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1 EXECUTIVE SUMMARY 
 

Operational expenditures (OPEX), the costs for the operation phase of the wind farm, greatly influence 

the levelized costs of energy (LCOE), which reflect the arising costs for transforming one form of energy 

into another.  

This feasibility study analyses the effect of turbine control on the wind turbine reliability and calculates 

the OPEX by providing a large O&M cost model analysis for an on- and offshore scenario. On the 

example of the wake steering control technology, the analysis reveals the downtime, availability and 

resulting costs over the lifetime of the wind farm and ensures sufficient reference to reality by 

respecting the site-specific environmental conditions in the calculation of the weather windows.    

The OPEX analysis focusses primarily on the offshore case scenario for which a detailed cost study was 

performed as well as a sensitivity analysis of the variable parameters of the study. For the onshore 

case scenario a rough cost estimation was made, which is based on the findings of the offshore case. 

Challenges and differences between the onshore and the offshore case are discussed as well as the 

effect of different maintenance strategies (corrective and predictive) on the economic outcome. The 

objective is not a complete cost assessment for a real wind farm project but rather to provide 

adequately realistic and coherent cost estimates to identify the influence the wake steering control 

has on the operation and maintenance (O&M) phase of the wind farm. This deliverable presents the 

attempt to link the wind turbine reliability figures to the fatigue loads of individual components and to 

reflect the impact of the controller on the failure rates. This presents a valuable contribution to 

research as this field is still relatively untouched.  

The table below summarises the results for the on- and offshore case scenarios: 

 

Table 1: Summary of the OPEX and Availability results 

  OPEX* 

[M€/lifetime] 

Energy Production 

[GWh] 

Availability [%] 

O
ff

sh
o

re
 

Baseline (w/o controller) 1046.4 113556 80.64 

With Wake steering control 1049.5 114448 80.86 

O
n

sh
o

re
 

Baseline (w/o controller) 780 61690 84.74 

With Wake steering control 790.8 62621.5 85.49 

*For these numbers the net-present value approach was not considered.  
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The results show that the impact of the active wake steering control on the wind farm availability is 

almost negligible. The availability is primarily influenced by other factors like downtimes cause through 

waiting times for adequate weather windows offshore. The results show further, that with the installed 

controller technology the OPEX as well as the energy production increase. The calculation of the 

revenue due to power production gains demonstrates that the additional OPEX which is caused by 

increased maintenance activity is exceeded. This leads to the conclusion that the yaw-controller is 

economically viable.   
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2 INTRODUCTION 

The goal of this deliverable is to evaluate the economic feasibility of wind farm control technologies. 

For the study the wake steering control concept has been chosen to compare maintenance scenarios 

without and with such a controller installed, as recent results indicated that this is the most promising 

technology. In order to quantify the impact of the controller on the wind farm availability and the OPEX 

(definitions see section 2.1), an O&M tool has been developed and simulations have been run which 

have been analysed and evaluated afterwards. In this chapter definitions, the state of the art and 

theoretical background of maintenance strategies and operation and maintenance (O&M) simulation 

tools for offshore wind farms are given. 

 

2.1 KPIs 

The results from the cost modelling simulations presented in this report are analysed and evaluated 

according to different key performance indicators (KPI). The chosen KPIs are the availability, the 

energy production and OPEX of the wind farm. While the understanding of the energy production of 

the wind farm as the sum of the produced energy of the individual wind turbines over the lifetime, is 

clear, the definition of the wind farm availability and the OPEX costs are elaborated further in the 

following subchapters, to clarify their meaning within this deliverable. 

 

2.1.1  Wind Farm Availability 

The term “availability” is used in the wind industry as which helps to measure the potential for a wind 

turbine or wind farm to generate electrical power (DNVGL-ST-0437-2019, 2016). It can be distinguished 

between the turbine, balance of plant and grid availability. In this deliverable it is always referred to 

the turbine time-based availability, which is defined as the percentage of the lifetime in which the 

turbine is available and can produce energy. Any downtimes which have their cause in non-turbine 

reasons (e.g. grid outages) are not accounted for in the availability-value. It is mainly influenced by 

turbine component faults, maintenance efficiency and the weather window for maintenance. 

 

2.1.2 OPEX, CAPEX and LCOE 

The full lifetime costs of a wind farm can be divided into the capital expenditure (CAPEX) and 

operational expenditure (OPEX). The CAPEX includes, among other things, the costs of the turbine and 

support structure fabrication and installation and the electrical infrastructure. It summarises all the 

investment costs of the wind farm. The OPEX includes the running costs during the operation phase of 
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the wind farm. It refers to all costs associated with maintenance activities, like vessel, personnel and 

material costs. It can also include assurances and rental costs.  

The cost model which is introduced in this report calculates the OPEX costs but does not account for 

assurance and rental costs. A detailed overview of the parameters used in the calculation can be found 

in chapter 3. With the CAPEX and the OPEX the levelized cost of energy (LCOE) can be calculated, which 

serves as a measurement value to compare different energy sources. It is calculated as the factor of 

the sum of the investment and operation costs and the total energy output of the wind farm over the 

lifetime. 

𝐿𝐶𝑂𝐸 =  
𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋

𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 ∙ 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑃𝑟𝑖𝑐𝑒
 (2-1) 

 

2.2 State of the Art of Maintenance Strategies 

The wind industry has grown up significantly over the past decade and onshore wind is now among 

the most competitive energy sources globally, (Global Onshore Wind Power Systems Market 2019-

2023). Actual O&M costs from commissioned projects are not widely available. Even where data is 

available, care must be taken in extrapolating historical O&M costs given the dramatic changes in wind 

turbine technology that have occurred over the last two decades. Moreover, annual average O&M 

costs of wind power systems have declined substantially since 1980. The cost of operating and 

maintaining onshore wind farms in Europe is significant. According to the European Wind Energy 

Association (Greensolver, 2017), O&M costs account for around 20% of the levelized cost of energy 

(LCOE) for onshore wind farms. As such, any measures that can be taken to reduce this cost directly 

translate into improved returns for investors. Offshore wind farms attract higher O&M costs in 

comparison to onshore wind farms due to higher turbine maintenance, high logistic costs, and higher 

technician costs because of a more limited number of specialized service companies and additional 

offshore trainings of the personnel. 

Another important consideration for wind energy is the fact that O&M costs are not evenly distributed 

over time. They tend to increase the longer the wind farm is operated. This is due to an increasing 

probability of component failures over time and to being outside the manufacturer’s warranty period 

when a failure occurs at a later stage. Although the data to support this hypothesis are not widely 

available, data suggest that this could be correct, (Greensolver, 2017).  

Asset owners are increasingly seeking cost reductions and value creation by further increasing the life 

of the turbine and decreasing the cost in operation and maintenance (O&M). Competition for O&M is 

rife and for asset owners there are more options than ever before. OEMs (original equipment 

manufacturer or wind turbine manufacturer) now compete with Independent Service Providers (ISP) 
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and former clients who make use of O&M services in-house. Large utilities are following this strategy. 

They are backing their in-house expertise in the hope of bringing down costs and increasing the 

performance of their wind assets. 

The norm across Europe for financial investors, IPPs (independent power producer) and utilities is to 

contract with the turbine OEM to undertake maintenance for the turbines and for third party 

maintenance contractors to maintain other components such as the substation. This is primarily 

because OEMs have direct access to spare components, meaning repairs and replacements can be 

done much more rapidly than an independent maintenance provider. In many cases, banks financing 

construction of on- and offshore wind farms will require multi-year maintenance contracts with OEMs 

as they perceive this to be the least risky maintenance strategy. Furthermore, owners of onshore wind 

farms have few alternative options to a full-service contract to an OEM. Alternative options to close 

contracts with ISPs or to do in-house O&M are emerging but are still not widespread.  

Aside from access to spare parts, another obstacle to the emergence of third-party maintenance 

providers is the sheer complexity of new turbines coming to market, meaning a much higher level of 

technical expertise is required than five years ago to maintain turbines. For this reason, it is likely that 

any successful independent maintenance provider will have to have expertise in specific turbine 

models. 

OEMs are also increasing the length of maintenance service agreements in order to lock in long-term 

service revenue. The average length of service agreements in publicly announced turbine orders in 

2012 was around twelve years in Latin America, eleven years in Europe and just over nine years in 

Africa. This compares to a global average service length of just over two years in 2009. 

The capabilities and expertise needed to effectively undertake wind farm operations and maintenance 

are very different from one another. Therefore, the companies keep the two functions separate now. 

In addition, separating these responsibilities creates clear incentives to ensure that O&M is done 

effectively while also creating greater transparency.  

There is a wide divergence of strategies for operating onshore wind farms in Europe. Utilities and large 

IPPs have big teams with a deep experience of operating power plants, so will typically supervise and 

manage the technical, commercial and financial operations internally while overseeing the work of 

maintenance contractors. At the other end of the spectrum are financial investors and smaller IPPs 

that typically lack the skills and capabilities to operate wind farms. These investors will therefore 

usually outsource operations to an external service provider. The investment strategy of investors and 

developers also influences the decision to externalize operations. Investors intending to sell assets 

once operating or only hold assets for a few years are less likely to make the significant investment 

required to establish sufficient internal operations expertise if the benefits are only going to be reaped 

for a few years. For investors with a buy and hold strategy, internalising operations is a much more 
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compelling proposition. The primary advantage of internalising wind farm operations is that it enables 

asset owners to obtain a much deeper understanding of the performance of their assets. Service has 

the obligation to report if there has been a failure, what caused that failure and explain how it has 

been resolved. However, to ensure that no relevant information is lost in the process and to really 

understand the asset and optimize the asset the wind park owner needs to operate it himself or work 

very closely with the service provider. 

In Figure 1 the evolution of the different O&M strategies that may be used is reported with the 

corresponding trend. As it can be seen the tendency is to increase the level of in-house services in 

order to increase the management of the assets and leverage the costs down. Where in house means 

that the wind farm owner takes directly care of the O&M. 

  

 

Figure 1: Trend of the maintenance service distribution. “Past” refers to prior 2016 while “Future” refers to 
2017-2020. (Bloomberg New Energy Finance, 2016) 

 

2.2.1 Maintenance Classification 

In order to reduce OPEX the correct choice of O&M strategy is a crucial step. Figure 2 shows different 

types of maintenance strategies that can be used. The umbrella term “maintenance” can be 

distinguished into preventive and corrective maintenance. Preventive maintenance is defined by the 

European Standard (13306-02, 2018) as maintenance that is carried out according to scheduled 

intervals or on the basis of fixed criteria, and which has the purpose of reducing the probability of 

faults or decreased function. The corrective maintenance is described as maintenance that is carried 
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out after a fault or failure has occurred, with the purpose of bringing the equipment to a condition 

level that will enable it to perform a required function.  

Both maintenance types can be divided into further subcategories. From this follows that preventive 

maintenance is subdivided into predetermined and condition-based maintenance and corrective 

maintenance encloses deferred and immediate maintenance. Predetermined maintenance, also 

referred to as scheduled maintenance, is conducted without prior condition survey and in accordance 

with scheduled intervals or number of units used. Condition-based maintenance requires the 

observation of the system and is scheduled based on the results of the measured parameters. The 

immediate maintenance is carried out right after the fault has occurred in order to avoid failure or to 

keep the downtime to a minimum. The last type of deferred maintenance describes the corrective 

maintenance which is not carried out immediately after a fault has occurred but is deferred in 

accordance to the existing maintenance plan, such that the corrective maintenance is conducted 

during the next scheduled inspection. Preventive maintenance aims for minimising breakdowns. 

However, it can lead to unnecessary downtimes (production loss during inspection), costs for spare 

parts and opportunity costs. Therefore, condition-based maintenance is applied if enough data of the 

state of the component is available to judge its condition.   

 

 

Figure 2: Maintenance strategies based on (13306-02, 2018)  

 

2.2.2 Predictive maintenance 

In contrast to the conventional maintenance strategies of running to failure and subsequently 

performing repair (corrective maintenance) or doing preventive maintenance in a predetermined way 

(fixed time interval), condition-based maintenance (predictive maintenance) is based on the 

information collected by a condition monitoring system. New O&M technologies and software have 

come to market in the last five years in the fields of predictive maintenance, data analysis, lifetime 

extension and asset optimization. 

One of these is the use of lidar technology to assess the performance of wind turbines. It can give 

improved wind data which helps to create a more precise power curve and can be used to improve the 
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predictive maintenance, which is based on this data. The lidar system is, however, placed after the 

rotor on the nacelle and consequently affected by the rotor itself. It is therefore important to note that 

those data, show an improvement compared to those collected by the standard equipment 

(anemometer and vane) but are still affected by some uncertainties. Differences from analysis might 

occur when it is applied to a specific site. 

Condition monitoring of technical assets aims at detecting changes in their condition that represent 

deviations from the normal operational behaviour and indicate a developing fault. Condition 

Monitoring (CM) can be realised based on regular inspections, measurements or analyses. In contrast, 

online-CM is implemented using permanently installed monitoring equipment. In case of wind 

turbines, the monitoring of structural components as the support structure or rotor blades is often 

referred to as Structural Health Monitoring (SHM), while systems for monitoring other components, 

like the drivetrain, are usually called Condition Monitoring Systems (CMS). 

