
Development of a model to estimate O&M costs  
for onshore wind farms 

   
 

        

        

 
 
 
 

 

 
 

Master thesis 
by Frans P. de Jong 

 
Energy & Environment (E&M) 
Department of Technology Management (TM) 
Eindhoven University of Technology (TU/e), the Netherlands 
 
 
Supervisors: 
Dr. Ir. A.J.D. Lambert  (TU/e) 
Dr. J.B.M. Goossenaerts  (TU/e) 
Ir. E. Kamphues   (MECAL) 
Dipl.-Ing. S. Kuhnt   (MECAL) 
 
Advisor: 
Dr. G.J.W. van Bussel  (TU Delft) 



 
 
Report by: 
Frans de Jong  

 
 
Commissioner: 
Mecal Applied  Mechanics 

 

 

 
   

  Page I  
 

 

 

Abstract 
This report describes the development of a model to estimate operational and 
maintenance (O&M) costs for onshore wind farms. The model will be used for a service 
from Mecal, called “Due Diligence”, which concerns estimating the present value of an 
existing or future wind farm. Forecasting the O&M costs is a substantial part of this service. 
Simulation has been applied to deal with the stochastic variables that are used to calculate 
the O&M costs. Therefore a simulation study method from Goossenaerts & Pels (2006) 
has been adopted. This report describes a simulation model that is built in Excel® with the 
add-on @Risk from Palisade Corporation, which makes use of Monte-Carlo simulations. 
The model makes it possible for Mecal to perform an O&M costs estimation and to obtain 
results that provide added value to Mecal and its customers.  
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Summary 
Operational and maintenance (O&M) costs are decisive for wind energy projects. The 
amount to be considered for O&M can make a project profitable or not. This report 
describes my master thesis executed at Mecal: the development of a model to estimate 
the O&M costs for onshore wind farms. A wind farm consists of a group of wind turbines, 
which convert wind energy into electricity, also known as wind power. 
Mecal started a new service called “due diligence” in 2006. A due diligence has the aim to 
estimate the present value of an existing or future wind farm. It consists of a thorough 
analysis of all available turbine and wind farm data possibly supported by additional 
measurements in the field. A forecast of the future O&M costs based on the available data 
is a substantial part of this due diligence. Mecal intends to make a more accurate estimate 
of the O&M costs than at the present status which requires the development of this model. 
The wind energy market is a relatively young market and has developed extensively from 
its start almost thirty years ago. The technology has evolved from a wind turbine capable 
of producing 50 kW with a rotor of 15 meters in diameter at the start up till 6000 kW and a 
rotor of 112 meters in diameters nowadays.  
The market is dominated by a top ten of suppliers and shifting from private owners towards 
large companies that dominate the market. These companies are expanding their share in 
the wind energy market by acquiring already installed capacity or by investing in brand 
new projects. Wind energy has a bright future and the development of the international 
wind energy market in the coming years is viewed as very positive by the industry. Growth 
rates of 12% are forecasted for the coming years. 
The O&M costs for wind power are unforeseeable and few data about current O&M costs 
for wind turbines is available. The latest studies for O&M costs are from 2002 and it is 
hardly known what the O&M costs of the current installed wind turbines are and will be in 
the future. Although it is expected that the O&M costs decreases per installed kilowatt as 
the turbine size and ratings increases, further reductions are likely as the industry acquires 
more knowledge. 
The O&M costs are thus hardly known as well as other operational data. Operational data 
is not available and cooperation or sharing of data between manufacturers and operators 
of wind turbines is not existent. Initiatives that take place for recording data are present, 
but this does not lead to the reliable data that is needed. It is not expected that 
manufacturers will share their data in the near future and therefore the best source of data 
resides with the operators. In other branches of industry, e.g. offshore, it is common 
practice that larger operators collect and exchange operation and maintenance data. They 
want to benefit from each other’s experiences and from the larger population. This can be 
done by setting up user groups, or by setting up a database. Unfortunately operators of 
wind turbines are reluctant to share their data. 
Due to the reluctance in the wind industry the market is in the individual approach stage. It 
is not known what the cost savings will be if operational data become available and 
maintenance processes can be optimized, but it is expected to be significant.   
O&M costs consist of different cost drivers. Operational costs are annually recurring costs 
involved in routine operation of the wind farm. These costs are fixed and can be estimated 
in a straightforward deterministic manner. Maintenance consists of all actions that have as 
objective to retain, or restore, some object to a state in which it can perform the required 
function, in this case production of electrical power.  
Maintenance costs are grouped into three categories: 

• Unscheduled maintenance to repair wind turbine malfunctions 
• Scheduled preventive maintenance for the wind turbines 
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• Scheduled major overhauls and component replacements of the wind turbine 
 

The unscheduled maintenance costs, also known as corrective maintenance costs, cannot 
be calculated in a straightforward manner. These costs are activated by stochastic 
variables, the mean time between failures of the components. The costs involved are also 
influenced by stochastic variables, for instance the repair time, which is not fixed. A 
stochastic variable is a variable in the sense that it is a sampled value out of a distribution 
function. It does not have a specific value, but rather a range of values.  
To deal with the stochastic variables a choice is made to use a computerized simulation 
model. Downtime is also included in the model, because it is required to calculate the loss 
in revenues. Existing models for O&M costs are not widely available and only one model 
from the Energy research Centre of the Netherlands is available for purchase. The choice 
is made, based on the needs of Mecal, to self construct the model. 
A simulation study consisting of the following steps is performed to construct the model: 
 

1) Project definition 2) Black Box and assumptions 
3) Conceptual model 4) Executable model 
5) Validation 6) Experiment & Results 
7) Conclusions  

