is according to [36] a common value for fixed feed-in tariffs for offshore wind turbine farms.



5.1. Considered Failure Data


This section describes the considered failure rates as well as damage parameters used in the damage model presented in Section 4. Recent studies show annual failure rates of offshore wind turbines in the range between 6 and 9.5 failures per year: [3]: 9.5 failures/year/turbine; [31]: 8 failures/year/turbine (without major repairs) and [37]: 6 failures/year/turbine. In this study for calibrating the damage model and the software/electrical failure rates an overall annual failure rate of 9 incidents per year is considered.



Mechanical failures in this study are modeled using the model proposed in Section 4.1. The mechanical damage model parameters mean value of C (damage coefficient) and [image: there is no content] (proportionality factor) are calibrated by using available annual failure rates of these mechanical components, which are considered in [13] and originally taken from [3,27,31]. Table 2 shows the considered damage values for different mechanical components. The stochastic parameters C and [image: there is no content] are assumed to be Lognormal distributed [7]. The damage exponent m and the geometry factor [image: there is no content] are considered in this case study as deterministic values [13]. It is assumed that all mechanical components have an initial damage, [image: there is no content], which is assumed to be exponentially distributed with mean value equal to 0.02 and a coefficient of variation of 0.02, as considered in the studies performed by [7] and [13].



Table 2. Considered damage parameters for different mechanical components of a wind turbine. Taken from [13]. Dam.: damage; exp.: exponent; Geom.: geometry; and COV: coefficient of variation.







	
Component

	
Dam. Exp.

	
Geom. Factor

	
Dam. Coefficient C

	
Proportionality Factor [image: there is no content]




	
m

	
[image: there is no content]

	
Mean

	
COV

	
Mean

	
COV






	
Rotor system

	
2

	
1

	
1.16 × 10−9

	
0.2

	
9.2

	
0.1




	
Blade adjustment

	
2.38 × 10−9

	
10




	
Gearbox

	
1.65 × 10−9

	
8.6




	
Generator

	
2.16 × 10−9

	
6




	
HSS

	
1.07 × 10−9

	
3




	
LSS

	
1.05 × 10−9

	
2.7




	
Yaw system

	

	

	
1.57 × 10−9

	

	
8.2

	










Failure of electrical components as well as software failure are modeled based based on failure rates, as explained in Section 4.2. Table 3 shows the considered failure rates taken from [13] for software problems and failure of electrical components mounted at the reference offshore wind turbine.



Table 3. Considered failure rates taken from [13] for failures of electrical components and software.







	
Description

	
Mean Annual Failure Rates [image: there is no content]

	
Failure Type






	
Generator

	
1.092

	
electrical/software




	
Generator lead

	
0.847

	
electrical




	
Control and protection system turbine

	
1.569

	
electrical/software




	
Transformer station

	
0.147

	
electrical










Due to the fact that the considered simplified wind turbine model as shown in Figure 6 does not cover all components, the estimated failure rates considered in [13] are adapted from the original failure rate sources [3,27,31] such that the sum of considered failure rates reach 9 failures per year.



If an electrical or mechanical component fails, a technician crew needs to access the wind turbine in order to fix the problem. When a software failure occurs, it is assumed that the technicians can access the software online and by updating or restarting the controller the problem can be solved.




5.2. Parameters for Inspection and Maintenance Modeling


Inspections are performed to identify future failures of mechanical components by detecting cracks. Inspections are modeled with so-called [image: there is no content] curves (see Equation (9)). The considered [image: there is no content] curve parameters, which are taken from [13], are shown in Table 4.



Table 4. Considered probability of detection ([image: there is no content]) values for inspection of mechanical components as well as parameters for preventive maintenance actions. Data taken from [13].