Figure 3 illustrates the influence of the different maintenance strategies on the condition of an asset. 

 

 

Figure 3: Comparison of the different maintenance strategies and their influence on the asset condition -
[based on (Lars Damkilde, 2015)] 

While the corrective maintenance strategy has the advantage of fully utilising the component lifetime, 

it is typically afflicted with long downtimes, the risk of secondary damage or even catastrophic failure 

and the fact that maintenance cannot be scheduled. Predetermined preventive maintenance has the 

advantages of being schedulable, of allowing an efficient spare-part management and of a higher 

availability than corrective maintenance. However, the waste of lifetime in cases when components 

could have lasted longer can make it a costly choice. 
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2.3 State of the Art of Maintenance Cost Models  

Optimising O&M strategies and therefore minimising downtimes and cutting costs is a highly relevant 

topic in the industry. Different optimisation approaches are followed in literature which can be divided 

into qualitative and quantitative methods. Quantitative methods are applied by either mathematical 

optimization modelling or an event based stochastic approach. Several simulation models have been 

developed in order to assess different aspects of O&M or O&M as a whole. Qualitative models are not 

considered in this report as they do not allow for quantifying the impact of the controller. 

Hoffmann (Hofmann, 2011) provides a thorough overview of 49 existing simulation models. He 

highlights the Dutch Offshore Wind Energy converter (DOWEC) and the Offshore Wind Energy cost and 

Potential (OWECOP) model. These models were developed by the Energy Research Center of the 

Netherlands (ECN) which also developed the Operation and Cost Estimator (OMCE) model. Next to the 

recent ECN O&M tool (OMCE) (Rademakers, Braam, Obdam, & Pieterman, 2019), the NOWIcob tool 

presented by Hofmann and Sperstad (Hofmann & Sperstad, 2013) is a commonly used O&M model. 

Dinwoodie et al. (Dinwoodie, Endrerud, Hofmann, Martin, & Sperstad, 2015) provide a verification 

process for O&M simulation models and as an example it has been applied to four O&M models 

comprising NOWIcob, University of Stavanger offshore wind simulation model, ECUME model and 

Strathclyde University Centre for Doctoral Training offshore wind OPEX model. 

Bendlin et al. (Bendlin, Hebig, Wolken-Möhlmann, & Marx-Gómez, 2018) categorise several O&M tools 

in regards of the function considering failure, weather, routing, scheduling and economic modules. 

Monte-Carlo methods, Weibull distributions, Markov Chains and Poisson Processes have been 

identified as commonly used approaches. It has been pointed out that only a minority of present tools 

combine probabilistic theories with the expert knowledge of O&M professionals.  

 

2.4 Methodology 

The report is structured as follows. Chapter 3 describes the modules of the O&M cost model and the 

calculation methods it is based on. It further explains the maintenance strategies applied in the study 

and how they were implemented within the cost model. The wake-steering case is presented in 

chapter 4 in which the reference wind farm, environmental conditions and the reference wind turbine 

are introduced. Chapter 5 contains the key element of the deliverable. It describes on the example of 

active wake steering control, how the impact of the controller on the wind turbine components is 

measured and further introduces an approach on how this impact can be transformed into an 

adjustment of the component failure rates and the power production of the wind farm. 

In chapter 6 the simulation scenarios are defined. They include the on-and offshore baseline scenarios 

with the listed input parameters, the scenario with the active wake steering control and a third 
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scenario reflecting over the effects a wind farm redesign due to the inclusion of new control 

technologies would have on the OPEX of the wind farm. The results are presented and discussed in 

chapter 7. The conclusions of the study are given in chapter 8. 
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3 OPERATION AND MAINTENANCE COST MODELING 

This chapter introduces the O&M cost model O3M which is used to analyse and especially quantify the 

impact of controller technologies on wind farm availability and OPEX. Several commercial O&M 

simulation tools are available for this (e.g. Shoreline). However, only pre-set strategies can be 

simulated and no adjustments in the code can be made. Therefore, commercial tools provide not 

enough flexibility to analyse new technology approaches. Consequently, an in-house model has been 

developed which can take both maintenance scenarios into account, turbines without yaw 

misalignment controller and turbines with yaw misalignment controller. Considering different wind 

farm specific inputs, a MATLAB® based simulation tool calculates the availability, cost and revenue of 

the wind farm over its lifetime.  

In the following sections the model and its input data are described more in detail. Subchapter 3.1 

gives an overview of the wind turbine model. This comprises the yield model of the wind turbine, the 

component model and the aspect of reliability modelling. Subchapter 3.2 describes the weather 

forecast model. In 3.3 the required input data for service teams, vessels and spare parts are presented. 

Subchapter 3.4 deals with the economic evaluation of the maintenance scenarios. How the 

maintenance campaigns are organised and implemented is specified in 3.5. It is differentiated between 

planned and unplanned maintenance.  

 

3.1 Wind Turbine Model  

In order to analyse the impact on operation and maintenance of different controller strategies which 

results in varying availability and costs, it is important to simulate the wind turbines in the wind farm 

as accurately as possible. This chapter explains how the wind turbine and its components are 

implemented in the cost model and how the power production is calculated. The theory of the 

implemented yield model of the turbine is described and the implementation of the components is 

explained. Last, the theory of the reliability modelling is presented. 

 

3.1.1 Yield Model 

A wind turbine yield model is used for the calculation of the generated energy of the entire wind farm. 

First, the generated energy of each turbine is determined based on the weather forecast model (see 

chapter 3.2) and the turbine’s power curve. Second, the generation of all turbines is summed up to 

obtain the wind farm’s total energy production. 
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In order to utilise the power curve, the wind speed at hub height is required. Wind data measured by 

a met mast is providing wind speeds at a reference height. This measured data needs to be 

extrapolated to the wind speed at hub height which can then be applied to the power curve. Therefore, 

the power law is utilised: 

𝑈ℎ𝑢𝑏 ℎ𝑒𝑖𝑔ℎ𝑡 =  𝑈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ∙  (
ℎ𝑢𝑏 ℎ𝑒𝑖𝑔ℎ𝑡

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ℎ𝑒𝑖𝑔ℎ𝑡
)

𝛼

 (3-1) 

where 𝑈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  is the wind speed at reference height in 𝑚/𝑠 measured at the met mast. 𝐻𝑢𝑏 ℎ𝑒𝑖𝑔ℎ𝑡 

and 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 are used in 𝑚𝑒𝑡𝑒𝑟𝑠 which is especially important for equation (3-2). The power 

law exponent 𝛼, which has no unit, is given by (Justus, Hargraves, Mikhail, & Graber, 1978): 

𝛼 =  
0.37 − 0.088 ∙ ln(𝑈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)

1 − 0.088 ∙ ln (
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ℎ𝑒𝑖𝑔ℎ𝑡

10 )
 

(3-2) 

Utilising wind speed data at a reference height of 10 meters, simplifies equation (3-2) to: 

𝛼 =  0.37 − 0.088 ∙ ln(𝑈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) (3-3) 

Afterwards, the power is determined as follows: 

𝑃(𝑈ℎ𝑢𝑏 ℎ𝑒𝑖𝑔ℎ𝑡) = {

0,                                          𝑈ℎ𝑢𝑏 ℎ𝑒𝑖𝑔ℎ𝑡 < 𝑈𝑐𝑢𝑡 𝑖𝑛  𝑜𝑟  𝑈ℎ𝑢𝑏 ℎ𝑒𝑖𝑔ℎ𝑡 > 𝑈𝑐𝑢𝑡 𝑜𝑢𝑡 

𝑃1 +  
𝑈ℎ𝑢𝑏 ℎ𝑒𝑖𝑔ℎ𝑡 − 𝑈1

𝑈2 − 𝑈1
∙ (𝑃2 − 𝑃1), 𝑈𝑐𝑢𝑡 𝑖𝑛 ≤ 𝑈ℎ𝑢𝑏 ℎ𝑒𝑖𝑔ℎ𝑡 ≤ 𝑈𝑐𝑢𝑡 𝑜𝑢𝑡

 (3-4) 

where 𝑈𝑐𝑢𝑡 𝑖𝑛 is the cut-in wind speed and 𝑈𝑐𝑢𝑡 𝑜𝑢𝑡 the cut-out wind speed of the turbine. If the wind 

speed is outside the given boundaries 𝑈𝑐𝑢𝑡 𝑖𝑛 and 𝑈𝑐𝑢𝑡 𝑜𝑢𝑡 of the power curve, the wind turbine is not 

producing any power. Within the boundaries, the power at hub height is linearly interpolated for 𝑈1 ≤

𝑈ℎ𝑢𝑏 ℎ𝑒𝑖𝑔ℎ𝑡 ≤ 𝑈2 between 𝑃1 and 𝑃2, where 𝑈1 and 𝑈2 are the next smaller and bigger wind speed 

values of the power curve, and 𝑃1 and 𝑃2 are the respective power outputs.  

Afterwards the energy can be calculated as: 

𝐸 = 𝑃 ∙ 𝑡  (3-5) 

where 𝑡 is the time given in ℎ𝑜𝑢𝑟𝑠. 

Calculating the generated energy as mentioned above, underlies the assumption that the yaw 

controller always yaws into the current wind direction in order to retrieve 100% of the power. 

Furthermore, travel times of the yaw system when adjusting to a new wind direction are neglected in 

this approach as these ones have a minor impact considering the total life time of the wind farm. 
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3.1.2 Component Model 

The wind turbine is modelled as a series connection of specific chosen components in order to reduce 

the complexity of the simulation. A series connection assumes that if one component fails the whole 

turbine is stopped. Therefore, it is crucial to analyse both, the failure rates and downtimes of the wind 

turbine’s components to decide which components are necessary to describe the wind turbine 

accurately. On the one hand, the failure rate has an impact on how often the component fails. If a 

component fails often in comparison to other components, it is important to consider this one. On the 

other hand, there is a category of components which do not fail often, but if they do, they cause long 

downtimes. This needs to be considered in the simulation as well.  

 

3.1.3 Reliability Model 

3.1.3.1 Failure rate distribution types 

Reliability modelling is used to simulate the breakdowns of the different components and different 

failure modes. For each component failure modes are distinguished between minor repairs, major 

repairs and major replacements. In order to simulate downtimes and uptimes, the concept of mean 

time to failure (MTTF) is used which describes the expected mean value that a failure occurs: 

𝑀𝑇𝑇𝐹 = ∫ 𝑡 ∙ 𝑓(𝑡)𝑑𝑡
∞

0

 (3-6) 

where 𝑓(𝑡) is the probability density function (PDF) which gives the relative frequency of failure 

occurrence.  

Different failure distributions are known while the Weibull distribution and the exponential 

distribution are the most common ones used and explained below. 

The Weibull distribution’s PDF is given as: 

𝑓(𝑡) =  
𝛽

𝜂
 (

𝑡 − 𝛾

𝜂
)

𝛽−1

  𝑒
−(

𝑡−𝛾
𝜂

)
𝛽

 
(3-7) 

Where 𝑓(𝑡) ≥ 0, 𝑡 ≥ 0 𝑜𝑟 𝛾, 𝛽 > 0, 𝜂 > 0, −∞ < 𝛾 < ∞ with 𝛽 as the shape parameter, 𝜂 as the scale 

parameter, and 𝛾 as the location parameter. When utilising the Weibull distribution for modelling 

failure rate distributions, the location parameter is often not used. As a consequence, the three-

parameter Weibull distribution is reduced to a two-parameter distribution: 

𝑓(𝑡) =  
𝛽

𝜂
 (

𝑡

𝜂
)

𝛽−1

  𝑒
−(

𝑡
𝜂

)
𝛽

 
(3-8) 



D4.5 - O&M Cost Modelling public 

 

 

Copyright CL-Windcon    Contract No. 727477                                     Page 22  

   

While the scale parameter 𝜂 equals the time in which a defined percentage of failures occur (commonly 

63.2%), the shape parameter 𝛽 determines the period of lifetime in which the component is situated. 

It is distinguished between infant mortality, also called early life, which characterises the early stages 

of lifetime with a decreasing failure rate (𝛽 < 1), useful life in which a constant failure rate is assumed 

(𝛽 = 1), and wear-out phase in the end of a component’s lifetime which is described by an increasing 

failure rate (𝛽 > 1). These different stages and failure types within the lifetime of a component are 

summarised in Figure 4 which shows the wide known concept of the Bathtub curve.  

 

Figure 4: The Bathtub Curve (Reder, 2018). 

For the Weibull distribution the MTTF is given by: 

𝑀𝑇𝑇𝐹 =  𝛾 +  𝜂 ∙  Γ (
1

𝛽
+ 1) (3-9) 

where Γ is the gamma function.  