 
In the simulation study is defined what is included into the model. The input parameters 
are established and a choice is made which components of a wind turbine have to be 
present in the model. A component can have four maintenance categories: from an 
inspection and repair to a full replacement of a component. The different maintenance 
categories do not apply for every component. The conceptual model shows the concepts 
the computer model must calculate.  
The distributions of the stochastic variables that are used in the model have to be defined. 
The behaviour of a wind turbine can be described by a bathtub curve, which consists of 
three stages; decreasing failure, constant failure and increasing failure rate. Currently 
exponential failure rates are used, which do not take into account the bath tub curve, 
because of the memory less property. This means that the chance of failure is independent 
of what happened before and the failure rate is constant. A Weibull distribution is used in 
the model. This distribution is able to represent the three stages of a bath tub curve as well 
as the exponential distribution, to be used right away when a Weibull distribution cannot be 
defined. Another choice that had to be made was between mean time between failures 
(MTBF) and mean time to failure (MTTF). The distinction is that in the MTBF the repair 
time is included. The MTBF is used in the model, because the data that is available today 
is according to MBTF. A PERT (Programme Evaluation and Review Technique) 
distribution is used for other input variables. A PERT distribution is used as an 
approximation for sampled data. For the definition of a PERT distribution, a minimum, a 
maximum and a most likely value are needed.  
The definition of the used distributions and the conceptual model is the starting point for 
the executable model. The choice is made to make a model in Excel® with the add-on 
@Risk, which is capable of doing Monte Carlo simulations. The model has been validated 
and verified in different stages. The validation of the conceptual model has been 
performed and the next step was the verification of the simulation model. This has been 
done using three techniques. The next step was then the validation of the simulation 
model, which consists of two aspects: checking the behaviour and the set up of the model. 
Unfortunately, in consequence of the lack of data the first validation was only partly 
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possible. Therefore the validation mostly relies on the validation of the conceptual model. 
For the set up of the model the warming up period, length of sub run, and the number of 
sub runs are defined.  
The simulation model is for the simulation of a single turbine and these results are used for 
the calculations of the costs of a complete wind farm. It is possible to have five different 
types of turbines in one wind farm.  The calculation of the wind farm O&M costs and 
downtime is done by random summing up values out of the distribution from the single 
wind turbine(s) to obtain the new distribution.  
The simulation model enables it to compare different simulations, because the same 
simulation settings can be used for different simulations. The model also has its limitations 
and is a simplification of a wind farm, as an overhaul of the wind turbine or its components 
and clustering of maintenance activities is not taken into account. The model also does not 
take into account the limited availability of resources: it assumes that the resources are 
available within the specified time frame.  
Given the lack of data to use for the model only some example results can be shown, 
based on fictive data. The graphs are presented to give an indication of the possibilities of 
the model. A summary graph, where the costs per year and its confidence bounds are 
shown, and a distribution of the total costs are two of the graphs that the model can 
produce.   
The implementation of the model is not difficult, because of the use of Excel®. Mecal is 
already familiar with this software package. A tutorial is given and a manual is provided to 
have documentation, which can be relied on. Purchase cost is a one time occurrence and 
the training costs are negligible, due to the use of Excel®. More man-hours are needed for 
the input analysis, once reliable data is obtained, but this will result in more accurate 
results, which are of added value to Mecal.    
The contribution of the model is to the work process of the due diligence. The current 
method of estimating the O&M costs is strongly improved by the model. The model is able 
to run with the limited data available nowadays as well as with the data that might come 
available in the future.  
The O&M costs model is completely dependent on the input. The input parameters of the 
model have to be defined and this is a problem with the data that is available nowadays. 
Operators are probably recording their own maintenance data, but it is questionable 
whether it is it in a way that is appropriate for the use of the model. Therefore, it is 
important for Mecal to get access to this data, for instance by supporting operators for 
recording their data in an adequate way, or by engaging with uptake or development of 
suitable standards. The future will show whether or not, and under what modalities, 
operational data comes available that will facilitate the value creation via the simulation 
tool. The overall conclusion is that the model is of added value today, but can become of 
even more added value when it can be linked to high quality data.   
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Samenvatting 
Operationele- en onderhouds(O&O)kosten kunnen beslissend zijn voor windenergie 
projecten. De hoeveelheid waarmee rekening gehouden moet worden gehouden kan een 
project winstgevend maken of juist niet. Dit rapport beschrijft mijn afstudeerproject 
uitgevoerd bij Mecal: de ontwikkeling van een model om de O&O kosten van een windpark 
op land te kunnen schatten. Een wind park is een groep van wind turbines, die de energie 
in de wind omzetten in elektriciteit.  
Mecal is een nieuwe service gestart begin 2006 genaamd “Due diligence”. Het doel 
hiervan is om de huidige waarde van een bestaand of toekomstig windpark te bepalen. 
Het bestaat uit een diepgaande analyse van alle beschikbare windturbine en park data 
mogelijk bijgestaan met additionele metingen in het betreffende wind park. Een 
voorspelling van de toekomstige O&O kosten, gebaseerd op de beschikbare data, is een 
substantieel onderdeel hiervan. Mecal heeft als doel een accuratere schatting van O&O 
kosten te maken dan nu het geval is. Hiervoor is de ontwikkeling van het model. 
De wind energie markt is een relatief jonge markt en heeft zich excessief ontwikkeld sinds 
de start bijna dertig jaar geleden. De technologie heeft zich geëvolueerd van een wind 
turbine die in staat is om 50 kW te produceren met een rotordiameter van 15 meter tot een 
wind turbine met een rotordiameter van 112 meter en een productiecapaciteit van 6000 
kW.  
De markt wordt gedomineerd door een top tien van windturbine fabrikanten en er is een 
verschuiving van privé eigenaren richting grote bedrijven die de markt beheersen. Deze 
bedrijven zijn hun aandeel aan het vergroten in de markt door het aanschaffen van al 
bestaande windparken en door te investeren in nieuwe projecten. Wind energie heeft een 
florissante toekomst en de ontwikkeling van de internationale wind energie markt in de 
komende jaren wordt als zeer positief gezien door de industrie. Groeivoorspelling van 12% 
zijn voorspeld voor de komende jaren. 
De O&O kosten voor windenergie zijn onvoorzienbaar en slechts weinig data over de 
huidige O&O kosten voor windturbines zijn beschikbaar. De laatste studies met betrekking 
tot O&O kosten zijn van 2002 en het is moeilijk te weten wat de O&O  kosten zijn van de 
huidige geïnstalleerde windturbines en wat de kosten in de toekomst zullen zijn. Alhoewel 
het te verwachten is dat de O&O kosten dalen per geïnstalleerde kW als de grootte van de 
wind turbine en zijn productiecapaciteit stijgen, verdere dalingen zijn te verwachten 
wanneer de industrie meer kennis verwerft. 
De O&O kosten zijn dus nagenoeg onbekend en dit geldt ook voor de andere operationele 
data. Deze operationele data is niet beschikbaar en samenwerking of het delen van deze 
data tussen fabrikanten en de exploitanten van windturbines is niet aanwezig. Initiatieven 
voor het registreren van de benodigde data zijn aanwezig, maar deze leiden helaas niet tot 
de vereiste betrouwbare data die benodigd is. Het is niet te verwachten dat 
windturbinefabrikanten hun data gaan delen in de nabije toekomst en de beste bron om 
data te kunnen verkrijgen is daarom bij de exploitanten van de windturbines. In andere 
takken van industrie, bijvoorbeeld offshore, is het een routine dat grote exploitanten hun 
operationele en onderhoudsdata verzamelen en uitwisselen. Ze willen van elkanders 
ervaring en van de grotere populatie profiteren. Dit kan gerealiseerd worden door 
gebruikersgroepen of een databank op te richten. Helaas zien ook exploitanten van 
windturbines onderling op tegen het delen van data. 
Mede door de tegenzin in de windindustrie verkeert de markt zich in de fase van de 
individuele aanpak. Het is onbekend wat de kostenbesparingen kunnen zijn wanneer 
operationele data beschikbaar komt en hierdoor de onderhoudsstrategieën 
geoptimaliseerd kunnen worden, maar het is te verwachten dat deze significant zijn.  
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O&O kosten bestaan uit verschillende kostenfactoren. Operationele kosten zijn jaarlijks 
terugkerende kosten met betrekking tot de routine besturing van het windpark. Deze 
kosten zijn vast en kunnen geschat worden op een eenvoudige deterministische manier. 
Onderhoud bestaat uit alle acties die als doel hebben om het object te behouden of terug 
te brengen in een staat waarin het zijn functie kan uitvoeren, in dit geval het produceren 
van elektrische energie.  
Onderhoudskosten worden gegroepeerd in drie categorieën: 
 

• Niet gepland onderhoud om een storing van de windturbine te verhelpen 
• Gepland preventief onderhoud voor de windturbines 
• Geplande grote revisie en vervanging van componenten van een wind turbine 

 
De ongeplande onderhoudskosten, ook wel bekend als correctieve onderhoudskosten, 
kunnen niet berekend worden op een eenvoudige manier. Deze kosten  worden 
geactiveerd door stochastische variabelen, de gemiddelde tijd tussen storingen van de 
componenten. De betrokken kosten zijn ook beïnvloed door stochastische variabelen, 
bijvoorbeeld de repareertijd die variabel is. Een stochastische variabele is een variabele in 
de betekenis dat het een willekeurig getrokken waarde is uit een distributiefunctie. Het is 
geen vaste waarde, maar enigszins een reeks van waarden. 
Om te kunnen werken met de stochastische variabelen is er voor gekozen om gebruik te 
maken van een simulatiemodel op de computer. Stilstandtijd wordt ook berekend in het 
model, deze is nodig om het verlies in inkomsten te kunnen berekenen. Bestaande 
modellen voor O&O kosten zijn niet uitgebreid beschikbaar en slechts een model van het 
EnergieCentrum Nederland is beschikbaar voor aanschaf. Er is een keuze gemaakt, 
gebaseerd op de keuzes van Mecal, om zelf een model te construeren. 
Een simulatiestudie bestaande uit de volgende stappen is uitgevoerd voor het maken van 
het model: 
 