	
Symbol

	
Meaning

	
Mean

	
COV

	
Distribution






	
[image: there is no content]

	
Maximum probability of detection

	
1

	
-

	
Deterministic




	
[image: there is no content]

	
Expected smallest detectable damage

	
0.4

	
0.1

	
Normal




	
[image: there is no content]

	
Minimal damage for reparation/replacement

	
0.3

	
-

	
Deterministic




	
[image: there is no content]

	
Damage threshold for alarm of condition monitoring system

	
0.8

	
-

	
Deterministic










It is assumed in this study that the [image: there is no content] curve is the same for all mechanical components during the inspection as the same crew is inspecting the different mechanical components as well as the same inspection method is used for all mechanical components. In this example visual inspection is considered to be performed. The smallest detectable damage, [image: there is no content], represents human errors and measurement uncertainties. Therefore, [image: there is no content] is modeled as stochastic variable which is Normal distributed with a coefficient of variation (COV) equal to 0.1 [7]. It needs to be mentioned that when modeling other inspection methods, the smallest detectable damage, [image: there is no content] needs to be adjusted. The decision rule for repair given a detection of a crack, which is represented by [image: there is no content], as well as parameters of the [image: there is no content] curve are assumed to stay constant over the whole lifetime.



More details about the chosen inspection and maintenance parameters are given in [13].




5.3. Considered Costs


Failure of mechanical and electrical components make access to the wind turbine necessary. The total repair costs for a corrective repair of electrical and mechanical components consist of the transportation cost, the costs for working hours on the site as well as the cost for the material (new component or repaired component) and the downtime of the wind turbine leading to lost production including the waiting time due to bad weather conditions. Transportation costs can be shared when several components can be repaired with the same journey. Preventive replacements are performed during inspections. When performing inspections, the overall inspection costs consist of the transportation costs, the actual downtime (lost electricity production) while inspection is ongoing as well as the repair costs when a crack is detected.



Table 5 shows the expected material costs for the different mechanical and electrical components for repairing a failure. The cost data for a 6 MW offshore wind turbine presented in Table 5 is already considered in [13].



Table 5. Expected material and repair costs for different electrical and mechanical components of a 6 MW offshore wind turbine. Data taken from [13].







	
Description

	
Component Type

	
Expected Repair Costs (€)






	
Rotor system

	
mechanical

	
4250




	
Blade adjustment

	
mechanical

	
4770




	
Gearbox

	
mechanical

	
5000




	
Generator

	
mechanical/electrical

	
7000




	
Generator lead/cables

	
electrical

	
9860




	
HSS part

	
mechanical

	
6530




	
LSS part

	
mechanical

	
6530




	
Yaw system

	
mechanical

	
8380




	
Control and protection system turbine

	
electrical

	
4400




	
Transformer station

	
electrical

	
14,520










Table 6 shows the number of days needed on the device for different failures. This study only considers full days for repair since equipment (e.g., boat and technicians) is often rented on a daily basis. This means the stochastic variable [image: there is no content] can only get integer values and no lower values than 1. The mean value of [image: there is no content] (see Equation (5)) is in this case study assumed to be 1. If the weather allows it, repairs are able to be started the following day after failure occurrence at 6:00 in the morning.



Table 6. Stochastic model [image: there is no content] representing the repair durations (in days) on the device for different mechanical and electrical failures. Data is adapted from [7,13,31,38].







	
Description

	
Days Needed on Site for 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 are assumed to be solved by restarting the machine or installing a software update. This means that software failures can be solved relatively quickly compared with failures of electrical or mechanical components. The costs which result from software repairs are the labor costs needed to analyze the problem and restart the machine. In this case study, it is assumed that a wind turbine with a software failure can resume service after one working day [13], after two specialists were working on fixing the software problem.



Table 7 shows the considered transportation and inspection costs. These cost assumptions are taken from [13]. An interest rate of 5% is considered in this study, as also considered in other studies performed by [7,13,37].



Table 7. Inspection and transportation costs as well as considered interest rate. Taken from [13].







	
Description

	
Costs (€)

	
Rate (%)






	
Labor costs per day

	
3600€

	
-




	
Inspection (material) costs per component

	
1000€

	
-




	
Transportation cost by boat

	
5000€

	
-




	
Transportation cost by helicopter

	
10,000€

	
-




	
Interest rate r

	
-

	
5%










When the weather conditions are too bad to fly or sail to the broken wind turbines, the cost of waiting is represented by lost electricity production. No additional costs (e.g., waiting fees) are considered in this study when the boat or the helicopter needs to wait due to bad weather conditions. Furthermore, it is assumed that the boat as well as the helicopter are always available and the daily hiring costs are constant over the whole lifetime. Inspections are always performed by boat. The same cost assumptions as presented in this section have been considered in the case study presented in [13] where more detailed information about cost assumptions can be found.