When neglecting the infant mortality and wear-out phase, the distribution simplifies to an exponential 

distribution. The PDF is defined as: 

𝑓(𝑡) =  𝜆 ∙ 𝑒−𝜆𝑡 (3-10) 

where 𝜆 is the failure rate describing the amount of failures in a given time. As the failure rate is 

assumed to be constant for this distribution type, the MTTF can be easily calculated as: 

𝑀𝑇𝑇𝐹 =  
1

𝜆
 (3-11) 

This simplification makes the exponential distribution the more user friendly one. As failure rate data 

is scarce and the Weibull parameters are not easy to understand, the exponential distribution is chosen 

for simulating the MTTF. This decision allows for both, using existing failure rate data bases for the 

wind turbine and adjusting failure rates based on expert knowledge if needed more easily.  
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3.1.3.2 Reliability model 

The reliability module simulates the occurrence and severity of the failures for each component of the 

turbine. Additionally, the time to failure (TTF) for each occurrence is determined which gives the time 

period until the next failure occurs.  

For each component/subsystem of the turbine it is differentiated in three failure modes: 

- Minor failure: In case of a minor failure the turbine continues working when the failure is 

detected. Only during repair time, the turbine is shut down. 

- Major failure: In case of a major failure the turbine is stopped immediately when the failure 

occurred. It is out of service until the fault is maintained.  

- Replacement: In case of such a severe failure that a replacement is necessary, the turbine is 

shut down from the time the failure occurred until the faulty component is exchanged.  

Based on the arguments from subchapter 3.1.3.1, the TTF corresponding to each failure mode for a 

subsystem 𝑖 is modelled by a distribution of an exponential probability density function: 

𝑓(𝑡) =  𝜆𝑖,𝑚𝑜𝑑𝑒 exp(−𝜆𝑖,𝑚𝑜𝑑𝑒𝑡) (3-12) 

where  𝜆𝑖,𝑚𝑜𝑑𝑒 is the failure rate for subsystem 𝑖 with a particular failure mode (e.g. minor, major or 

replacement). Based on equation (3-12) the cumulative density function (CDF) of the time to failure, 

which is also the probability of failure (PoF) of the respective subsystem and mode, can be derived: 

𝐹(𝑡) = PoF𝑖,𝑚𝑜𝑑𝑒 = 1 − exp (−𝜆𝑖,𝑚𝑜𝑑𝑒𝑡) (3-13) 

Assuming a serialised system for the failure modes, the failure rate of subsystem 𝑖 can be calculated 

as follows: 

𝜆𝑖 = 𝜆𝑖,𝑚𝑖𝑛𝑜𝑟 + 𝜆𝑖,𝑚𝑎𝑗𝑜𝑟 + 𝜆𝑖,𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 (3-14) 

Therefore, the probability of failure of subsystem 𝑖 can be calculated as: 

𝐹(𝑡) = PoF𝑖 = 1 − exp(−𝜆𝑖𝑡) (3-15) 

The occurrence of a specific failure mode for a specific subsystem is determined by simulating the time 

to failure of all the subsystems under consideration of equation (3-15) and a uniform random number 

for 𝐹(𝑡). The next faulty subsystem is the one with the lowest time to failure. After determining the 

faulty subsystem, the described procedure is repeated using equation (3-13) to find the failure mode 

of the respective subsystem. Afterwards, based on the specific subsystem, the respective generated 

TTF is used to simulate the time until the next failure occurs.  



D4.5 - O&M Cost Modelling public 

 

 

Copyright CL-Windcon    Contract No. 727477                                     Page 24  

   

3.2 Weather Forecast Model 

According to Bendlin et al. (Bendlin, Hebig, Wolken-Möhlmann, & Marx-Gómez, 2018) different 

approaches are followed simulating weather in recent O&M tools. While Weibull distributions and 

Markov Chains are the most common ones, also Monte Carlo simulations, weather windows or 

regression models are used.  

As Markov Chains allow for modelling probabilities of future states taking the immediate predecessor 

into account, this approach is followed and explained hereafter as it is important to have consistent 

time series in order to check for suitable weather windows in case of necessary maintenance work (see 

chapter 3.5 below). Discrete Markov Chains are used to simulate the weather conditions including 

wave height, wind speed and wind direction based on historical data.  

For the simulation the historical data needs to be discretised for the wind speed, wind direction and 

wave height in order to achieve a finite number of values for each variable. Additionally, the 

probabilities of changing from one state into any of the other states including the probability of staying 

in the same state need to be determined for the discretised wave heights (see also chapter 4.1.1). 

These can be summarised in a matrix of probabilities, called Markov Matrix (eq. (3-16)). 

𝑃(𝑤𝑎𝑣𝑒 ℎ𝑒𝑖𝑔ℎ𝑡)𝑚 =  (

𝑝11 ⋯ 𝑝1𝑛

⋮ ⋱ ⋮
𝑝𝑛1 ⋯ 𝑝𝑛𝑛

) 
(3-16) 

where 𝑝𝑖𝑗  is the probability that wave height state 𝑖 is followed by wave height state 𝑗: 

𝑝𝑖𝑗 =  
𝑛𝑖𝑗

𝑁𝑖
 (3-17) 

where 𝑛𝑖𝑗  is the number of transitions from wave height state 𝑖 to wave height state 𝑗, and 𝑁𝑖  is the 

total number of times wave height state 𝑖 appears.  

Additionally, 𝑚 is indicating the month of the year as the probability matrix is determined for each 

month within the year in order to take care of seasonal changes in the weather pattern.  

A similar procedure has been applied to obtain the probability matrices for wind speed and direction: 

𝑃′(𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑)𝑚 =  (

𝑝′
11 ⋯ 𝑝′

1𝑛

⋮ ⋱ ⋮
𝑝′

𝑛1 ⋯ 𝑝′
𝑛𝑛

) 
(3-18) 

and 

𝑃′′(𝑤𝑖𝑛𝑑 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛)𝑚 =  (

𝑝′′
11 ⋯ 𝑝′′

1𝑛

⋮ ⋱ ⋮
𝑝′′

𝑛1 ⋯ 𝑝′′
𝑛𝑛

) 
(3-19) 
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Instead of deriving the probabilities of changing from one state into another, the probabilities are 

defined as the probability that a certain wind speed or wind direction occurs when wave height state 

𝑖 is present: 

𝑝′
𝑖𝑘 =  

𝑛𝑖𝑘

𝑁𝑖
 𝑎𝑛𝑑 𝑝′′

𝑖𝑙 =  
𝑛𝑖𝑙

𝑁𝑖
 (3-20) 

where 𝑛𝑖𝑘 and 𝑛𝑖𝑙  are defined as the number of times wind speed 𝑘 or wind direction 𝑙 occur, 

respectively, when wave height state 𝑖 is present.  

Fourth, start values which will be applied to the probability matrices are determined. A wave height is 

chosen randomly considering the probability of occurrence for the starting month. Afterwards, 

matrices 𝑃′(𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑) and 𝑃′′(𝑤𝑖𝑛𝑑 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛) are applied to obtain the respective start values 

for wind speed and direction.  

Fifth, based on the lifetime of the wind farm and the simulation time steps, a weather data series 

comprising wave height, wind speed and wind direction is determined. This time series can be applied 

to the power module (see chapter 3.1.1) and is needed to identify suitable weather windows for 

performing maintenance (comparison of the environmental boundaries of the vessel and the current 

weather conditions). 

 

3.3 Resource Scheduling 

In order to simulate the different maintenance campaigns (see subchapter 3.5) a lot of input data is 

required. The respective numbers for planned and unplanned maintenance as well as vessels and 

technicians can be defined within the tool. The following input categories serve as input for the cost 

model: 

Service Team and Vessels: 

• Available vessel units and technicians 

• Crew capacity of vessel 

• Mobilisation-and demobilisation times (Necessary time to adapt vessel for mission) 

• Transfer speed 

• Environmental boundaries (max. wind and wave conditions) 
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Spare parts/ Components: 

The inputs for the components are divided into minor repair, major repair and replacement. 

• Component repair time 

• Required number of technicians for component 

• Required vessel type 

• Spare stock information 

• Waiting time for spare part 

• Mission organisation time (Necessary time to perform all administrative organisational tasks) 

 

3.4 Economic Evaluation 

In order to evaluate different maintenance strategies, the O&M tool provides as outputs the 

availability, generated energy, revenue and costs of the wind farm over its lifetime.  

Based on the calculated downtimes introduced in subchapter 3.5 the availability of the wind farm is 

calculated as follows: 

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒𝑤𝑓 − 𝐷𝑜𝑤𝑛𝑡𝑖𝑚𝑒𝑤𝑓

𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒𝑤𝑓
 (3-21) 

where 𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒𝑤𝑓 is the cumulative lifetime of all wind turbines in the wind farm and 𝐷𝑜𝑤𝑛𝑡𝑖𝑚𝑒𝑤𝑓 

is the respective cumulative downtime.  

The revenue is calculated based on the cumulative energy production of the entire wind farm (𝐸𝑡𝑜𝑡): 

𝑅𝑒𝑣𝑒𝑛𝑢𝑒 =  𝐸𝑡𝑜𝑡 ∙ 𝑝𝑒𝑙  (3-22) 

where 𝑝𝑒𝑙  is the electricity price. As subsidies for offshore wind farms are less and less granted 

anymore, a value of 39.18 €/MWh is chosen which represents the averaged EPEX electricity spot price 

for the years 2011 to 2015.  

Costs are divided into direct and indirect cost. While direct costs take the expenses for material, 

technicians and vessels into account, indirect cost are based on opportunity cost for lost production 

and are calculated similar to equation (3-22). Direct costs are based on the following inputs: 

For both, cost and revenue calculation a net-present value (NPV) approach is chosen as cash flows 

occur at different times during the wind farm’s life time and need to be discounted to be comparable. 

The net-present value can be calculated as follows: 
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𝑁𝑃𝑉 =  
𝐶𝐹(𝑡)

(1 + 𝑖)𝑡
 

(3-23) 

where 𝐶𝐹(𝑡) is the cash flow in period 𝑡 and 𝑖 is the discount rate which has been assumed as 5%. 

 

Cost inputs: 

• Material costs (divided into minor repair, major repair and replacement) 

• Vessel and technician day rates 

• Mobilisation-and demobilisation costs 

• Material costs for planned maintenance 

 

3.5 Maintenance Scenarios 

As described in chapter 2.2.1 it can be distinguished between planned maintenance and unplanned, 

also referred as to corrective, maintenance. In the O&M cost model both strategies have been 

implemented. The implementation is explained in two sub-chapters below. 

Due to new options to collect data of operation using systems such as SCADA and CMS, predictive 

which also often referred to as condition-based maintenance becomes an important topic. On the one 

hand, unnecessary downtimes and costs can be avoided which are caused by redundant, scheduled 

maintenance, which is also referred to as predetermined maintenance. On the other hand, failures of 

components can be foreseen before the actual breakdown happens and required actions can be 

planned. Considering a constant failure rate utilising an exponential failure distribution, predictive 

maintenance simulations do not make sense as all maintenance intervals would have the same lengths 

and would be considered similar in the simulation as predetermined maintenance. 

 

3.5.1 Implementation of Planned Maintenance 

Scheduled, also called planned or predetermined maintenance is conducted once a year for offshore 

wind farms (Bak, et al., 2013). This is common practice in the industry and the summer months are 

used for the campaign in order to guarantee most suitable weather conditions. Main tasks performed 

are inspections, checking and updating consumables such as oil, grease and filters, and small 

replacements if needed. In order to allow for most suitable weather windows, these tasks are 

scheduled for summer time.  
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In the simulation tool, planned maintenance is performed every 12 months to align it with the common 

practise of the wind industry. A margin of one month is implemented to allow for a longer weather 

window and to give some freedom for mission planning. Planned maintenance downtime is defined as 

the time between the service team arrives at the turbine and finishes the maintenance tasks. 

Consequently, travel times are not considered in the downtime calculation as the turbine is only 

stopped when starting the work. However, in case of exceeding one technicians’ shift, the downtime 

is prolonged by the time of the break in between which can involve travel times back and forth to the 

onshore base as well.  

Moreover, it is assumed that planned maintenance can only take care of minor failures. For bigger 

failures and needed component replacements which could have arisen during the inspections, another 

corrective maintenance task needs to be performed. Hence, after the maintenance tasks have been 

finished, only the mean time to failure variable for minor failures of the respective turbine is updated.  

3.5.2 Implementation of Corrective Maintenance 

Corrective maintenance is applied as soon as a failure occurs. Depending on the type of failure, the 

type of component, and the time of the year, it can be related to long downtimes. The O&M tool 

differentiates between failures which require a JUV and failures which require a CTV. In order to 

decrease downtimes, respective maintenance campaigns are implemented which do not only repair 

one turbine but store different maintenance tasks on a campaign list and follow this list during the 

campaign. While in one JUV campaign all turbines are maintained for which a failure occurred within 

the lead time of ordering a JUV, a CTV campaign repairs all failures which occurred during night when 

technicians rest. This difference is due to the usage of vessel type. A JUV is costly and needs to be 

ordered at the market. This takes time. Instead of just repairing one failure and ordering a JUV for 

another failure again, all pending turbines which need maintenance are served. Moreover, JUV 

campaigns are performed in shifts to utilise the JUV to capacity. In comparison, CTV campaigns are 

only performed during day-shifts as no accommodation is available on this vessel type. All failures 

which occurred during night are scheduled for the next day-shift. In case not all turbines can be served, 

the campaign continues the next day.  

3.5.3 Strategy Implementation 

Both strategies are implemented by checking step by step all constraints. A flow chart of the process 

can be seen in Figure 5.  