1) Project definitie 2) Zwarte doos en aannames 
3) Conceptuele model 4) Uitvoerbaar model 
5) Validatie 6) Experiment en resultaten 
7) Conclusies  

  
In de simulatiestudie is gedefinieerd wat is meegenomen in het model. De 
invoerparameters zijn vastgelegd en een keuze is gemaakt welke componenten van een 
windturbine in het model aanwezig moeten zijn. Een component kan behoren tot vier 
onderhoudscategorieën: van een inspectie en repareer order tot een volledige vervanging 
van een component. De vier verschillende onderhoudscategorieën zijn niet toepasbaar 
voor elk component. Het conceptuele model laat de begrippen zien die het model moet 
berekenen.  
De distributies van de stochastische variabelen die gebruikt zijn in het model moesten 
gedefinieerd worden. Het gedrag van een windturbine kan beschreven worden door 
middel van een  kromme die op een badkuip lijkt. Deze grafiek bestaat uit drie fases: 
afnemende faalkansen, constante faalkansen en toenemende faalkansen. Exponentiële 
faalkansen worden heden ten dage gebruikt, deze beschrijven de badkuip kromme niet, 
vanwege de geheugenloze eigenschap. Dit houdt in dat de kans van falen onafhankelijk is 
van wat ervoor gebeurd is en verder is de faalkans constant. In het model wordt gebruik 
gemaakt van een Weibull distributie. Deze is in staat om de drie fases van de badkuip 
kromme te representeren en tevens de exponentiële distributie, zodat deze direct gebruikt 



 
 
Report by: 
Frans de Jong  

 
 
Commissioner: 
Mecal Applied  Mechanics 

 

 

 
   

  Page VII  
 

 

 

kan worden wanneer een Weibull distributie niet gedefinieerd kan worden. Een andere 
keuze die gemaakt moest worden was de keuze tussen gemiddelde tijd tussen storingen 
(MTBF) en gemiddelde tijd tot de storing (MTTF). Het onderscheid zit het erin dat in de 
MTBF de repareertijd is meegerekend. Deze wordt ook gebruikt in het model, omdat de 
data die beschikbaar is volgens deze methode genoteerd is. Een PERT (Programma 
evaluatie en terugblik techniek) distributie is gebruikt voor de andere invoer variabelen.  
Voor het definiëren van een PERT distributie moeten een minimum, meest waarschijnlijke 
en maximum waarde bepaald worden. 
De definitie van de gebruikte distributies en het conceptuele model zijn het startpunt voor 
het uitvoerbare model. De keuze is gemaakt om het model te maken in Excel® met de 
uitbreiding @Risk, die in staat is om Monte Carlo simulaties uit te voeren. Het model is 
gevalideerd en geverifieerd in verschillende stages. De validatie van het conceptuele 
model is uitgevoerd en de volgende stap was de verificatie van het simulatie model. Dit is 
gedaan door middel van drie technieken. De volgende stap was de validatie van het 
simulatiemodel, die bestaat uit twee aspecten: controleer het gedrag en de opstelling van 
het model. De eerste validatie, was door het gebrek aan betrouwbare data slechts 
gedeeltelijk mogelijk. De validatie is daarom voornamelijk afhankelijk van de validatie van 
het conceptuele model. Voor de opstelling van het model de opwarmperiode, de lengte 
van een sub-run en het aantal sub-runs zijn gedefinieerd. 
Het simulatiemodel is ten behoeve van de simulatie van een enkele windturbine en de 
resultaten hiervan worden gebruikt voor de berekening van de kosten voor een windpark. 
Het is mogelijk de kosten te berekenen voor een windpark met vijf verschillende typen 
windturbines. De berekening voor de O&O kosten voor een windpark wordt uitgevoerd 
door het willekeurig sommeren van O&O kosten uit de distributie van de enkele 
windturbine, zodat de nieuwe distributie verkregen wordt.  
Het simulatiemodel maakt het mogelijk om verschillende simulaties te vergelijken, dit 
doordat dezelfde simulatie instellingen gebruikt kunnen worden voor verschillende 
simulaties. Het model heeft echter ook zijn beperkingen en is een simplificatie van een 
windpark, er wordt geen rekening gehouden met een revisie van de windturbine of zijn 
componenten en het samenvoegen van onderhoudsactiveiten. Het model houdt verder 
geen rekening met de beperkte beschikbaarheid van middelen, aangenomen is dat de 
middelen beschikbaar zijn binnen het gespecificeerde tijdsbestek. 
Het is enkel mogelijk om wat voorbeeldresultaten te laten zien gebaseerd op fictieve data, 
gegeven het gemis aan betrouwbare data voor het gebruik van het model. De getoonde 
grafieken laten zien wat de mogelijkheden zijn van het model. Een grafiek met de kosten 
per jaar en de betrouwbaarheidsgrenzen en een distributie van de totale kosten zijn twee 
van de grafieken die model onder andere kan produceren. 
De implementatie van het model zal niet moeizaam zijn, vanwege het gebruik van Excel®. 
De werknemers van Mecal zijn hiermee vertrouwd. Een werkcollege is gegeven en een 
handleiding is gemaakt om op terug te kunnen vallen. Aanschafkosten zijn een eenmalige 
gebeurtenis en de trainingskosten zijn verwaarloosbaar, door het gebruik van Excel®. 
Meer manuren zijn nodig voor de invoeranalyse, wanneer betrouwbare data is verkregen, 
maar dit zal resulteren in accuratere resultaten die van toegevoegde waarden zijn voor 
Mecal. 
Het model zal toegepast worden voor het werkproces van de due diligence. De huidige 
methode voor het schatten van de O&O kosten wordt sterk verbeterd door toepassing van 
het model. Het model kan overweg met de beperkte huidige beschikbare data en zowel 
met de uitgebreidere data die beschikbaar kan komen in de toekomst. De resultaten van 
het model zijn van grotere waarden als er meer betrouwbare data gebruikt kan worden.  



 
 
Report by: 
Frans de Jong  

 
 
Commissioner: 
Mecal Applied  Mechanics 

 

 

 
   

  Page VIII  
 

 

 

Het O&O kosten model is totaal afhankelijk van de ingegeven waarden. De 
invoerparameters  van het model moeten bepaald worden en dit is een probleem met de 
huidige beschikbare data. Het is mogelijk dat exploitanten hun eigen onderhoudsdata 
registreren, maar het is de vraag of dit op een manier gedaan wordt die geschikt is voor 
het gebruik van het model. Het is belangrijk dat Mecal de beschikking krijgt tot deze data, 
bijvoorbeeld door exploitanten te ondersteunen bij het registreren van hun data op een 
adequate manier, of deelnemen aan het proces of de ontwikkeling van geschikte 
standaarden. De toekomst zal ons laten zien of, en onder welke modaliteiten, operationele 
data beschikbaar komt die de waardetoevoeging via het simulatieinstrument kan 
faciliteren. De algemene conclusie is dat het model van toegevoegde waarde is heden ten 
dage, maar dat de toegevoegde waarde verhoogd kan worden wanneer het verbonden 
kan worden met hoge kwalitatieve data. 
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1 Introduction 
Operational and maintenance (O&M) costs are decisive for wind energy projects. The 
amount to be considered for O&M can make a project profitable or not. My master thesis is 
conducted at the Mecal Company, situated in Enschede. This thesis is involved with wind 
power and in particular the operational and maintenance costs involved. Wind power is the 
conversion of wind energy into more useful forms, in this case electricity using wind 
turbines. The introduction is to give an understanding where this thesis is about and to give 
an insight into the playing field of this thesis. At the end the method of approach for this 
thesis is presented. 