5.4. Considered Operational Range of Boat/Helicopter


Transportation to the wind turbines is either done by boat or helicopter. According to [13] is access by boat mainly limited by the wave height (given a limitation of significant wave height) and the maneuverability of the helicopter as well as safe lowering of personnel and material is limited by the wind speed. Reference [39] highlights that the comfort during transportation on the water is affected by the waves. High waves have the risk that the technicians suffer from sea sickness. The common limitations (boat: [7,13,37]; helicopter: [7,13,40]) for boat and helicopter operations are the following:


Boat:maximumsignificantheight1.5mHelicopter:maximummeanwindspeed20m/s











Accessibility is not only limited by the significant wave height and the wind speed, respectively. However, also other factors like humidity and temperature leading to limited visibility due to fog or wind directions as well as wave periods may limit the access. This effect of having multiple reasons for access limitations is studied in the results when adding accessibility uncertainties. Furthermore, the above mentioned access limitations are not strict but depend on the pilot and captain’s skills and risk taking.





6. Results


The impact on the total maintenance expenses of the following uncertainties, which represent uncertainty group 2 in Figure 1, are considered in this section when optimizing maintenance planning using a risk-based approach:

	
weather forecast;



	
assumed repair time on site;



	
operational range of helicopter/boat.








The aforementioned uncertainties are first considered individually and then combined in order to estimate common effects. For all performed simulations also uncertainties from group 1 like uncertainty of the damage model as well as the inspection quality (see Section 4.1) are considered.



6.1. Sensitivity of Weather Forecast


In order to assess the impact of weather forecast uncertainties, the model presented in Section 3.1 together with the fitted autocorrelation factor shown in Section 5 is considered. Figure 7 shows the impact of considering weather forecast uncertainty on the total maintenance expenses for different maintenance strategies (corrective/preventive) when following a risk-based transportation strategy. Imperfect knowledge about the weather conditions in the future mainly impacts the amount of lost electricity production due to longer down times of the broken wind turbines. The largest increase in total maintenance costs when considering weather forecast uncertainty happens following a corrective maintenance strategy. Then, the total maintenance costs are roughly 1.74 times higher than without taking weather forecast uncertainties into account. For preventive maintenance strategies, the increase is 56% for regular inspections and 35% when using a condition monitoring system.


Figure 7. Impact of weather forecast uncertainty on total maintenance expenses of the considered wind turbine farm during a lifetime of 20 years. WF: weather forecast; unc.: uncertainty; CM: condition monitoring; and regular: regular inspections every year.



[image: Energies 10 00505 g007]






Table 8 gives a more detailed overview about important key parameters like availability or ratio of maintenance expenses of the electricity prize as well as the COV of the expected total maintenance expenses shown in Figure 7. When considering no weather forecast uncertainty, the availability of the considered offshore wind turbines is in the range of 90%–93% whereas this value decreases to 74%–83% when taking weather uncertainties into account. Also the operation and maintenance expenses increase from 0.012–0.016 €/KWh to 0.017–0.034 €/KWh when considering weather uncertainties. On the other hand, the COV values reach between 0.21 and 0.25 when assuming imperfect weather forecast compared with COV values between 0.06 and 0.07 when perfect weather forecast is assumed.



Table 8. Expected values for availability (time- and power-based), total maintenance expenses in €/KWh and in percentages of the electricity prize (=0.08 €/KWh) as well as the COV of the expected costs in Figure 7.







	
Maintenance Strategy

	
Corrective

	
Preventive (Regular)

	
Preventive (CM)




	
Weather Forecast

	
Perfect

	
Imperfect

	
Perfect

	
Imperfect

	
Perfect

	
Imperfect






	
Availability (time-based)

	
0.916

	
0.761

	
0.930

	
0.834

	
0.920

	
0.870




	
Availability (power-based)

	
0.903

	
0.744

	
0.922

	
0.823

	
0.925

	
0.871




	
O&M expenses/KWh (€/KWh)

	
0.016

	
0.034

	
0.014

	
0.023

	
0.012

	
0.017




	
O&M expenses/KWh (%)