After a failure has been detected, first, the respective corrective maintenance campaign needs to be 

planned and a downtime for mission planning is accounted.  

Second, depending on the failure type and its requirements, the mobilisation time is defined. While 

CTVs are normally owned by the wind farm operator and a fixed number is assigned for each wind 
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farm, JUVs are usually ordered at the supplier market. Therefore, a long lead time can be the 

consequence. 

Third, it is checked if all required spare parts are available. If not, spare parts need to be ordered and 

the respective downtime is tracked.  

Fourth, it is checked if all necessary vessels are available. In case they are not available, either the 

vessel needs to be acquired at the spot market or it needs to be waited until the vessel finishes the 

actual mission and is available again. These times are considered as vessel unavailability downtime.  

Fifth, the crew availability is checked and in case of waiting for the next available crew due to other 

ongoing missions, the respective time is tracked as crew unavailability downtime.  

Sixth, it is checked if there is a weather window which allows for completing the mission considering 

vessel weather limits. Only if a safe weather state is guaranteed for the whole mission time, the 

maintenance task is performed. Even though it could be imagined that in reality vessel and crew 

availability is planned / checked simultaneously considering the weather conditions (e.g. no vessel 

ordered if weather forecast is unsuitable), the long lead time of a JUV does not allow for taking the 

weather forecast into account. Therefore, it is the wind farm operator’s risk. When thinking about CTV 

campaigns, vessels are normally available if not still in another mission. As soon the sufficient vessel 

number returned, the weather forecast is checked for going out again. Therefore, a linear approach 

checking one constraint after the other for implementation is utilised (see Figure 5). 

If all conditions are fulfilled, the mission itself can start and a travel time is considered for transferring 

vessels, crew and spare parts from the onshore base to the respective turbine. Then, the repair time 

itself is accounted to the downtime. In case the repair time for one type of failure is longer than one 

work shift of the crew (which is set to 12 hours), the travel time for going back and forth to the turbine 

is considered in the downtime calculation as well.  

Finally, the turbine is repaired and the next time to failure is determined (see subchapter 3.1.3.2). The 

total downtime of the turbine can be calculated as the sum of the downtimes accounting for each 

constraint mentioned above. 

In order to plan the next corrective maintenance mission, the travel time back to the shore and a 

demobilisation time is considered as the next mission can only start after these two steps have been 

fulfilled as well.  

This chapter explained the components of the O&M cost model and the background information on 

their implementation. This is necessary to understand how the boundary conditions of the study case 

(chapter 4) and the simulation input parameters (chapter 6) will be processed within the tool. 
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Figure 5: Flow chart describing the corrective maintenance strategy implemented in the O3M Tool 
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4 THE STUDY CASE 

After a general overview over O&M and the cost model this report will now present the concrete study 

case for the impact analysis of the wake steering controller. This chapter 4 will give a summary of the 

boundary conditions of the reference wind farm and wind turbine, all defined in D1.1 (CL-Windcon 

Deliverable 1.1, 2017), in order to prepare the reader for the controller implementation of chapter 5, 

which contains the core of the deliverable. 

4.1 Reference wind farm 

For the simulation, a reference wind farm (RWF) site called NORCOWE (CL-Windcon Deliverable 1.1, 

2017) is chosen. The RWF has been developed in a Norwegian project called NORCOWE by industry 

and science partners. The RWF is located around 80 km west of the German island Sylt, and near by 

the met mast FINO 3 is installed (NORCOWE, 2019). The RWF comprises 80 turbines of the type DTU 

10 MW RWT and the layout of the wind farm can be seen in Figure 6. Position 26 and 61 in the layout 

are the positions of substations. The distance between the rows is 8 rotor diameters and the distance 

between the turbines is 7 rotor diameters. 

 

 

Figure 6: NORCOWE RWF layout (CL-Windcon Deliverable 1.1, 2017). 
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4.1.1 Environmental Conditions 

For the simulation, historical weather data of FINO 3 has been utilised for the Markov Chain model due 

to the location of the RWF. FINO3 is one of three research platforms supported by the German 

government allocated in North and Baltic Sea close to permitted offshore wind farms and is collecting 

among others weather data (FINO3, 2019). The wind rose of FINO3 can be seen in Figure 7. 

Historical data of FINO3 comprising wind speed, wind direction, and wave height measured over 10 

years between 2000 and 2010 with a resolution of 3 hours has been used.  

 

 

 

 

Figure 7: FINO3 wind rose (CL-Windcon Deliverable 1.1, 2017). 
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4.2 Reference Wind Turbine 

For the simulations the 10MW DTU reference wind turbine, presented in (CL-Windcon Deliverable 1.1, 

2017) and defined in (Bak, et al., 2013), has been used. The main characteristics are listed in Table 2. 

In the Offshore case the wind turbine is mounted on a jacket structure of which the main parameters 

can be found in Table 3. 

 

Table 2: DTU 10 MW Reference Wind Turbine Main Characteristics (Bak, et al., 2013) 

Description Value 

Rated Power [MW] 10  

Rotor diameter [m] 178.3 

Hub height [m] 119 

Cut-in speed [m/s] 4 

Rated speed [m/s] 11.4 

Cut-out speed [m/s] 25 

Cut-in rotor speed [RPM] 6 

Rated rotor speed [RPM] 9,6 

 
 

Table 3: Jacket Substructure Main design parameters (Innwind Deliverable D4.34 , 2012) 

Description Value 

Number of legs 4 

Base Width [m] 33 

Top Width [m] 16 

Interface Elevation [mMSL] 26 

Transition Piece height [m] 8 

Jacket legs outer diameter (upper/lower leg) [mm] 1422/1828 

1st eigenfrequency (1st bending mode) [Hz] 0,2635 

 

To feed the yield model (see section 3.1.1) of the O3M tool the power curve of the DTU 10 MW from 

the Innwind project (Innwind Deliverable D1.21, 2012) was used and is shown in Figure 8. It is 

characterised by a cut-in wind speed of 4 m/s, a rated wind speed of 11.4 m/s, and a cut-out wind 

speed of 25 m/s.  
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Figure 8: DTU 10 MW Reference Wind Turbine Power Curve. Plotted with data from (Innwind Deliverable 
D1.21, 2012) 

 

4.2.1 Respected Components 

For the study case the wind turbine components need to be chosen which are going to be analysed 

within the simulations. The components are selected according to their criticality and the downtimes 

they cause.  

First, the failure rates of the DTU 10 MW RWT are analysed. Based on failure rate data provided in 

Hendriks (Hendriks, 2015) the share of each component’s failures is shown in Figure 9. It can be noticed 

that the gearbox is responsible for most failures of the RWT (21.5%), followed by pitch system (11.0%), 

power electrical system (10.8%), yaw system (8.0%), blades (7.4%), and main shaft (6.9%). 

Second, the downtimes caused by each component’s failures are investigated. Based on data of Carroll 

et a (Carroll, McDonald, & McMillan, 2015) l. who analysed offshore wind turbines of the size between 

2 and 4 MW, the main components causing huge downtimes if a replacement is needed, are the hub 

(298 hours), the blades (288 hours), the gearbox (231 hours), the circuit breaker/relay (150 hours), and 

the generator (81 hours). Reder (Reder, 2018) investigated the downtimes of turbines below and 

above 1 MW rated power. For turbines above 1 MW, the normalised downtimes indicate the gearbox, 

the generator, the blades and the pitch system as the most critical components. Due to a lack of recent 

data, many studies analyse the downtimes of onshore turbines as indications for offshore turbines or 

utilise data of smaller, older offshore turbines. Consequently, data provided by Carroll et al. (Carroll, 

McDonald, & McMillan, 2015) is found to be applicable and accurate enough for this study.  
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Figure 9: Normalised annual failure rates of the DTU 10 MW RWT, (Hendriks, 2015). 

 

Considering the findings above, the component model used in this study comprises seven components: 

gearbox, generator, pitch system, yaw system, blades, main shaft, and electrical system. Additionally, 

this component model allows for analysing changes in reliability due to applied controller technologies 

which are driven by the yaw and pitch system. 
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5 CONTROLLER TECHNOLOGY IMPLEMENTATION 

The aim of this report is to analyse the effects of the new control technologies from WP2 in regard to 

the operation and maintenance of the wind farm. To not exceed the limits of the analyses which have 

been performed for this deliverable the most promising control technology has been selected to make 

the feasibility study. The wake steering control presents a good choice because the effects of the 

controller on the loads were analysed for the offshore case in D4.1. Especially for the blade root 

moments an evident impact due to the changing yaw angle could be identified. As the blades are a 

major component of the wind turbine their inspection and replacement is connected to a high logistical 

effort which would reflect in the operational expenditures of the farm. Further, the yaw misalignment 

results for the NORCOWE wind farm were kindly shared by ECN from the wake steering optimisation 

they had to generate for the upcoming deliverable D4.6. and which play a key role in the failure rate 

estimation of this report.  

To implement the wake steering control in the O3M Tool and the effects of the induced yaw 

misalignments on each individual turbine, additional modules need to be implemented in the O&M 

simulation tool. Conventional O&M simulation tools only allow for the same input data for all turbines. 

This is the case for the failure rates which are generally assumed to be the same for all turbines within 

the wind farm, such that no wake affects are considered. However, to analyse the impact of the 

controller on the wind farm’s KPIs these aspects are important to consider. Therefore, an individual 

failure rate input as well as a separate simulation of each turbine have been implemented in the cost 

model. 

In the following sub-chapters, the updated yield model considering wake effects and the updated 

failure rate model is described more in detail.  

 

5.1 Updated Yield Model 

5.1.1 Method description  

One major aim of the yaw-misalignment controller is to redirect wake in order to minimise production 

losses of downstream turbines. Therefore, it is crucial to analyse the impact on power generation 

considering wake interactions and to evaluate whether the higher electricity output of some turbines 

downstream outweigh the reduction of power for free-stream turbines which are operated with yaw-

misalignment. For each turbine, a power scaling factor has been introduced which takes wake effects 

and yaw-misalignment into account. Thus, the power calculation in equation (3-5) is adjusted to 

𝐸 = 𝑃 ∙ 𝑘𝑝𝑜𝑤𝑒𝑟 ∙ 𝑡  (5-1) 

where 𝑘𝑝𝑜𝑤𝑒𝑟 is the power scaling factor.  
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First, historical weather data is analysed and for each wind speed (from cut-in speed to cut-out speed) 

and for each wind direction (0° to 359°) the probability of occurrence – 𝑝(𝑢) and 𝑝(𝑑), respectively – 

has been calculated.  

Second, for each specific pair of wind speed and wind direction the joint probability of occurrence is 

determined by 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑢=𝑥,𝑑=𝑦 = 𝑝(𝑢 = 𝑥 ∩ 𝑑 = 𝑦) =  𝑝(𝑢 = 𝑥) ∙  𝑝(𝑑 = 𝑦) (5-2) 

where 𝑥 is a specific wind speed between 4 m/s and 25 m/s and 𝑦 is a specific wind direction between 

0° and 359°.  

Third, the expected value for the power production of each turbine within the wind farm with the 

optimised wake steering control has been determined: 

𝐸(𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒) = ∑ 𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒(𝑢, 𝑑) ∙ 𝑝(𝑢 = 𝑥 ∩ 𝑑 = 𝑦) (5-3) 

where 𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒(𝑢, 𝑑) is the calculated power output for each wind speed and wind direction provided 

for each turbine in the wind farm separately by a wake model. It takes into account that the controller 

is only applied to the turbine until rated wind speed (𝑈𝑟𝑎𝑡𝑒𝑑 = 11.4 𝑚/𝑠). Beyond rated wind speed 

the yaw-misalignment is not applied due to expected high loads and consequently, yaw-misalignment 

is equal to zero.  

Forth, the average turbine power output for the scenario without controller and with controller is 

calculated. Afterwards, a power scaling factor for each turbine is determined by dividing the expected 

value by the average turbine output. In order to compare the non-controller case with the controller 

case, all expected values are divided by the average turbine output of the non-controller case which is 

set as the base value for the simulation. Thus, turbines with a power scaling factor smaller than one 

(𝑘𝑝𝑜𝑤𝑒𝑟 < 1) generate less power than the average turbine in the non-controller case and turbines 

with a power scaling factor bigger than one (𝑘𝑝𝑜𝑤𝑒𝑟 > 1) generate more power than the average 

turbine in the non-controller case.  

 

5.1.2 Method Application 

The Energy Research Centre of the Netherlands (ECN) performed wake simulations applying the 

controller and obtained the optimal yaw-misalignment for each turbine within the NORCOWE 

reference wind farm dependent on wind speed and direction. First, the yaw-misalignment settings 

have been optimised with the ECN FarmFlow model introduced in (Bot, 2015) and (Özdemir & Bot, 

2018). Afterwards, an analysis of the annual energy production (AEP) increase has been performed 

with FarmFlow and with the FLORIS wake model. The FLORIS model combines the general Jensen wake 
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model and a model for wake deflection through yaw which has been introduced by (Jiménez, Crespo, 

& Migoya, 2010) and (Gebraad, et al., 2014). Both models have been used because the predicted 

benefits differ between models and to get a better feeling about the uncertainties in the estimates. 