1.1 Company description 
Mecal was founded in 1989 as a small engineering company in applied mechanics. In its 
early years, customers typically had little specific knowledge of applied mechanics. 
However, to companies such as ASML, Stork, NEG / Micon and Philips the know-how of 
applied mechanics was essential. To meet their needs, Mecal expanded its mechanics 
know-how with a thorough understanding of its customer’s products and production 
processes. This not only increased Mecal’s added value, but also added to its reputation 
as a reliable partner in product development. 
Nowadays Mecal employs over 60 people and has offices in Enschede, Veldhoven and 
Groningen. As a global enterprise, Mecal’s customer base comprises customers in The 
Netherlands, Germany, Denmark, the United Kingdom, Italy, Spain, France, the United 
States, Taiwan, Singapore, Japan, Korea and China.  
Mecal focuses on two major areas: wind energy and semiconductor equipment 
manufacturing. A global presentation of Mecal’s organization is in figure 1. My thesis is for 
the wind energy product development group of Mecal and therefore only a description of 
this division is presented.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Mecal’s organization 
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In the beginning of 2006 Mecal formed a partnership with BBB Umwelttechnik. BBB 
Umwelttechnik, founded in 1996, is a company situated in Germany and offers its 
customers a complete range of services for the projection, realization and operation of 
wind turbines. Mecal formed a partnership to offer together the service “due diligence”, 
which is explained later. 

1.1.1 Wind energy 
Mecal has more than 15 year expertise in turbine design and turbine behaviour. Mecal’s 
team of engineers develops and/or improves components and products, meticulously 
testing them, performing full strength analysis of wind turbine components, including the 
realization of fatigue tests and the preparation of certification documentation.  
Since the beginning of 2006 Mecal has increased its role in Wind Turbine Inspections and 
Assessments. Services that it offers to wind park investors, project developers and other 
stakeholders. MecalTurbine Assessments are typically performed at the end of a turbine 
test run, at the end of the warranty period or whenever a due diligence is required. 

1.1.2 Due diligence 
The aim of due diligence is to estimate the present value of an existing or future wind farm. 
The due diligence is done in partnership with BBB Umweltechnik. This company performs 
an evaluation of the energy production of the wind farm. Mecal performs the technical due 
diligence, a part of this is a forecast of the future O&M costs for a wind farm.  
The technical due diligence consists of a thorough analysis of all available turbine / wind 
park data (reports, permits, contracts, turbine data, parameters) possibly supported by 
additional measurements in the field.  
For the start of a technical due diligence an error/status log database is required, or at 
least reports containing error code, duration, kWh loss and definition of error codes. 
Monthly and yearly reports containing maintenance, repair, replacement and other issues 
are required to get a better understanding about turbine histories. 
 
With this information a quick scan is performed. The focus is on: 
 

• Preliminary identification of critical/sensitive components for turbine type 
• Classification of errors and relationships between different errors 
• Errors, count, duration and production losses, per turbine and in total 
• Time-graph analysis of serious errors (where production losses occur) 

 
The quick scan results in: 

• Selection of wind turbines for sample inspection 
• Selection of turbines/times for detailed analysis, indicated by 

a) Poor availability 
b) Poor production performance 
c) Serious errors, high production losses 
d) Multiple related errors within one turbine 
e) Similar repeating errors in multiple turbines 

  
After the quick scan an inspection is performed with the focus on critical components, 
known statistical issues with turbine type, known issues from the past and the 
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implemented solutions. Another part of the inspection is to gather SCADA1 data, logs and 
accounting/cost info/large repair bills and to interview the service crew. 
The detailed analysis of specific issues is the last part of the technical due diligence. The 
goal is to determine if and how much (qualitative) the issue influences the value and 
performance of the wind farm.  
The method is to find most reasonable explanation for the occurrence of specific issues 
and the relevant solutions that have been implemented, limited to the related time frame 
and the specific issue at hand. The steps involved are the following: 
 

• Preliminary independent analysis 
Identify possible causes without being influenced by others 
Result: list of possibilities 

• Specific search or monthly and yearly report(s) and maintenance log 
Search for problem, cause and solution provided by operator/maintenance 
provider 
Result: Found indicators with reference to source 

• Research issue in knowledge base 
Includes expert system, design reports and experts 
Result: list of similar occurrences in the past, known weakness, mean time to 
failure (MTTF), mean time to repair (MTTR) and other experiences related to 
the issue 

• Interim report 
o Expert opinion on cause, solution and chances of repetition of the problem in 

the same or similar wind turbines 
o Includes statistical analysis, corrected mean time to failure and mean time to 

repair 
o Set of questions to be answered by the owner/operator/wind turbine 

manufacturer 
• (Possible next step) Ask questions to owner/operator/ wind turbine manufacturer 

 
The information gathered in this process is used to make an estimate of the future O&M 
costs. Recommendations and advice is also part of the technical due diligence 
In practice not all data will be available and this makes it harder to give an accurate 
estimate of the future O&M costs. 

1.2 Reason for investigation 
It has been mentioned earlier that Mecal started in the year 2006, together with BBB, an 
extra service named ‘due diligence’. It has been explained that the aim of this service is to 
evaluate the present value of a wind farm. Mecal performs the technical due diligence to 
be able to estimate the future O&M costs. As the market for wind energy will continue to 
grow, it is expected that in the future the market for a due diligence will also grow.  
Mecal intends to make a good estimate of the future O&M costs and, because of the 
complexity and the quantity of parameters influencing such calculations, this cannot be 
done with a simple model. The O&M costs model must be able to handle more complex 
systems and will therefore be a useful tool for estimating the future O&M costs.  

                                                      
1 SCADA: Supervisory Control And Data Acquisition, the system that among other things is used for controlling the wind turbine and for 
recording data. 
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1.3 Justification of the investigation  
The calculations of the O&M costs estimations are based on the mean time between 
failures of a component. The current method only makes it possible to calculate the mean 
value of the expected O&M costs. The model must be able to handle the statistical 
probalistic functions and calculate the expected costs with confidence intervals. For 
example the chance that the costs will be lower or equal to €1000 with a reliability of 90%. 
The O&M costs model will thus lead to more specific O&M costs estimations. The model 
can also come to a standardization of the process, because the input data that needs to be 
gathered will be almost similar between the various technical due diligences. 
The O&M costs model thus leads to more accurate results that are demanded by the 
customers from Mecal.  

1.4 Assignment description  
Develop a model to estimate the future operational and maintenance costs for an onshore 
wind farm.  

1.5 Market description 
In this chapter the current status of the market is described. The chapter is divided into: 
 

• Technology status 
• The current status of the market and a future perspective.  
• The major players in the market at the demand and supply side  

 
Most of the information is from BTM Consult (2006), other sources of information were 
Blickle (2006) and Garder et al. (2003). 