	
20.5

	
42.3

	
16.7

	
29.3

	
14.9

	
21.3




	
COV total maintenance expenses (-)

	
0.063

	
0.211

	
0.065

	
0.243

	
0.068

	
0.246










Furthermore, the sensitivity of the quality of the weather forecast is analyzed by adapting the weather forecast uncertainty. Figure 8 shows the impact of weather forecast uncertainty on the total expected maintenance costs for the whole wind turbine farm during a lifetime of 20 years. Bad weather forecast represents forecasts with a 20% larger uncertainty than the uncertainty shown in Table 1, which corresponds to the normal weather forecast case. A good weather forecast assumes a 20% lower uncertain than the normal weather forecast. The total maintenance expenses decrease, as expected, when increasing the weather forecast accuracy, and the overall maintenance expenses are very sensitive on the weather forecast uncertainty.


Figure 8. Impact of weather forecast quality on total maintenance expenses of the considered wind turbine farm during a lifetime of 20 years. Bad weather forecast based on 120% uncertainties of the normal weather forecast and good weather forecast is equal to 80% of normal weather forecast uncertainties.
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6.2. Sensitivity of Assumed Operational Range of Boat/Helicopter


Figure 9 shows the impact of operational range limits by boat and helicopter on the total expected maintenance expenses for different maintenance strategies. The operational range uncertainty is, according to Equation (5), represented by a Normal distributed parameter [image: there is no content]. Its standard deviation [image: there is no content] is adapted between 0.02 and 0.1 in this study. The total expected maintenance expenses only slightly increase when increasing the standard deviation [image: there is no content]. The increased maintenance expenses result from operations where no access to the device was possible and the boat or helicopter had to travel back to the harbor without performing the repair. This leads to longer waiting times as well as another attempt to access the wind turbine is necessary.


Figure 9. Impact of [image: there is no content] value (models access uncertainty based on uncertain operational range of helicopter and boat) on total maintenance expenses of the considered wind turbine farm during a lifetime of 20 years.
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6.3. Sensitivity of Time to Repair on Site


This section investigates the impact of the uncertainty about the repair time needed on site considered for the risk-based decision-making. The uncertainty model presented in Section 3.2 is considered for modeling the repair time uncertainty.



Figure 10 shows the expected total maintenance costs of the considered reference wind turbine farm over a lifetime of 20 years dependent on the uncertainty level of the repair time used on the site to repair the broken components. Different uncertainty levels of the needed repair time on site is represented by different repair time uncertainty standard deviations, [image: there is no content]. It can be seen that there is no significant change on maintenance expenses when changing the uncertainty level of the repair time. The maintenance costs are the same for different [image: there is no content] values as without considering any repair time uncertainty.


Figure 10. Impact of [image: there is no content] value (models repair time uncertainty on the site) on total maintenance expenses of the considered wind turbine farm during a lifetime of 20 years.
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6.4. Sensitivity of Combination of the Different Uncertainty Sources


Figure 11 shows the resulting maintenance costs over a lifetime of 20 years when considering all afore-mentioned uncertainties related with risk-based maintenance planning. Reference [41] considered an envelope of ±20% for downtime uncertainties. When assuming that [image: there is no content] represents the whole sample space, this leads to a standard deviation of roughly 0.07, which is considered the value considered for [image: there is no content] in Figure 11. The standard deviation, [image: there is no content], is chosen to be 0.05. The maintenance expenses are increasing when considering uncertainties related to weather forecast, repair time on site as well as the access uncertainty of the boat and the helicopter. The main reason for increased maintenance expenses is due to longer waiting time, which leads to larger loss of electricity production costs.


Figure 11. Impact of all uncertainty sources [image: there is no content] value (models repair time uncertainty on the site) on total maintenance expenses of the considered wind turbine farm during a lifetime of 20 years. [image: there is no content]: 0.05; [image: there is no content]: 0.07.
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Table 9 shows the availability, maintenance expenses per produced KWh of electricity and coefficient of variation of expected maintenance costs as ratio between the case where uncertainties related with risk-based maintenance planning are considered and the case without any risk-based decision related uncertainties taken into consideration. The expected maintenance costs increase by 72% to 138% when taking uncertainties related with risk-based decision-making into consideration. The availability decreases between 11% to 32% when including risk-based maintenance planning uncertainties. The fluctuation of total maintenance expenses among different simulations are increased by roughly a factor of 3 to 4. When using a condition monitoring system, the effects on maintenance costs, availability reduction, and maintenance cost fluctuations are lowest compared with regular preventive and corrective maintenance strategies.