While FarmFlow usually provides a realistically conservative estimate, Floris provides an optimistic 

upper bound.  

Based on the realistically conservative estimate of FarmFlow, the power scaling factor for each turbine 

has been derived following the procedure described above. Results can be seen in Figure 10 and Figure 

11, which show the layout of the NORCOWE reference wind farm for the non-controller case (Figure 

10) and the controller case (Figure 11). All turbines highlighted in green have a higher power 

production in comparison to the average value of the non-controller scenario. In general, turbines 

facing the prevailing wind direction (see Figure 7) generate more electricity than the downstream 

turbines in both scenarios. It can be noticed that applying the yaw-misalignment controller leads to an 

increase of turbines which produce more electricity than average. While in the non-controller case 30 

turbines produce above average, in the controller case 50 turbines produce above average in 

comparison to the non-controller case. Hence, in regards of electricity generation, the yaw-

misalignment controller is beneficial.  

 

 

Figure 10: Power scaling factor visualisation based on wake simulation without controller implementation 
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Figure 11: Power scaling factor visualisation based on wake simulation with controller implementation 

 

5.2 Controller Impact on Loads 

In the following section, the impact of the wake steering control strategy on fatigue load distribution 

is analysed. Turbine level load data from wake steering control simulations is used to estimate damage 

equivalent loads (DEL) for a range of wind speeds and yaw misalignments. This data is checked with 

farm-level wind speed and direction distributions and thereby the distribution of fatigue loading all 

along the wind farm can be estimated. To study the effects of wake steering control in turbine lifetime, 

fatigue results are compared with the baseline controller simulation results, i.e. without yaw control 

for wake steering, obtaining the comparison among both control methods as a difference in farm-level 

fatigue distribution. 

 

5.2.1 Wind farm 

For the analysis of the impact of the wake steering control strategy on fatigue load distribution has 

been based in the NORCOWE wind farm, from D1.1 (CL-Windcon Deliverable 1.1, 2017). The farm is 

composed of 80 turbines distributed as seen in Figure 12, where axis x and y are the relative 

coordinates in meters for each wind turbine. Yaw misalignment of each turbine for every wind 

direction (0 – 359º) and a single wind speed (5 m/s) is also shown. This is an example of the yaw 
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misalignment for every wind turbine in the farm, for each wind direction and for a single wind speed 

value. The wind rose in the upper-right side of the figure shows the yaw misalignment values, the 

radius in degrees, for the 64th turbine for each wind direction (0 – 359º). The yaw misalignment results 

have been kindly shared by ECN from the wake steering optimisation results they had to generate for 

deliverable 4.6.  

 

 

Figure 12. NORCOWE wind farm geometry. X and Y axis: coordinates in meters. Polar plot: optimal yaw 
misalignment in degrees for all wind directions (0 – 359º) for individual turbines. 

The optimised yaw misalignment results for each wind speed and direction have been compared with 

the results obtained from the fatigue load analysis from D4.1 (CL-Windcon Deliverable D4.1, 2019), 

where simulations for yaw misalignment from -30º to +30º and the whole range of wind speeds have 

been done. Data from such simulations have been interpolated creating a more precise look-up table 

for yaw misalignment and wind speeds. Although the data provided by ECN had also into account the 

wind turbulence intensities, the look-up table has been defined for the category for higher turbulence 

characteristics (class A, TI = 16 %).  

 

5.2.2 Results 

The wind speed values and yaw misalignments for each turbine have been checked in the look-up table 

obtaining the corresponding DEL. Then, the probability distribution for all wind speeds have been used 

to obtain the DEL for the whole range of rated and below rated wind speeds (4 – 12 m/s) for each 

turbine. This has been done for yaw-controlled results and for baseline controller results (yaw 

misalignment 0º) so they can be compared. Equation (5-4) shows the difference in percent among 

baseline and yaw-controlled simulations, which is obtained solving: 
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𝐷𝐸𝐿𝑦𝑎𝑤−𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑑 −  𝐷𝐸𝐿𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝐷𝐸𝐿𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
× 100 (5-4) 

 

Wind directions every 30º are shown with a difference up to +7% in blade root DELs between two 

cases. An increase in loads due to wind direction can be observed, having into account that north is 

used as 0º reference.  

Analysing the first case (0º) shows that how the first rows of turbines, the surrounding ones that are 

directly exposed to the wind, have a slight increase in loads due to yaw misalignment. Even more for 

the nearest downstream rows of turbines, where loads rise to almost +7%, in some cases, because 

there is more available energy in the wind due to the wake steering. Some downstream turbines 

instead have a decrease in loads up to -2% owing to the increased wake deficit from upstream turbines. 

The remaining turbines are almost undisturbed by the yaw manoeuvres as seen in Figure 13 that shows 

the inflow direction of each turbine. Plots for 30º, 90º, 210º and 270º wind directions have no 

difference (0%) in DELs for any turbines. The reason for this is that yaw control is not applied in some 

wind directions due to non (or very minor) wake losses for these directions. This is also why yaw-based 

control is not applied for wind speeds above rated.  

 

 

Figure 13. Inflow direction for 0º wind direction yaw misalignment 
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Figure 14. Flapwise blade root DEL comparison (%) between baseline and yaw control of the wind farm for 12 wind directions. 
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Using the wind direction distributions, provided by ECN, the total DELs for all wind speeds and all wind 

directions are obtained. In that way, the effects of the yaw misalignment in the wind farm location can 

be studied. Figure 15 shows results for loads in different components of the turbines:  

• Edgewise and flapwise blade root moments. 

• Rotating low speed shaft torque and tip bending moment. 

• Rotating yaw bearing side-to-side (roll) and fore-aft (pitch) moments. 

• Tower base side-to-side and fore-aft moments. 

A fact that must be considered when analysing the following figures is that the most frequent wind 

directions are west-south. That is the reason why the upstream turbines that are directly exposed to 

those wind directions suffer higher variations than the rest. The DELs distribution of the wind farm has 

been divided in three sections:  

1. South – West located upstream turbines. 

2. North – East located upstream turbines. 

3. Turbines located in the centre of the farm. 

First section is the one most affected by yaw misalignment due to a higher wind frequency in these 

directions. Edgewise blade root loads and low speed shaft torque are reduced compared to baseline 

case, while the contrary occurs with flapwise blade root loads and low speed shaft tip bending 

moment. Loads in yaw bearings are kept constant in this section. The most highlighting effects are 

seen in tower base moments. The highest variations in yaw misalignment occur in this section so tower 

base side-to-side moments are the greatest here, reaching a +10% increase. On the contrary, tower 

base fore-aft moments are the least with values down to -3%. 

Second section is affected like the first one, but the frequency of North – East direction winds is lower 

so the variation in DELs is lesser. Although this, the DELs have a similar behaviour as for the first section 

for all the variables, being their absolute values lower. 

The third section is compound by all the turbines that are downstream for almost every wind direction, 

the ones in the centre of the farm. Most of the loads are increased in this case, the purpose of wake 

steering is to increment the available wind power for downstream turbines and so the loads. The 

opposite happens with tower base moments. Due to smaller yaw misalignments in turbines side-to-

side loads suffered by the tower base are less and fore-aft loads higher, so the difference with the 

baseline case is lower. 
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Figure 15. Difference in DELs in [%] among baseline and yaw controller for all wind speed and direction 
distributions. 
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Figure 16. Difference in DELs of baseline controller average for all wind speed and direction distributions. 
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The baseline case has been also studied to show how loads are distributed with the wind along the 

farm. This analysis has been done by estimating the average turbine DEL, which has been calculated 

by adding all turbine DELs, for all wind speed (4 – 25 m/s) and direction distributions and dividing it by 

the number of turbines. Figure 16 shows the difference in DELs between the average and each 

individual turbine. This facilitates the observation of fatigue distribution due to more frequent and 

higher wind speeds in concrete directions (South – East in farms location). 

The most remarkable fact is that almost all the variables shown in Figure 16 have an identical 

distribution of DELs, increment in loads in turbines located in section 1, minimal changes in loads of 

turbines from section 2, and a decrease in loads in central turbines, section 3, because of the absence 

of any yaw control. 

The unique exception are side-to-side tower base loads, where the inverse happens, loads in section 1 

decrease and loads in section 3 increase, while loads in section 2 are kept constant. This is because 

upstream turbines are facing the wind (yaw = 0º) so side-to-side forces are minimal, whereas the 

downstream turbines, from section 3, are influenced by downstream wakes of the turbines from 

sections 1 and 2 that results on increased side-to-side forces. 

 

5.3 Updated Failure Rate Model 

This chapter explains the method for updating the failure rate model of the O3M Tool in order to 

implement first the wind farm effects and second the wake steering control effects. The method is 

based on the assumption that these effects change the loads of the wind turbine components, which 

in consequence will influence the component failure rates and thus lead to a measurable change in the 

wind farm operation. It is therefore necessary to analyse the impact that these changes on structural 

loads have on the reliability figures of the turbine components. To evaluate the impact of the 

controller, failure rates dependent on operation need to be determined instead of using fixed failure 

rates for all turbines within the wind farm. Consequently, the failure rates of the DTU 10 MW wind 

turbine (presented in Table 13) need to be adjusted. To do so, this section gives an introduction to 

failure rate modelling and deduces a method which will later be applied on the failure rate data used 

in the simulations. 

 

5.3.1 Reliability Modeling Approach 

In general, there are two different types of reliability models: Failure rate estimation can be performed 

by either applying probabilistic models or physical models. While probabilistic models are data-driven 

reliability models based on historical failure rate data, physical models are equation-based models 

which take several failure’s causes into account (Reder, 2018). 



D4.5 - O&M Cost Modelling public 

 

 

Copyright CL-Windcon    Contract No. 727477                                     Page 47  

   

For establishing new failure rates under application of the yaw-controller, probabilistic models cannot 

be used as no sufficient operational data of such a system is available. Simultaneously, physical models 

require a thorough understanding of all physical processes for each component leading to failures. Due 

to lack of knowledge how different factors influence failure rates, simplified approaches for adjusting 

failure rates have been developed and are explained below.  

Gintautas and Sørensen (Gintautas & Dalsgaard Sørensen, 2015) summarised general approaches for 

adjusting failure rates considering environmental and operational conditions. For the recalculation of 

failure rates, the following formula can be used:  

𝜆𝑎𝑐𝑡𝑢𝑎𝑙 = 𝜆𝑏𝑎𝑠𝑒 ∙  𝜋𝐸,𝑄,𝑅,… (5-5) 

where 𝜆𝑏𝑎𝑠𝑒 and 𝜆𝑎𝑐𝑡𝑢𝑎𝑙 are base and adjusted failure rates and 𝜋𝐸,𝑄,𝑅,… are scaling factors taking 

different conditions of environment and quality, but also operational conditions into account.  

In order to determine such scaling factors, each component of the model needs to be investigated in 

detail to understand possible failures, its causes and the impact of controllers and additional loads. 

Therefore, a general understanding of the layout of the turbine is useful to understand how a turbine 

works and in which points loads are introduced (see Figure 17). 

 

Figure 17: Turbine layout (Tchakoua, et al., 2014) 

The failure rate of the gearbox is based on many different influences. On the one hand, typical failure 

modes of bearings are axial cracks, which can lead to macropitting or splitting of the inner ring. On the 

other hand, the gears can fail due to scuffing, fretting corrosion or micropitting/macropitting (Sheng, 

2014). In general, failures can occur either due to outer circumstances such as environmental 

influences or manufacturing defects or due to operational consequences. When applying the yaw 

controller, the outer circumstances do not change. Therefore, the failure rate is only affected by 

changing operation. Nejad et al. (Nejad, Bachynski, Li, & Moan, 2016) found that the load effect of the 
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gearbox components is not correlated with the axial acceleration but are mainly affected by the 

torque. Also, Breeze (Breeze, 2016) points out that most of the wear of the gearbox is related to torque 

and recommends reducing it by splitting the drive train into smaller units. Consequently, the torque is 

found to be a good indicator how the failure rate is affected. The more torque is applied, the higher is 

the wear. As the torque cannot be easily simulated for the controller case over the wind farm’s lifetime, 

the change in power production was assumed for scaling the failure rate: 

𝑃 =  𝜏 ∙ 2 ∙ 𝜋 ∙ 𝑛 (5-6) 

where 𝑃 is the power generated by the gearbox/turbine, 𝜏 is the torque, and 𝑛 is the rotational speed 

of the gearbox. Assuming 𝑛 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, power and torque are proportional. Consequently: 

𝜋𝐺𝑒𝑎𝑟𝑏𝑜𝑥 = 𝑘𝑝𝑜𝑤𝑒𝑟 (5-7) 

where the power scaling factor is the same as introduced in sub-chapter 5.1.1. The failure rate scaling 

factor for the gearbox 𝜋𝐺𝑒𝑎𝑟𝑏𝑜𝑥,  which is specific for each turbine in the wind farm and different for 

each case (non-controller and yaw controller case), is applied to the base failure rates for all failure 

modes of the gearbox introduced in Table 13. 

Therefore, a failure rate distribution within the wind farm for the gearbox considering the loads due 

to wake effects has been found.  

Same as for the gearbox, for generator, pitch system, yaw system, and electrical system it has been 

analysed which operational aspects change when applying the yaw controller. It can be assumed that 

the more these components are used, the higher is the wear and consequently the failure rate. 