1.5.1 Technology status of the current market 
Wind energy has strongly developed since the earliest prototypes of just 25 years ago. 
Two decades of technological progress have resulted in today's wind turbines being state-
of-the-art modern technology - modular and rapid to install. A single wind turbine can 
produce 100 times more power than its equivalent two decades ago (figure 2). At present 
the onshore market is basically taking the larger models, although some logistical 
challenges have to be dealt with in terms of future transport of very large components on 
the roads. Enercon produces the largest wind turbines. The earlier 4.5 MW E112 with a 
112 meters diameter rotor has now been upgraded to a 6 MW capacity and with a 114 
meters diameter rotor. 
There are still no signs of a pause in the up-scaling in the size of wind turbines. At present 
the onshore market is basically taking the larger models, although some logistical 
challenges have to be dealt with in terms of future transport of very large components on 
the roads. 
The mainstream size of turbines is the 1.5 and 2.0 MW range, which are still the preferred 
sizes in the market place. The Vestas 3 MW is now commercially available and being 
installed in large numbers, as is the Siemens Wind 3.6 MW. REpower installed the first of 
two turbines, of the company’s 5 MW wind turbine with a rotor diameter of 126 meters, in 
2006 for the Beatrice demonstrator wind farm that has just been set up on a lattice-like 
jacket structure, piled to the seabed at a depth of 44 meters. 
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Figure 2: Growth in Size of Commercial Wind Turbine Designs (Garder et al, 2003) 
 
Table 1 gives an overview of changes from 2003 to 2005 in turbine size segmentation. 
From this it becomes clear that the mainstream sector is relatively stable, a contrast with 
the other two established sectors. The small wind turbine generators sector has decreased 
significantly, whilst the MW size (>1500kW) is relatively stable. The Multi-MW Class is 
growing, caused by Vestas’ commercialization of its 3 MW machine. 
 

Year 2003 2004 2005 
Total MW supplied 8,062 8,508 11,203 
Product (Size range) % of total MW 
< 750 kW 6.9 5.4 3.6 
750 -1500 kW 55.8 50.9 47.6 
1501 – 2500 kW 36.4 42.8 46.4 
> 2500 kW 0.9 0.9 2.4 

 

Table 1: Segmentation of product sizes 2003-2005 (BTM, 2006) 

1.5.2 The current status of the market and a future perspective 
 
In 2005 more than 11,000 MW of wind power was installed worldwide, which was an 
increase over the 2004 level of 40%. The market value of wind turbines installed annually 
is now around €13 billion, including the value of management, servicing and operation of 
the installed capacity (BTM, 2006). The wind power sector includes some of the world’s 
largest energy companies. Unlike other ‘solutions’ to clean energy and climate protection, 
wind power does not need to be invented, nor is there need to wait for any magical 
'breakthrough'; it is ready for global implementation now. Modern wind farms are already 
being built that provide bulk power equivalent to conventional power stations. . 
The wind industry is the world’s fastest growing energy business and offers the best 
opportunity to begin the transition to a global economy based on sustainable energy 
(Kaygusuz, 2006).  
The progress of wind energy worldwide in recent years has been extremely impressive. By 
the end of 2005, global wind power installations had reached a level of 59,000 MW of 
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electricity-generating wind turbines that were operating in 50 countries, of these, more than 
41,000 MW were installed in the European Union (EU).  
The average annual global market growth over the last five years has been around 20%. 
The USA became the largest market in the world. The three leading countries – the USA, 
Germany and Spain – together installed 5,993 MW of new capacity, accounting for 52.5% 
of the global wind energy market in 2005. 
The development of the international wind energy market in the coming years is viewed as 
very positive by the industry, for example, the globally installed power is expected to reach 
132,000 MW in 2010 (Blickle, 2006). BTM even expects 149,000 MW of installed power in 
2010 and predicts global installed power will reach 298,000 MW in 2015.  
The scenario of Blickle is based on a survey carried out in December 2005 by the German 
Wind Energy Institute (DEWI), commissioned with the study, among companies involved in 
the international wind energy business, asking them for their assessment of the medium-
term development of the market and evaluating their answers. The result of the survey 
signals a more positive long-term assessment than two years ago. The growth forecast up 
to 2010 published in the WindEnergy Study 2004 can be revised upwards to up to 12%. 
Based on these figures the global installation by the year 2014 would be around 210,000 
MW (Figure 3). 
The overall conclusion due to Blickle (2006) is that the use of wind energy is increasingly 
shifting from Europe as its focus of application towards the global market. Therefore, wind 
energy offers excellent, long-term development prospects for the industry. This also means 
that the utilization of existing capacities is not seen primarily in the offshore application of 
wind energy, as was the case two years ago. Hamburg Messe und Congress, a company 
offering a service for the organization and holding of national and international trade fairs 
and congresses, Managing Director Dietmar Aulich: "Due to the continuously increasing 
share of wind energy in the electricity generation, the use of wind energy will not only 
contribute increasingly to a sustainable global environment and resource protection, but 
can also make an important strategic contribution to helping the user countries reduce their 
dependence on fossil energy and increase their supply security." 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Report by: 
Frans de Jong  

 
 
Commissioner: 
Mecal Applied  Mechanics 

 

 

 
   

  Page 7  
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Accumulated installed wind power capacity (Blickle, 2006) 
 

 
 

Figure 4: Global Wind Power Forecast 
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1.5.3 The major players in the market at the demand and supply side  
Supply side of the market 
Ten of the world’s suppliers of wind turbines are responsible for more than 90% of the total 
supply in the global market. The top 10 companies are the strategic group in the industry. 
Although there have been some changes among the lower rankings from time to time, the 
list remains remarkably stable. There are some differences in names and ownership, as 
some of the more important companies have merged and others have been taken over by 
more financially powerful companies. Nonetheless, although less so than in earlier years, 
companies differ in size, reach, competence and ambitions. One factor that does appear to 
have changed in the past year is that competition is becoming fiercer. The former 
distinction between Danish manufacturers being globally exposed and the remainder 
staying only domestic, is no longer the case. All manufacturers need to expand 
internationally. Table 2 and figure 5 shows the Top 10 manufacturers in 2005 and their 
individual market share in 2005 and in 2004. 
 

 Accumulated 
MW  
2004 

Installed  
MW 

 2005 

Share  
2005  

% 

Accumulated 
MW  
2005 

Share 
accumulated  

% 
Vestas (DK) 17,580 3,186 27.9 20,766 35.0 

GE Wind (US) 5,346 2,025 17.7 7,370 12.4 
Enercon (GE) 7,045 1,505 13.2 8,550 14.4 
Gamesa (ES) 6,438 1,474 12.9 7,912 13.4 
Suzlon (Ind) 785 700 6.1 1,485 2.5 

Siemens (DK) 3,874 629 5.5 4,502 7.6 
RePower (GE) 1,169 353 3.1 1,522 2.6 
Nordex (GE) 2,406 298 2.6 2,704 4.6 

Ecotécnia (ES) 744 239 2.1 983 1.7 
Mitsubishi (JP) 1,019 233 2.0 1,252 2.1 

Others 4,359 567 5.0 4,926 8.3 
Total 50,766 11,207 98 61,973 105 

 
Table 2: The Top-10 list of suppliers 2005 (BTM, 2006) (reason for differences are projects under 
construction, not yet commissioned, wind turbines in transit etc.) 
 

 
 

Figure 5: The Top-10 suppliers in 2005 

Top-10 Suppliers in 2005
% of the total market 11,407 MW
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Demand side of the market 
Developers – companies whose primary line of business is to be the intermediary between 
manufacturer and utilities/the ultimate buyer – are becoming bigger and more international. 
Developers typically offer full turnkey projects, either on a build-own-operate or build-
operate-transfer basis. They make it easy for utilities and investors to engage in the wind 
power business. There is no clear dividing line between the categories, but developers can 
also be independent power producers. 
Utilities and the new independent power producers are all on the move to gain a share of 
the wind energy market, either by acquiring already installed capacity or by investing in 
brand new projects. They are doing this at a global level. A key trend is that utilities and 
large energy companies are the dominating customer group in to-day’s market. They build 
and in many cases own and operate the largest new wind farms in the USA, Spain and the 
UK. This customer group owns and operates around 30% of the cumulative installation in 
the world. Another significant trend in the market place was the increase of prices on wind 
power, caused by higher raw material prices and the strong demand for wind power. Table 
3 lists the largest wind operators in the world. 
 