Table 9. Total maintenance expenses, availability, O&M expenses per produced KWh and COV of expected maintenance costs ratio between simulations with and without uncertainty (weather forecast, repair time and operational range of boat/helicopter) consideration. reg.: regular.







	
Description

	
Maintenance Strategy




	
Corrective

	
Preventive (Reg.)

	
Preventive (CM)






	
Total maintenance expenses ratio

	
2.309

	
2.378

	
1.721




	
Availability ratio (time-based)

	
0.690

	
0.746

	
0.884




	
Availability ratio (power-based)

	
0.681

	
0.734

	
0.878




	
O&M expenses/KWh ratio

	
3.231

	
3.132

	
1.935




	
COV total maintenance expenses ratio

	
3.006

	
3.346

	
3.712










The previously mentioned differences are large and show the importance of considering uncertainties related to risk-based decision-making for maintenance planning of offshore wind turbine farms. The study presented in [15] where uncertainties on the weather forecast and repair time are summarized in one stochastic variable shows that the lost production is increased by 100% to 150% when following a corrective maintenance strategy compared with deterministic values for repair time on the site and weather forecasts. Additionally, the availability decreased by roughly 35%–45% when considering repair time uncertainties and weather model uncertainties. The presented numbers in [15] are in accordance with the results presented in Figure 11 and Table 9.





7. Conclusions


Many research publications show that risk-based maintenance planning makes it possible to decrease the overall maintenance expenses for an offshore wind turbine farm. However, risk-based optimal maintenance planning needs a lot of knowledge about input parameters, which often are not completely known. This incomplete knowledge is a potential risk for taking the wrong decision based on wrong input parameters and not including all uncertainties related to it. The problem to be answered in this paper is related to the resulting maintenance costs when not having complete knowledge about all input parameters needed to find the maintenance strategy leading to the lowest overall maintenance costs following risk-based maintenance planning.



A case study is considered assuming a wind turbine farm with ten 6 MW wind turbines placed 30 km off the Danish North Sea shore. Sensitivity studies on uncertainties related with weather forecasts, incomplete knowledge about the time needed on site to repair the broken component as well as the uncertain threshold limiting accessing the wind turbine by boat or helicopter used for risk-based maintenance planning approaches are performed in the case study. The considered uncertainty levels considered in the case study are estimated from former studies studies (damage model uncertainty, inspection modeling uncertainty and repair time on the site uncertainty), estimated based on data (weather forecast uncertainty) or an uncertainty range is defined by the authors (operational range of boat/helicopter). Furthermore, different maintenance strategies like corrective or preventive (scheduled and condition-based) are considered and the overall expected maintenance costs are estimated based on Crude Monte Carlo simulations.



The study showed that the uncertainty about weather forecast can drastically increase the costs for maintenance expenses, and therefore accurate and reliable weather forecasts are of great importance. The uncertainty about the repair time on the site has no influence on the expected total maintenance costs, and the expected total maintenance expenses only increase slightly when increasing the level of access uncertainty. When considering all three uncertainty sources related to risk-based maintenance planning, the total expected maintenance expenses increase between 72% to 138% for the considered reference wind turbine park. The main reason for increased maintenance cost is mainly due to longer waiting times. The availability is decreasing between 11% to 32% when considering the afore-mentioned uncertainties compared with no risk-based decision-making uncertainty consideration. The lowest impact on cost increase and availability decrease is reached when using a condition monitoring system to detect possible failures. The largest overall cost increase when adding uncertainties happens when following a corrective maintenance strategy.



The presented costs and cost-saving potentials among different maintenance strategies is, among others, site-dependent as well as wind turbine (farm) dependent. A next step for improving the considered simulation tool could be to implement learning curves and improvements in decision theory during the lifetime. These improvements will most probably decrease the total maintenance costs. Therefore, the presented costs are only valid for the assumptions made in the case study and are expected to be different for other wind turbine farms.
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