Gebraad et al. (Gebraad, et al., 2014) stated that an optimised wind farm due to controller is not 

subject of an increased actuator usage in comparison to the greedy operation. As both strategies, 

operation without and with yaw controller follow actions when the wind direction changes, the usage 

of generator, pitch system, yaw system and electrical system are the same for both cases. This has 

been backed up by interviewing a project partner which has been involved in the development of the 

closed-loop yaw-controller. Therefore, the failure rate scaling factors are determined as: 

𝜋𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 = 1 (5-8) 

𝜋𝑃𝑖𝑡𝑐ℎ 𝑠𝑦𝑠𝑡𝑒𝑚 = 1 (5-9) 

𝜋𝑌𝑎𝑤 𝑠𝑦𝑠𝑡𝑒𝑚 = 1 (5-10) 

𝜋𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 = 1 (5-11) 

As a consequence, the failure rates for the above-mentioned components are equally distributed for 

all turbines in the wind farm and for both strategies, non-controller case and yaw-controller case. 
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As mentioned above, for the blades and the main shaft the attempt has been made to link the wind 

turbine reliability figures to the fatigue loads of the respective component and to reflect the impact of 

the controller on the failure rates. The change in operation for the blades and the main shaft are driven 

by changing loads. On the one hand, it needs to be differentiated between the turbines in the non-

controller case as the load distribution depends on the position of the turbine within the wind farm as 

wake effects cause varying loads. On the other hand, these loads will change when applying the yaw-

controller as the wake redirection will change the load distribution for the downwind turbines but also 

the applied yaw-misalignment will influence the loads on the respective turbines. Therefore, failure 

rates for both, the non-controller case and the controller case need to be adjusted. In D4.1 (CL-

Windcon Deliverable D4.1, 2019) load case simulations have been performed analysing different 

sensors which are listed in Table 4 and are explained in Figure 18. 

In a first step, relevant sensors for the two different components have been identified. For the blades 

the blade root edgewise moment and the blade root flapwise moment are considered as relevant. For 

the main shaft additional load calculations for the low-speed shaft have been performed. It can be 

differentiated between rotating and non-rotating shaft bending moments at the shaft tip. As for the 

main shaft system the main shaft bearings are the major cause for breakage (Hendriks, 2015), the non-

rotating shaft bending moments of the low-speed shaft are chosen for the failure rate scaling factor 

calculation of the main shaft. 

Table 4: List of sensors (CL-Windcon Deliverable D4.1, 2019) 

Sensor Name Reference system 

𝑴𝑿𝑺 @ blade root Blade root edgewise moment Chord coordinate system 

𝑴𝒀𝑺 @ blade root Blade root flapwise moment Chord coordinate system 

𝑴𝒀𝑵 @ hub Nodding moment Hub coordinate system (non-rotating) 

𝑴𝒁𝑵 @ hub Yawing moment Hub coordinate system (non-rotating) 

𝑴𝒀𝑹 @ hub Nodding moment Rotor coordinate system (rotating) 

𝑴𝒁𝑹 @ hub Yawing moment Rotor coordinate system (rotating) 

𝑴𝑿𝑭 @ tower top Tower top N-S moment Tower coordinate system 

𝑴𝒀𝑭 @ tower top Tower top W-E moment Tower coordinate system 

𝑴𝑿𝑭 @ tower base Tower base N-S moment Tower coordinate system 

𝑴𝒀𝑭 @ tower base Tower base W-E moment Tower coordinate system 
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Figure 18: Reference systems (GL 2010) 
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5.3.2 Integration of Loads into Reliability Figures 

In order to define a failure rate scaling factor for the blades, the results for the blade root edgewise 

moment and for the blade root flapwise moment have been analysed. For both moments the results 

for the non-controller case can be seen in Figure 19. Each figure shows the difference of DELs in 

percentage in comparison to the average DEL of the whole wind farm. It can be observed that for the 

edgewise moment the change in DEL is small compared to the change in DEL of the flapwise moment 

which is as expected. While turbines in the first row of the prevailing wind direction see an increase of 

loads for both blade root moments, most downwind turbines experience a decrease in loads. 

 

  

Figure 19: Change in DEL [in %] of blade root edgewise moment (RootMxb) and blade root flapwise moment 
(RootMyb) in comparison to the average DEL of the WF for the non-controller case 

 

  

Figure 20: Change in DEL [in %] of blade root edgewise moment (RootMxb) and blade root flapwise moment 
(RootMyb) for the yaw-controller case in comparison to the DELs of the non-controller case 
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Figure 20 shows the result of the DEL calculation for both blade root moments for the yaw-controller 

case. Here the difference in DELs in comparison to the non-controller case has been displayed. While 

for the edgewise moment the loads for the first-row turbines of the prevailing wind direction decrease 

and for most downwind turbines increase, all turbines experience a general load increase due to the 

flapwise moment when applying the yaw-controller. 

In order to take both effects into account the failure rate scaling factor of the blades is determined as 

follows: 

𝜋𝐵𝑙𝑎𝑑𝑒𝑠 = 1 +
Δ𝑅𝑜𝑜𝑡𝑀𝑥𝑏 +  Δ𝑅𝑜𝑜𝑡𝑀𝑦𝑏

100
 (5-12) 

 

where Δ𝑅𝑜𝑜𝑡𝑀𝑥𝑏 is the change in DEL of the blade root edgewise moment in percent and Δ𝑅𝑜𝑜𝑡𝑀𝑦𝑏 

is the change in DEL of the blade root flapwise moment in percent. A linear relationship between 

change in DEL and change in failure rate is assumed as all other environmental factors do not change 

in comparison to the non-controller case. 

The failure rate scaling factor calculation for the main shaft has been performed similarly as for the 

blades. Based on the results of the load case simulation for the non-rotating shaft bending moments 

at the tip of the low-speed shaft, the difference of DELs in comparison to the average DEL of the whole 

wind farm for the non-controller case is visualised in Figure 21. For both moments (𝐿𝑆𝑆𝑇𝑖𝑝𝑀𝑦𝑠) and 

(𝐿𝑆𝑆𝑇𝑖𝑝𝑀𝑧𝑠) the increase in loads for the first-row turbines of the prevailing wind direction and the 

decrease in loads for most of the downwind turbines is the same. 

 

  

Figure 21: Change in DEL [in %] of the non-rotating shaft bending moments at the tip of the low-speed shaft 
in comparison to the average DEL of the WF for the non-controller case 
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Figure 22 shows the difference in DEL in comparison to the non-controller case in percent for the non-

rotating shaft bending moments at the tip of the low-speed shaft when the yaw-controller is applied. 

While loads due to LSSTipMys affect more the downwind turbines, loads due to LSSTipMzs have a 

bigger impact on the first-row turbines of the prevailing wind directions. 

 

  

Figure 22: Change in DEL [in %] of the non-rotating shaft bending moments at the tip of the low-speed shaft 
for the yaw-controller case in comparison to the non-controller DELs 

Similar to the failure rate scaling factor of the blades, the failure rate scaling factor for the main shaft 

is calculated as: 

 

𝜋𝑀𝑎𝑖𝑛 𝑠ℎ𝑎𝑓𝑡 = 1 +
ΔLSSTipMys +  ΔLSSTipMzs

100
 (5-13) 

 

where ΔLSSTipMys and ΔLSSTipMzs are the respective changes of DELs in percent of the non-rotating 

shaft bending moments at the tip of the low-speed shaft.  

Based on the considerations above, the scaling factors for the failure rates of each components are 

summarised in Table 5.  
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Table 5: Failure rate scaling factors 

Component Indicator Scaling factor π Reference 

Gearbox Torque ~ power 𝑘𝑝𝑜𝑤𝑒𝑟 (Breeze, 2016); (Nejad, 

Bachynski, Li, & Moan, 

2016) 

Generator Time of operation 1 (Gebraad, et al., 2014) 

Main shaft Non-rotating shaft 

bending moments 
1 +

ΔLSSTipMys +  ΔLSSTipMzs

100
 CL-Windcon simulations 

Power electrical 

system 

Time of operation 1 (Gebraad, et al., 2014) 

Yaw system Time of operation 1 (Gebraad, et al., 2014) 

Pitch system Time of operation 1 (Gebraad, et al., 2014) 

Blades Blade root 

moments 
1 +

Δ𝑅𝑜𝑜𝑡𝑀𝑥𝑏 +  Δ𝑅𝑜𝑜𝑡𝑀𝑦𝑏

100
 CL-Windcon simulations 
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6 SCENARIO DEFINITION 

6.1 Simulation Setup  

In order to analyse the impact on availability and O&M cost of the different maintenance strategies, 

several simulations have been run. First, it is differentiated between the base case which is the non-

controller case and the controller case in which the yaw-controller is applied. For both cases the failure 

rates are adjusted according to the findings presented in sub-chapter 5.3. Additionally, the wake 

effects for each scenario are taken into account applying individual power scaling factors (see sub-

chapter 5.1). As the calculations of the failure rates’ scaling factors are highly dependent on the 

assumptions made, thorough sensitivity analyses have been performed to analyse the impact of each 

scaling factor on the overall maintenance strategy. Also, sensitivity studies on costs, repair times and 

vessel specific inputs have been made to understand the magnitude of results. An overview of all 

simulations can be seen in  

Table 6. 

 

Table 6: Simulation overview 

Simulation Explanation  

Offshore  

Base case Non-controller simulation considering failure rate 
distribution and power scaling factors accordingly 

Controller case Yaw-controller simulation with adjusted failure 
rate distribution and power scaling factors 

Sensitivity study on failure rate scaling 
factors 

Analysis of failure rate scaling factors applying 
- 10% on determined scaling factors 

Sensitivity study on costs Analysis of cost inputs applying - 10% on 
considered cost figures 

Sensitivity study on repair times Analysis of repair times applying - 10% on 
considered repair times for each component 

Sensitivity study on vessel inputs Analysis of wave height limits and travel times of 
each vessel type applying - 10% on considered 
vessel inputs 

Onshore  

Base case Non-controller simulation considering failure rate 
distribution and power scaling factors accordingly 

Controller case Yaw-controller simulation with adjusted failure 
rate distribution and power scaling factors 
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All simulations are run in the developed O&M simulation tool which is based on MATLAB® and has 

been described in chapter 3. As the simulation tool is an event-based model which is based on Markov-

Chain weather forecasting and sampled failure times using an exponential failure rate distribution for 

each component, deviations in the calculated key performance indicators (KPIs) occur. In order to 

minimise the deviation in simulation results due to stochasticity, a Monte-Carlo approach is used. For 

each simulation, 150 simulation runs have been performed. 150 runs have been evaluated as sufficient 

considering the total simulation time but also analysing the convergence behaviour of the simulation 

tool (see Figure 23). 150 iterations guarantee a small deviation of maximum 0.5%.  

 

 

Figure 23: Convergence behaviour of the simulation tool with increasing number of iterations for Monte-
Carlo simulation 

A simulation period of 25 years is chosen which is a typical lifetime of a wind farm. Considering 

different inputs, KPIs such as availability, generated energy, OPEX costs are determined.  

The following sections present the different simulation scenarios and their corresponding input.  

 

6.2 Offshore Baseline Scenario 

This chapter describes the offshore baseline case scenario with an optimized corrective maintenance 

strategy combined with a yearly planned maintenance campaign. In order to simulate the different 

maintenance campaigns (see subchapter 3.5) a lot of input data is required. The respective numbers 

for planned and unplanned maintenance as well as vessels and technicians can be found in the tables 
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below. All figures are either based on published literature (Bak, et al., 2017) and (Carroll, McDonald, & 

McMillan, 2015) or experience. 

 

6.2.1 Resource Scheduling Input 

The inputs for the resource scheduling module in the cost model for the offshore scenario are listed 

below. Table 8 is based on (Carroll, McDonald, & McMillan, 2015) but the numbers were upscaled 

based on input from for the DTU 10 MW RWF to take the bigger turbine size into account.  

 

Table 7: Input planned maintenance (Bak, et al., 2017) 

Description Value 

Annual frequency 1 

Required vessel type CTV 

Number of required technicians 3 

Repair time [hrs] 35 

 

 

Table 8: Input repair times unplanned maintenance [hrs] (based on (Carroll, McDonald, & McMillan, 2015)) 

Component Minor failure Major failure Replacement 

Gearbox 16 44 693 

Generator 14 48 243 

Main shaft 10 36 144 

Power electrical system 10 28 54 

Yaw system 10 40 147 

Pitch system 18 38 75 

Blades 18 42 864 
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Table 9: Required vessel type and technician number for unplanned maintenance (Carroll, McDonald, & 
McMillan, 2015) 

Component Minor failure Major failure Replacement 

Gearbox CTV / 2 CTV / 3 JUV / 17 

Generator CTV / 2 CTV / 3 JUV / 8 

Main shaft CTV / 2 CTV / 3 JUV / 5 

Power electrical system CTV / 2 CTV / 3 CTV / 3 

Yaw system CTV / 2 CTV / 3 JUV / 5 

Pitch system CTV / 2 CTV / 3 JUV / 4 

Blades CTV / 2 CTV / 3 JUV / 21 

 

 

Table 10: Vessel information (Bak, et al., 2017) 

Vessel 

type 

Available 

number 

Speed 

[knots] 

Technician 

capacity 

Mobilisation 

time [days] 

Limiting 

weather criteria 

CTV 4 20 12 0 Wave: 1.5 [m] 

JUV 1 11 100 40 Wind / Wave:    

20 [m/s] / 2 [m] 

 

While for CTV campaigns a pool of 12 technicians is available, JUV campaigns are served by external 

technicians. Maximum 42 technicians are utilised for a JUV campaign as a blade replacement 

performed in shifts requires at least 42 technicians. All other tasks require less technicians.  