Name of wind farm operator 
Cumulative MW 
capacity by end of 2005 

1. FPL (US) 3,500 
2. Iberdrola (ES) 3,400 
3. Acciona (incl. CESA) (ES) 1,700 
4. Babcock Brown (Austr.) 1,180 
5. Endesa (ES) 800 
6. Scottish Power/PPM (UK) 750 
7. EUROS Energy (JP) 750 
8. Energy E2/DONG/ELSAM (DK) 750 
9. ENEL (IT) 750 
10. Shell Renewable (NL) 740 
11. EDP (PRT) 740 
12. EDF/EnXco (FR) 700 
13. RWE (GE) 600 
14. Vattenfall (SW) 550 
15. Essent (GE) 480 
Total 17,390 

 

Table 3: Leading utility wind farm operators (BTM, 2006) 

1.6 Wind farm layout   
Wind farms or wind parks, as they are sometimes called, are locally concentrated groups 
of wind turbines that are electrically and commercially tied together. There are many 
advantages to this electrical and commercial structure. Profitable wind resources are 
limited to distinct geographical areas. The introduction of multiple wind turbines into these 
areas increases the total wind energy produced. From an economic point of view, the 
concentration of repair and maintenance equipment and spare parts reduces costs. In 
wind farms of more than about 20 or 30 turbines, dedicated maintenance personnel can be 
hired, resulting in reduced labour costs per turbine and financial savings to wind turbine 
owners. For smaller wind farms there may not be a dedicated O&M crew but arrangements 
will be made for regular visits from a regional team. 
Wind farms were developed first in the United States in the late 1970s and then in Europe. 
Recently wind farms have been developed in many other places around the world, most 
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notably in India, but also in China, Japan, and South and Central America (Manwel et al., 
2002).  

1.6.1 Wind farm infrastructure 
In addition to the individual wind turbines and their switchgear (electrical system and 
inverter), wind farms have their own electric distribution system, roads, data collection 
systems. 
 
1.6.1.2 Roads 
Access roads between wind turbines and maintenance and connecting roads to main 
highways need to be constructed in a manner that disturbs the landscape as little as 
possible, and that does not result in erosion. Grades and curves should be gentle enough 
that heavy equipment can reach the turbine sites. The lengths of the blades or tower 
sections are important considerations in this regard (Manwel et al., 2002). 
 
1.6.1.3 Control, monitoring and data collection systems 
Modern wind farms include systems for controlling individual turbines and displaying and 
reporting information on wind farm operation. These systems, as mentioned earlier under 
“1.1.2 Due Diligence”, are called SCADA systems.  
SCADA systems display operating information on computer screens. Information about the 
whole wind farm, sets of turbines, or one individual turbine can be displayed. The 
information typically includes turbine operating states, power level, total energy production, 
wind speed and direction, and maintenance notes. SCADA systems also display power 
curves or graphs of other information and allow system operators to shut down and reset 
turbines. 
Newer SCADA systems connected to modern turbines may also display oil temperatures, 
rotor speed, pitch angle, etc. SCADA systems also provide reports on turbine and wind 
farm operation to system operators, including information on operation and revenue from 
each turbine based on turbine energy production and utility rate schedules (Manwel et al., 
2002). In addition to the essential equipment needed for a functioning wind farm - the 
turbines and associated balance of plant - it is also advisable, if the project size can 
warrant the investment, to erect permanent anemometry. This equipment allows the 
performance of the wind farm to be carefully monitored and understood. If the wind farm is 
not performing to budget, it is important to find out whether this is due to poor mechanical 
performance or less than expected wind resource. Without good quality wind data, it is not 
possible to make this determination. Large wind farms therefore usually contain a 
permanent meteorological mast which is installed at the same time as the turbines (Garder 
et al, 2003). 
 
1.6.1.1 Electric distribution system 
The turbine generator voltage is normally classed as “low” and is often 690 V although 
some more large modern turbines generate at 10-12 kV. The voltage is stepped up with a 
transformer to a level used by the internal grid – usually between 10 and 20 kV. This is 
done in order to decrease resistive losses on the way to the substation at the grid 
connection and the voltage level depends on the distances between the wind turbines and 
transformer and cable costs. The transformers are connected to underground cables in an 
internal grid which takes the power to a substation or interconnector. A typical layout is 
shown in figure 6. The substation usually contains another transformer which steps the 
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voltage up from the internal grid level to the distribution or transmission level, the metering 
for the wind farm is usually also located at this station. 
The most cost-effective way in which to develop a wind farm is to find a location which is 
close to the grid. For some large developments, however, it may be necessary to build an 
interconnecting line. Such connections are very expensive (Garder et al, 2003) (Manwel et 
al., 2002). 
 

 
 
Figure 6: Typical layout (Garder et al, 2003) 
 
1.6.1.4 Support personnel 
After commissioning, the wind farm will be turned over to the O&M crew. A typical crew will 
be two people for every 20 to 30 wind turbines installed. For smaller wind farms there may 
not be a dedicated O&M crew but arrangements will be made for regular visits from a 
regional team (Garder et al, 2003).  
 
1.6.1.5 Wind farm life cycle  
The life cycle of a wind farm, which consists of the following seven phases, is described in 
detail in appendix I: 
 

1) Site suitability Wind speed, size of the site, access by roads, grind entry 
point etc. 

2) Project feasibility Detailed investigation of wind speed measurements, cost 
for grid connection, ground conditions etc. Start of dialogue 
with local planners and communities 

3) Detailed assessment Environmental Impact Statement (EIS) 
4) Planning application Acquire permissions. Secure financing, connection to 

national grid, passage rights for cabling, power purchase 
agreement (PPA) 

5) Construction Erection of the wind farm 
6) Operation Maintain the wind turbines 
7) Decommissioning  Return the site as closely to its original state  
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1.7 O&M costs of wind power 
Costs for O&M can be expressed in three ways. The simplest way is to assume that total 
annual charges represents a percentage of the installed costs, figures between 3% and 
5% are commonly used. 
A more detailed assessment demands scrutiny of the individual components of the total 
charge. There are two principal ways of expressing them- in euros per kilowatt per year, or 
in euros per megawatt hour of electricity generated. Rents payable to landowners, on the 
other hand, are often expressed as a percentage of turnover, but this is easily converted to 
a cost in €/MWh (Milborrow, 2006). 
In Germany, a questionnaire by DEWI (2002) looked into the development and distribution 
of O&M costs for German wind turbines with a size of 500 to 600 kW. For the first two 
years of its life, a wind turbine is normally covered by the manufacturer’s warranty. Thus, in 
the German study, O&M costs for the first two years were fairly low at 2%-3% of total 
investment cost, corresponding to approximately 3- 4 €/MWh. After six years, total O&M 
costs had increased to constitute a little less than 5% of total investment cost, which is 
equivalent to approximately 6 - 7 €/MWh. Figure 7 shows an average over the period 1997 
– 2001 of how total O&M costs were split into six different categories based on the 
German data from DEWI. The costs of buying power from the grid and land rental are 
included in the O&M costs calculation for Germany (Morthorst, 2003). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: O&M costs for German Turbines as an Average over the Period 1997-2001 
 
Figure 8 shows the development of O&M costs for selected sizes and types of turbines 
since the beginning of the 1980s. The horizontal axis represents the age of the wind 
turbine while the vertical axis is the total O&M costs stated in constant 1999 €. As seen, 
the 55 kW wind turbines now have a track record close to 20 years, implying that the first 
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serial-produced machines are now reaching the end of their life. The picture for the 55 kW 
machine is patchy, showing rapidly increasing O&M costs right from the start, and reaching 
a fairly high but stable level of approximately 30 -40 €/MWh after five years. Furthermore, 
the figure shows that O&M costs decrease for newer and larger wind turbines. The 
observed strong increase for the 150 kW wind turbines after 10 years refers to very few 
machines only. Therefore, it is not known at present if this increase is representative for 
the 150 kW type or not. For turbines with a rated power of 500 kW and more, O&M costs 
seem to be lower or close to 10 €/MWh. What is also interesting is that the 225 kW 
machine over its first 11 years has O&M costs at around 10 -13 €/MWh, closely in line with 
estimated O&M costs in Germany, Spain, the UK and Denmark (Morthorst, 2003). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: O&M costs Reported for Selected Sizes and Types of Wind Turbines 
 
Thus, the development of O&M costs appears to be strongly correlated with turbine age. In 
the first few years, the manufacturer’s warranty implies a low level of O&M expenses for 
the owner. After the 10th year, however, larger repairs and reinvestments should be 
expected: from experience with the 55 kW machine, these are the dominant O&M costs 
during the last 10 years of the turbine’s life (Morthorst, 2003). 
A decrease in O&M costs will, to a certain extent, be related to up scaling of the wind 
turbines. Secondly, the newer, larger wind turbines are more optimized with regard to 
dimensioning criteria than the old ones, implying an expectation of lower lifetime O&M 
requirements than the older, smaller machines. Taking this reasoning into account, the 
O&M costs percentage for a 10-15 year old 1,000 kW wind turbine could be expected not 
to rise to the same level as seen today for a 55 kW wind turbine of the same age. Most 
likely, the O&M costs for newer turbines will be significantly lower than those experienced 
to date for the 55 kW wind turbines. How much lower future O&M costs go will also depend 
on whether the existing trend of up-scaling continues (Morthorst, 2003).  
Most authorities expect operating costs onshore to continue falling. Analysis of data from 
German wind installations shows that operational costs decrease by over 50% as turbine 
ratings increase from 600kW to 1500kW. Further reductions are also likely as the industry 
acquires more experience. The Danish Energy Agency, for example, expects onshore 
costs to fall by about 22% by the decade starting in 2020 (Milborrow, 2006). 
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1.8 Issues and trends in the operation and maintenance phase 
Customers usually buy turbines with a two-year service contract from the manufacturer, 
which includes preventive maintenance, corrective maintenance and warranties. This 
contract can sometimes be extended to five years. From year five on, the costs for 
corrective maintenance become more or less unpredictable since only few wind turbine 
manufacturers are willing to provide all-in or full service contracts for more than five years.  
From year five on, the turbine owner has to decide either for paying directly for the repairs, 
or for purchasing new ‘’all-in’’ contracts (Rademakers et al. 2003). It is also possible to 
employ a maintenance crew of two people or more and permanently install them on a wind 
farm to carry out the maintenance. 
Manufacturers of wind turbines are very reluctant to share data. The maintenance record 
performed by the manufacturer for the warrantee period is not forwarded to the operator or 
owner of the wind farm. In this way there is no existence of cooperation or sharing of data 
between manufacturers and operators. The data from the SCADA system is although 
always available to the operator or owner. The SCADA system provides error logs, but out 
of the SCADA system it is not possible to determine what actually happened. Is a repair/ 
replacement action performed or was a reset from the control room enough to override the 
problem?  
This reluctance also exists between operators, who are not willing to share data. Although 
in Germany there are initiatives like the “Betreiber database” and the “Wissenschaftliches 
Mess- und Evalierungsprogramm” (WMEP).  Another initiative is Windstats. This is a 
commercial newsletter for the wind industry and records details of operation of wind 
turbines in many countries. The problem with these initiatives is that there is not a standard 
reporting format to ensure adequate depth and consistency or only a limited number of 
wind turbines are reported, which make the outcomes less representative and hard to 
analyze.  
For Mecal there is an option to buy files from the Betreiber database. A problem for the 
Betreiber database is that there is an option of “Only registration hours”, which can take up 
of more than 70% of the registrations.  
At this moment the American Wind Energy Association (AWEA) Operation and 
Maintenance Working Group and Sandia National Laboratories are developing a plan to 
collect selected data from operating wind farms in order to establish a baseline component 
durability database. This might be a very interesting initiative, especially when operators 
cooperate. 
Some studies are done for predicting mean time between failures (MTBF). A recently 
study, see Tavner et al (2006), makes use of Windstats data.  A study due to ISET (Hahn 
et al 2005) also presents an estimate of mean time between failures. Data used for these 
studies are not recorded to a standard and are still overall estimates for reliability not 
taking into account for example the environmental conditions. DEWI performed a study in 
2002 (Neumann, Ender et al. 2002). This study analyzed the operational costs for wind 
turbines in Germany with a power output from 500 to 600kW. 
Another challenge is the change of technology in the recently build wind turbines. Mean 
time between failure estimates for earlier turbines cannot be extrapolated to the current 
wind turbines or extrapolation is at least questionable. (Walford, 2006).   
The best source for operational data resides with the operators. In other branches of 
industry, e.g. offshore, it is common practice that larger operators collect and exchange 
operation and maintenance data. They want to benefit from each other’s experiences and 
from the larger population. This can be done by setting up user groups (e.g. for gas 
turbines), or by setting up a database (e.g. Offshore Reliability Database, 
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www.oreda.com). The objective of the latter activity can also be very important for wind 
energy: “Enhance the reputation of the industry by demonstrating a high degree of 
understanding of system performance and characteristics. This is especially relevant in the 
communication with bankers and insurance companies, but also between the partners 
involved.” The possibility for setting up a similar database with a limited number of 
operators that own a substantial number of megawatts was being investigated in the 
Netherlands (Rademakers et al., 2003). Vattenfall Europe Renewables GmbH has already 
built its own database (Weinhold, 2006).  
Operating histories from wind farms with a variety of turbine types and environmental 
conditions would allow current operators to gauge their performance with that of other wind 
farms with similar conditions. Detailed information on the specific failure types, along with 
the operating conditions, will allow for an accurate O&M costs model that can be adapted 
to different machine types and environment. This cost model also allows developers to 
more accurately estimate life-cycle O&M costs (Walford, 2006). 
In figure 9 the operational ability versus the culturial ability is shown; where the 
extensiveness of data is related to the role of data. In the individual approach, no 
operational data is available and the result is the missing of decision support, because 
processes carried out are not based on operational data. In the second stage operational 
data are available; in this stage the processes can be pre-defined. The preventive 
maintenance intervals can be optimized and/or a well defined maintenance strategy can be 
made and the spare parts inventory can be optimized, which ends in reduced costs. In the 
final stage benchmarking data is available, operators are able to benchmark with other 
operators, and this can lead to continuous improvement.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: Operational ability versus Culturial ability (Lappalainen 2006)  
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In the wind turbine sector there is no operational data available and the sector is in the 
phase “Decision support is missing.”  The wind turbine sector needs to collect the 
operational data and share it to move to the next stage. 
The O&M costs are today mainly estimated on a eurocent per produced kWh or on a Euro 
per installed kW basis. To calculate the O&M costs for a wind farm it is necessary to have 
reliable data. The calculation of the maintenance costs rely mainly on the failure data, 
which is not available. The lack of reliable data is an important issue in the wind turbine 
sector. 
This conclusion is also made by Ulrich Graber (2004) with regard to power plant operators: 
Despite—or maybe owing to—the increasingly competitive marketplace, a sustained 
reduction in the maintenance costs of power plant operators can only be achieved through 
a structured, inter-plant exchange of experience. The implementation of inter-plant life 
cycle management will enable an empirical, plant-neutral database to be created quickly 
and affordably for all players. As a result, the subjective viewpoints of individual operating 
teams regarding wear can be replaced with objective data and inter-plant experience can 
be preserved permanently in the life cycle management process. 
A cost analysis study by Gallaher et al. (2004) from National Institute of Standards and 
Technology (NIST) found out that, based on interviews and survey responses, $15.8 billion 
in interoperability costs were quantified for the U.S. capital facilities supply chain in 2002. 
This represents between one and two percent of the industry revenue. Of these costs, two-
thirds are borne by owners and operators, which incur these costs predominantly during 
ongoing facility operation and maintenance. In addition to the costs quantified, 
respondents indicated that there is additional significant inefficiency and lost opportunity 
costs associated with interoperability problems that were beyond the scope of the analysis. 
Thus, the $15.8 billion cost estimate developed in the study is likely to be a conservative 
figure.  
The respondents expressed the view that interoperability costs do not simply result from a 
failure to take advantage of emerging technologies, but rather, stem from a series of 
disconnects and thus a lack of incentives to improve interoperability, both within and 
among organizations, that contribute to redundant and inefficient activities.  
Overall it is clear that the lack of data and the interoperability between organizations is an 
issue in other business as well and that the costs involved that can be saved are 
significant. 
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1.9 Method of approach 
During the process the way to build the model is investigated. To give the reader a better 
understanding of a wind turbine and its components, a description of a wind turbine is first 
presented in chapter two. 
In chapter three the design of the model is presented. The elements of the O&M costs and 
a survey of existing models is given. The conclusion is then made to use simulation for the 
model to be made. Models that exist for offshore O&M costs estimates are used as a 
starting point for the model. 
The simulation approach from Goossenaerts & Pels (2006) is then used for the simulation 
study. 
This involves the following steps: 
 