 

6.2.2 Resource costs 

Due to a reform of the German Renewable Energies Act (EEG), which entered into force on January 1, 

2017 and sets out a regime change from guaranteed feed-in tariffs to an auction-based bidding system 

for capacity (Walgern, Peters, & Madlener, 2017), subsidies for produced energy within a wind farm 

decreased significantly.  

As subsidy-free bids have been accepted in first auctions under the reform already (Weston, 2017), 

only the electricity spot price without an additional market premium will be received. Therefore, for 

this study a value of 39.18 €/MWh is chosen which represents the averaged EPEX electricity spot price 

for the years 2011 to 2015.  
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Costs are divided into direct and indirect cost. While direct cost take the costs for material, technicians 

and vessels into account, indirect cost are based on opportunity cost for lost production and are 

calculated similar to equation (3-22). Direct costs are based on the following inputs: 

 

Table 11: Material cost [€] (Carroll, McDonald, & McMillan, 2015) 

Component Minor failure Major failure Replacement 

Gearbox 5000 26670 592500 

Generator 1000 14340 236500 

Main shaft 1000 14000 232000 

Power electrical system 1000 5000 50000 

Yaw system 500 3000 12500 

Pitch system 500 1900 14000 

Blades 5000 43110 445000 

 

For planned maintenance material cost of € 5000 are applied. For all material cost related to unplanned 

and planned activities, input has been based on (Carroll, McDonald, & McMillan, 2015)  and expert 

interviews. The day rate for technicians is € 500. Costs related to the vessels are specified in Table 12. 

 

Table 12: Vessel cost (Bak, et al., 2017) 

Vessel type Day rate [€] Mobilisation cost [€] 

CTV 3200 0 

JUV 320000 680000 

 

 

6.2.3 Reliability Parameters  

Based on the component model in subchapter 4.2.1 exponential failure rates for the different failure 

categories (minor failure, major failure and replacement of components) and for each chosen 

component are applied. The failure rates used for the simulations have been based on the annual 

failure rates given for the DTU 10 MW wind turbine of the Innwind project (Bak, et al., 2013). They are 

listed in Table 13. 
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Table 13: Annual failure rates of DTU 10 MW RWT (Hendriks, 2015) 

Component Minor failure Major failure Replacement 

Gearbox 0.644 0.157 0.028 

Generator 0.049 0.018 0.008 

Main shaft 0.231 0.026 0.009 

Power electrical system 0.370 0.043 0.002 

Yaw system 0.259 0.036 0.012 

Pitch system 0.397 0.020 0.008 

Blades 0.200 0.045 0.040 

For the baseline case scenario, the failure rates of each of the 80 wind turbines have been changed 

individually such that the wind farm effects were considered (according to the procedure explained in 

chapter 5.3.2). Tables with the adapted failure rates were not included within this deliverable because 

of their extensive size. 

 

6.3 Onshore Baseline Scenario 

In this chapter the case of an onshore wind farm is generically discussed. The characteristics of the 

operation of an onshore wind farm differ greatly from those of an offshore plant. While the O3M cost 

model reflects very well the logistical procedures of offshore maintenance and gives reliable cost 

values for the lifetime OPEX, it was not developed for onshore operation and therefore is not used for 

the estimation of the onshore OPEX in this deliverable. However, it does very well reflect the relative 

influence the updated reliability figures of the components in the controller case have on the total 

operational costs. For this reason, the report of the BVG (Bruce Valpy, 2014) was taken as basis of the 

lifetime OPEX and the cost model was used to extract the relative cost change due to altered failure 

rates.  

For the calculation of the relative influence of the wind farm and controller effects in the onshore case 

the simplification was made that it was calculated with the NORCOWE layout, because the wake 

steering data and load distribution analysis (see chapter 5) were only available for this layout. 

Therefore, the reliability parameters do not change in comparison to the offshore scenario. 

The BVG report provides information on OPEX costs per MW (Table 14) which allows to scale the costs 

according to the rated power of the inspected wind farm. For the case that no innovative technologies 

have been installed in the wind farm the BVG gives an OPEX for operations and planned maintenance 

of 19€k/MW/yr for a high wind hilly site and 17€k/MW/yr for a low wind flat site of the wind farm. For 
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the unplanned service and other costs 23€k/MW/yr for the high wind hilly site and 19€k/MW/yr for a 

low wind flat terrain are given. 

For the estimation in this report the average between the high and low wind areas has been taken and 

upscaled to the reference case of the NORCOWE wind farm with 80 wind turbines with a rated power 

of 10 MW for a lifetime of 25 years (Table 14). 

 

Table 14: Upscaled OPEX for Onshore baseline scenario, according to (Bruce Valpy, 2014) 
 

Operation and 

Planned maintenance 

Unplanned 

Maintenance 

Total 

BVG Baseline OPEX 18 €k/MW/yr 21 €k/MW/yr 39 €k/MW/yr 

Upscaled to Norcowe 360 €Mio 420 €Mio 780 €Mio 

 

The numbers given by BVG (Bruce Valpy, 2014) include for the operation and planned maintenance all 

the operational costs arising during the daily control of the wind farm, the condition monitoring costs, 

the expenses of the scheduled preventive maintenance and the health and safety inspections, as well 

as the lease of the land. The unplanned maintenance costs cover the corrective maintenance in 

response to unplanned system failure in the turbine or electrical systems. In the category of other 

OPEX BVG counts fixed cost elements like contributions to community funds and the monitoring of the 

local environmental impact of the wind farm. 

At this point it needs to be noted that the onshore scenario is purely theoretical because the 

installation of 10 MW wind turbines would cause an extreme logistical challenge. In 2016 NREL 

conducted a study (Mooney & Maclaurin, 2016) to identify the breakpoints for the transportation of 

large wind turbines. The critical parts are the tower components, the blades and the nacelle. For the 

tower segments especially the width limitation influences the tower design. For the nacelle the weight 

is the most limiting factor. The report states that “unless future technology can significantly reduce 

nacelle weight, any future turbines of 3 MW–5 MW will be affected by this breakpoint, and nacelles 

will be too heavy to transport on the road even with internal components shipped separately. This will 

lead to a stronger reliance on rail for the majority of the transportation, and any trucking to the site 

will need special and costly permits.”, (Mooney & Maclaurin, 2016). The blades, however, present a 

major concern. As the rotor length of the 10 MW turbine is 86,4 m (Bak, et al., 2013), their size lies far 

above the limit range given by Mooney et al. of 52m-63m. A new technology allowing for a 

segmentation of the blade could allow for longer blades despite the breakpoint. The limitations are 

caused by the turning radius of the trucks and the allowed length of the trailer overhangs.  
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6.3.1 Resource Scheduling Input 

To extract the OPEX delta due to the wake steering control the following inputs have been used within 

the cost model to simulate the strategy of the onshore wind farm. The listed values are based on 

inhouse experience on preliminary projects.   

Table 15: Input planned maintenance (numbers from experience) 

Description Value 

Annual frequency 1 

Required transport type Car 

Number of required technicians 3 

Repair time [hrs] 35 

 

Table 16: Input repair times unplanned maintenance [hrs] (numbers from experience) 

Component Minor failure Major failure Replacement 

Gearbox 4 12 120 

Generator 4 12 24 

Main shaft 2 2 24 

Power electrical system 2 4 48 

Yaw system 4 12 48 

Pitch system 4 12 72 

Blades 4 12 120 

 

Table 17: Required transportation type and technician number for unplanned maintenance (numbers from 
experience). Abbrev. ST = Special Transport. 

Component Minor failure Major failure Replacement 

Gearbox Car / 2 Car / 2 ST & Crane / 5 

Generator Car / 2 Car / 2 ST & Crane / 4 

Main shaft Car / 2 Car / 2 ST & Crane /5 

Power electrical system Car / 2 Car / 2 Car / 2 

Yaw system Car / 2 Car / 2 ST & Crane / 2 

Pitch system Car / 2 Car / 2 ST & Crane / 2 

Blades Car / 2 Car / 2 ST & Crane / 4 
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Table 18: Transport information (numbers from experience) 

Transport 

type 

Available 

number 

Speed [km/h] Technician 

capacity 

Mobilisation 

time [days] 

Limiting weather 

criteria 

Car 3 90 4 0 Wind: 33 [m/s] 

ST & 

Crane 

3 45 5 960 Wind: 7 [m/s] 

 

6.3.2 Resource costs 

The material costs are assumed the same for onshore as for offshore because the study is based on 

the assumption that the same wind turbine is used for both scenarios. 

Also, the material cost for planned maintenance are assumed to be the same with € 5000. The day rate 

for technicians is € 400. Costs related to the vessels are specified in Table 19. 

 

Table 19: Transportation cost (Ramboll project experience) 

Transportation type Day rate [€] Mobilisation cost [€] 

Car 70 0 

Special Transport & 

Crane 

46500 40000 

 

 

6.4 Wake Steering Scenario 

For the simulation case with wake steering control all baseline case input parameters remain 

unchanged except for the reliability figures and power scaling factors. The effects of the wind farm 

with the active controller were applied to the failure rates of each individual wind turbine according 

to the method explained in chapter 5.3.2. Tables with the adapted failure rates were not included 

within this deliverable because of their extensive size.  
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7 RESULTS AND DISCUSSION 

In the following sections the simulation results are presented and discussed. First, the impact on the 

energy production considering wake effects in the O&M simulation tool are presented. Second, in sub-

chapter 7.1 the non-controller case has been compared with the yaw-controller case taking adjusted 

failure rates into account. In sub-chapter 7.2 sensitivity analyses are presented to show the impact of 

inputs on KPIs. Last, the robustness of the results is discussed.  

 

7.1 Non-controller case vs. yaw-controller case 

7.1.1 Offshore 

Results of the simulations for the offshore non-controller case and the offshore yaw-controller case 

are summarised in Table 20. For the non-controller case OPEX of 609 M€ are estimated which is based 

on a non-discounted OPEX value of 1046.4 M€. For validation reason this value has been compared 

with a study of Ioannou et al. (Ioannou, Angus, & Brennan, 2018) in which the different shares of OPEX 

are presented. When scaling the presented numbers to the NORCOWE wind farm non-controller case, 

a reference value of 1099 M€ can be obtained. Consequently, the simulation results are within a 

reasonable range.   

 

Table 20: Offshore results 

Simulation  OPEX [M€] 

non-

discounted 

OPEX [M€] 

discounted 

Energy production 

[GWh] 

Availability [%] 

Non-controller case 1046.4 609.0 113556 80.64 

Yaw-controller case 1049.5 611.3 114448 80.86 

Change in [%] 0.3 0.4 0.8 0.2 

 

While the availability does not change significantly, OPEX increases 0.4% when comparing the yaw-

controller case with the non-controller case. The energy production increases by almost 0.8% which is, 

however, smaller than the forecasted energy production gain of 0.9% calculated as average between 

the estimates of FarmFlow (calculated AEP increase of 0.55%) and Floris (calculated AEP increase of 

1.24%) by ECN. FLORIS’ calculations are based on solely wake simulations assuming a wind farm’s 

availability of 100%. Therefore, the results of this study show, when considering the impact of the yaw-

controller on wind turbines’ reliability as well, that the total energy production gain decreases. This is 
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due to additional downtimes as the occurrence of failures for some components is more likely in 

comparison to the non-controller case (see chapter 5.3).  

Therefore, it can be concluded that the economic feasibility of the yaw-controller is dependent on the 

electricity price which can be acquired for the wind farm’s generated energy. If the extra revenue 

which can be generated when applying the yaw-controller is outweighing the additional cost, the yaw-

controller is economic viable. As there is a significant subsidy reduction since auctions have been 

introduced and even some wind farms will operate subsidy-free (compare sub-chapter 3.4), this 

consideration needs to be taken into account. Therefore, it is elementary to forecast electricity prices 

which will be achieved during the wind farm’s life time in order to examine the yaw-controller’s 

economic feasibility.  

As an example, an electricity price of 39.18 €/MWh which represents the averaged EPEX electricity 

spot price for the years 2011 to 2015 has been assumed. The additional revenue due to the energy 

production gain imposed by the yaw-controller which can be achieved has a value of around 10 M€. In 

this case, the additional OPEX cost would be covered and the yaw-controller would be economically 

feasible.  

The presented results refer to a wind farm’s availability of 80.8% for the non-controller case. This 

number is lower than typical availabilities of currently operated wind farms for which warranties on 

time-based availability of 97% are granted (Adiloglu, Guidon, & Decoret, 2016). The difference can be 

explained by the implemented maintenance strategies within the O3M Tool. As the tool is only 

considering corrective and planned maintenance, but not taking the new approach of predictive 

maintenance strategies into account, the availability of the wind farm is smaller in comparison to 

currently operated wind farms which do take predictive maintenance strategies into account already. 

(Bak, et al., 2017) got an availability of 81.2% for the NORCOWE RWF also not considering predictive 

maintenance so far. Therefore, the availability calculation of the O3M Tool is validated.  

 

7.1.2 Onshore 

An estimation of the onshore OPEX and the energy production over the lifetime were upscaled from 

the general parameters given in the BVG report (Bruce Valpy, 2014) and do not respect the net-present 

value approach (non-discounted OPEX). The simulations which were performed with the input 

parameters of chapter 6.3 give a relative change of the OPEX due to the controller and wind farm 

effects of 1.4% and of the energy production of 1.5%. The simulations have shown that the availability 

of the onshore wind farm increases significantly by almost 4% to 5% in comparison to the offshore 

case. This is due to the absence of the weather window restrictions of the offshore scenario in which 

wave height limits are often the cause of a downtime increase. The wake steering control has only a 
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slight impact on the availability of the wind farm and leads to an increase of 0.8% in the onshore case 

scenario which is neglectable due to the inaccuracy of the tool. 

 

Table 21: Onshore results 

 OPEX [M€] 

non-

discounted 

Energy production 

[GWh] 

Availability [%] 

Non-controller case  780  61690 84.74 

Change in [%] from 

simulation model 
1.4 1.5 0.8 

Yaw-controller case 790.8 62621.5 85.49 

 

7.2 Impact on Maintenance Strategies 

7.2.1 Sensitivity Analysis of Maintenance Parameters 

In order to understand the magnitude of results and the impact of the yaw-controller on OPEX better, 

sensitivity analyses have been performed. A 10%-decrease in comparison to the input for the non-

controller case for several input parameters such as failure rate scaling factors, components’ repair 

times, cost figures and vessel specific inputs has been applied, to analyse the impact of varying inputs. 

OPEX has been chosen as KPI to compare results. The change in OPEX in comparison to the results of 

the non-controller case can be seen in Figure 24. While the general bars in the graph show the change 

in OPEX in percent in comparison to the non-controller case’s results, the error bars show an interval 

of +-0.5% around the determined results. This is to indicate the range of inaccuracy of the simulation 

tool’s results due to the Monte Carlo simulation (compare sub-chapter 6.1).  

First, it can be noticed that some input parameters have a bigger influence on OPEX than others. 

Especially to mention are the vessel day rate and the wave height limit of the jack-up vessel which 

impose a change in OPEX of nearly 8% and 5%, respectively. Also, the day rate of the CTVs has a 

significant impact on OPEX. Moreover, the repair times of the blades and the gearbox play a role which 

is reasonable considering that these components take the longest to replace them. The shorter the 

repair time is, the smaller its related costs.   

Second, quite a few input parameters have nearly no effect on OPEX as the share is too small in 

comparison to the overall cost. To mention are for example the material cost of the components and 

travel times of the vessels. Even though, some bars indicate an OPEX increase (e.g. for repair times of 

generator and pitch system and the JUV’s travel time) the results need to be understood as a result of 
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the uncertainty of the Monte Carlo simulation (compare error bars). In general, one expects that OPEX 

decreases when repair times or travel times decrease which can be seen for most of the other inputs. 

Third, it can be seen that the assumptions made for the failure rate scaling factors for each component 

have an impact of one to two percent on OPEX when changing the scaling factors by 10%. On the one 

hand, this shows that a further investigation in how the different failure rates are adjusted considering 

the yaw-controller would be valuable. Physical models can describe components and the different 

causes for failure better but are more complex and time-intensive as well. On the other hand, it 

becomes clear that in comparison to other inputs (e.g. JUV specific ones) the failure rate scaling factors 

play a minor role in overall OPEX.  

For most cases of the sensitivity analysis, the availability does not change significantly. However, three 

different input parameters are mentioned here exemplarily which make up for a notably respective 

increase or decrease in availability. Firstly, when increasing or decreasing the failure rate scaling factor 

of the gearbox by 10%, the availability decreases or increases by around one percent. The relationship 

is proportional. This shows again that the gearbox is an important component which should be 

investigated more in detail in future studies as well. Secondly, when increasing or decreasing the 

blades’ repair time by 10%, the availability increases or decreases by around two percent, respectively. 

The relationship is anti-proportional. Thirdly, when increasing or decreasing the wave height limit of 

the JUV, the weather window for performing maintenance gets longer or shorter. As weather 

downtime plays a crucial role in offshore maintenance, the effect on availability is remarkable: an 

increase or decrease of around 5% in availability, respectively, can be observed.  
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Figure 24: Results of sensitivity study. Change in OPEX [%] when applying a 10% decrease for several input 
parameters. The error bars have an interval of +-0.5% and visualise the uncertainty of the O&M simulation 

tool’s results. 
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7.2.2 Impact on Predictive Maintenance  

Predictive maintenance, based on the available measurement data, makes it possible to foresee when 

the next inspection for a certain component is necessary or when it will reach the end of its lifetime. 

The corrective maintenance strategy combined with a scheduled annual inspection only reacts when 

the failure occurred and when the downtime of the turbine already started. When the use of a JUV 

becomes necessary the waiting time for the vessel and a suitable weather window greatly affect the 

availability and increase OPEX. The possibility to predict the failure in order to allow the organisation 

of the vessel, crew and spare parts before the failure actually happens is very attractive to the industry. 

The quality and the extend of the predictive maintenance, however, is limited to the data which can 

be processed and evaluated in view of estimating the condition of a specific component.  

Deliverable D4.2 (CL-Windcon Deliverabe D4.2, 2019) studied the required sensor information for the 

different controller algorithms. Active yaw control with yaw-rate control, studied in the present 

document, requires the baseline yaw control hardware and communication handles, such that no extra 

hardware needs to be installed in the turbine. Yaw control by IPC requires hardware to measure the 

blade root moments, with which, according to D4.2, some turbines are equipped, but which is rather 

unlikely in comparison to the general equipment. Provided that the corresponding hardware is 

installed, the obtained data can additionally be used to constantly track the fatigue loads of the blade 

during the lifetime. In Table 5 the DEL of the blade root moments are used to estimate the change of 

the reliability figure of the blades. The consequence is, that if predictive maintenance is performed in 

a wind farm with installed active yaw controllers and the corresponding hardware, the prognosis of 

upcoming maintenance campaigns would be limited to the rotor blades. This finding holds a certain 

potential in a way that if data analysis makes it clear that the blades need repair work or replacement 

within the coming year, the spare parts can be ordered in advance and the maintenance campaign can 

be scheduled for summertime when wind and sea are in general calmer and an adequate weather 

window is easier to find. Further, the transportation vessel can be pre-ordered a long time in advance, 

which will influence the vessel day rate in a positive way. The realisation of all these measures would 

result in a decrease of the OPEX costs, provided that the failure of the blade occurs during the lifetime 

and no further downtime is caused by additional installed equipment.  

 

7.3 How robust are these results? 

The forecasted trend of increasing power generation by FLORIS when applying the yaw-controller has 

been confirmed by the simulation results. This is crucial to outweigh additional OPEX due to additional 

maintenance activities caused by the controller in order to find the yaw-controller economically viable. 

While the average of the energy productions calculated with FarmFlow and Floris forecasts a gain of 

0.9%, O3M Tool shows an energy production gain of 0.8% as additional O&M activities due to the 



D4.5 - O&M Cost Modelling public 

 

 

Copyright CL-Windcon    Contract No. 727477                                     Page 70  

   

controller decrease the energy production (compare sub-chapter 7.1). However, the magnitude of 

energy production gain underlies certain uncertainty. This is due to two reasons. On the one hand, 

energy production is highly dependent on the weather. Dependent on when downtime and uptime 

occur, and which weather is forecasted for that time, electricity generation can differ. On the other 

hand, the number of iterations for the Monte Carlo simulation chosen is sufficient for having accurate 

enough results for OPEX (compare sub-chapter 6.1) but deviation in energy production can still be 

higher. This has also been observed in the sensitivity study on costs. While the study is only performed 

on cost input parameters, the energy production should show similar results for all cases as cost figures 

do not influence the maintenance activities itself. However, a difference of up to 1% in energy 

production could be observed as it depends on the weather forecast and when maintenance needs to 

be performed. Even though, the results are not necessarily fully reliable as absolutes due to uncertainty 

in inputs and simulation inaccuracy, the obtained values have been verified by comparing results with 

other studies. Additionally, the relative changes observed give important insights when analysing the 

economic feasibility of the yaw-controller.  

 

7.4 Impact of Wind Farm redesign on O&M 

In D4.3 (CL-Windcon Deliverable D4.3, 2019) a wind farm layout optimisation of the NORCOWE wind 

farm was performed. The goal of the optimisation was to maximise the energy production with 

minimal fatigue and minimal space between the turbines. The wake of the turbines plays an important 

role as it influences the power production of the in-wake wind turbines. The optimised layout of D4.3 

showed an increase of 34% of the annual energy production (AEP). Compared to the initial layout the 

turbines are still placed in a row but the distances between the turbines have increased significantly. 

For an offshore wind farm this could be viable under certain circumstances but for onshore wind farms 

the spacial capacity is quickly exhausted because of surrounding infrastructure, vegetation and the 

topography.  

Bigger distances between the turbines mean also that the costs for the grid cables will increase, the 

sub-soil investigations will need to cover a bigger area and the travel times for the installation and 

inspection vessels will be higher. All this would lead to an increase of the installation costs and possibly 

of the maintenance costs. However, this increase is contrasted with the improvement of the wind 

turbine fatigue loads and the significant increase in power production. Smaller failure rates due to a 

decrease of the component loads will lead to fewer maintenance interventions and will provoke a 

decrease of the OPEX. Further investigations would be required in order to analyse how these 

contrasting influences on the OPEX would balance out over the lifetime of the wind farm. This result 

would need to be evaluated with regard to the significant gain of AEP cause by the redesign. 
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In case of bigger distances between the turbines the application of active wake control becomes more 

questionable as the positive controller effects will be smaller. For this reason, if the installation of an 

active yaw controller is planned for a wind farm, the controller should be respected in the design phase 

of the wind farm layout, with the aim to exploit the benefits of the controller on the fatigue loads. This 

would lead to a closer spacing of the layout than it would be possible without the controller. 
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8 CONCLUSION 

This report studies the effect of active wake steering control on the operation and maintenance of the 

wind farm. For this purpose, an inhouse O&M cost model (O3M Tool) has been used to allow the 

optimisation of operational strategies. The report evaluates the relative change of the loads from D4.1 

and of the power production provided by ECN for the NORCOWE wind farm and introduces an 

approach on how this impact can be transformed into an adjustment of the component failure rates 

and the power calculation within the O&M cost model. In comparison to most O&M simulation tools, 

the presented cost model considers wake effects and a failure rate distribution within the wind farm 

to account for varying loads dependent on the turbine position in the wind farm. Therefore, the tool 

can be useful to evaluate the economic feasibility of new controller technologies which aim to improve 

the operation of wind farms. The active yaw controller was chosen for this study.  

The results showed further, that the impact of the active wake steering control slightly improved the 

availability of the wind farm by a value which is almost negligible. An increase in OPEX does not 

necessarily mean a decrease in wind farm availability. The influence of the weather window on the 

availability, however, is very concise when the increase of almost 5% for the onshore wind farm shows 

that wave height limits have a big effect on the downtimes offshore. The same effects observed for 

the availability are automatically reflected in the energy production of the wind farm.   

The results show that the yaw-controller’s economic feasibility depends on the electricity price which 

can be received for the produced energy as additional revenue is needed to outweigh increasing OPEX 

which is due to increasing loads when applying the controller. By calculating the revenue due to power 

production gains with the averaged EPEX electricity spot price demonstrates that the additional OPEX 

which is caused by increased maintenance activity is exceeded. Therefore, the conclusion can be drawn 

that the yaw-controller is economically viable. However, additional components could be needed to 

realise the new control technology. This could lead to another source of failure which is not considered 

in the case study and needs to be investigated in future. 

Furthermore, the viability is dependent on other factors such as prevailing weather conditions and the 

layout of the wind farm. The more turbines are affected by wake effects, the more beneficial can the 

controller be. Therefore, a re-design of the wind farm’s layout would likely lead to a decrease of the 

O&M costs and activities, considering the optimal yaw-misalignment angles to decrease arising 

additional loads. 

Future work is seen in evaluating the additional impact of IPC on O&M to reduce sources of additional 

maintenance activities. Moreover, assumptions made for adjusting the failure rates considering the 

impact of the yaw-controller have to be challenged to obtain a more detailed picture of turbine 

reliability and its influences. Physical models of individual components could provide an in-depth 
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understanding of root causes for different failure types. Thus, better knowledge for quantifying the 

impact of controller technologies on turbine reliability could be attained.  

Further, the influence of the positive and negative effects of the redesigned NORCOWE wind farm on 

the OPEX and how these effects would equilibrate over the lifetime, should be subject to future 

investigations. It can however be assumed that the significant increase of the AEP would exceed the 

possible increase of the OPEX and CAPEX.  
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