1) Project definition 
2) Black Box and assumptions 
3) Conceptual model 
4) Executable model 
5) Validation 
6) Experiment & Results 
7) Conclusions 

 
This approach is introduced in chapter four and the steps 1 to 3 are described in this 
chapter. In this chapter there is also an emphasis on the underlying distributions. A 
suggestion of how to record O&M data is presented at the end of this chapter. 
In chapter five, the executable model is put forward together with the validation and 
verification of the model. Emphasis is given to a possibility and a limitation of the model. 
As last part of this chapter, some example results are presented, to give an idea of what 
the model can do. A real experiment of a wind farm is unfortunately not performed. 
Chapter six is about the implementation and the contribution to the work process of the 
model.  
Step seven; the conclusions are in the final chapter eight.  
In chapter eight a discussion is put forward about the consequences of available, reliable 
O&M data. 
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2 Description of a wind turbine  
A wind turbine is a machine which converts wind energy into electricity. In modern wind 
turbines, the conversion process uses the basic aerodynamic force of lift to produce a net 
positive torque on a rotating shaft, resulting first in the production of mechanical power and 
then in its transformation to electricity in a generator. As electricity generators, wind 
turbines are connected to some electrical network (Manwel et al., 2002).  
Modern electric wind turbines come in a few different styles and many different sizes, 
depending on their use. The most common style, large or small, is the "horizontal axis 
design" (with the main shaft horizontal with respect to the ground). On this turbine, two or 
three blades spin upwind of the tower that it sits on.  
Seen from the exterior, horizontal axis wind turbines consist of three big parts: the tower, 
the blades, and a box behind the blades, called the nacelle. Inside the nacelle is where 
motion is converted into electricity. The wind turbines have hydraulic or electrical controls 
that orient the blades into the wind. 
In the most typical design, the blades are attached to an axle, the low speed shaft, which 
runs into a three stage gearbox. The gearbox, or transmission, steps up the speed of the 
rotation, from about 50 rpm up to 1,800 rpm. The faster shaft, the output shaft of the 
gearbox, rotates inside the generator, producing electricity. Electricity must be supplied at 
just the right frequency and voltage to be compatible with a utility grid. Since the wind 
speed varies, the speed of the generator could vary, producing fluctuations in the 
frequency (Hz). One solution to this problem is to use constant speed turbines, where the 
blades adjust, by turning slightly to the side, to slow down when wind speeds gust. Another 
solution is to use variable-speed turbines, where the blades and generator change speeds 
with the wind, and sophisticated power controls compensate for the fluctuations of the 
electrical output.   
The other designs are the direct drive concept and the Multibrid® concept. In the direct 
drive concept a low speed generator, directly coupled to the rotor, is used. In the 
Multibrid® concept a one stage gearbox is used and a medium speed generator is used. 
Both the concepts make use of sophisticated power controls that compensate for the 
fluctuations of the electrical output. 

2.1 Modelling of the system 
A wind turbine is a complex system, and in order to perform an appropriate analysis, a 
certain level of simplification has to be made, which is inherent to modelling. When 
modelling a complicated system, a good approach is to divide the system into smaller units 
such as subsystems or components. 
The description of the wind turbine is divided into different components based on function, 
available information and common practice.  

2.2 Description of the components 
The names of the components are general and apply to almost all designs of wind 
turbines. The terminologies used for the components comply with the same terminology 
used within the wind power industry.  
Figure 10 gives a general overview of the different components in a wind turbine. The 
descriptions are based on Ribrant (2006), Manwell et al. (2002) and Garder et al (2003). 
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Figure 10: overview of different components of a wind turbine (Sterzinger & Svrcek, 2004) 

2.2.1 Rotor  
The rotor consists of the hub and blades of the wind turbine. The hub is the centred 
construction, which connects the blades to the main shaft. The hub is usually made out of 
cast iron (Stiesdal, 1999). The hub contains electrical and mechanical equipment for 
controlling the blades.  
The wind makes the rotor blades turn, thus making the shaft inside the wind turbine turn. 
There are different designs of the blades but lightweight and sturdy are the basic features. 
The blades are generally made from glass fibre reinforced plastic. The reinforcement can 
also be carbon fibre or laminated wood. Some blades have advanced techniques for 
lightning protection built into the blade. Another feature of some blades is heating inside 
the blades to be used in arctic climates. The most common design is a three-bladed rotor. 
The two-bladed rotors are used commercially but most manufactures prefer to produce 
three bladed rotors. A two bladed rotor, in general, spins faster than a rotor with three 
blades and might appear less appealing to the eye. 
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2.2.2 Pitch system 
Closely interconnected to the rotor blades is the pitch system. The objective of the pitch 
system is to regulate output power at high operational wind speeds. This involves turning 
the blades about their long axis (pitching the blades) to regulate the power extracted from 
the rotor. Pitch regulation changes the rotor geometry and this involves active control of 
the system to sense blade position, measure output power and to instruct changes of the 
blade pitch (Garder et al, 2003). The pitching angle is controlled by the control system and 
is regulated by a hydraulic or electrical system. Not all wind turbines use the pitching 
technique; some rely on stall control or active stall control to regulate the power output. 
Pitch regulation also makes it possible to smoother start up the wind power turbine as wind 
increases. Since pitching offers a better output, these are favoured among larger turbines. 
The thrust of the rotor on the tower and foundation is lower for pitch-regulated turbines and 
this allows for reduction of material and weight.  

2.2.3 Aerodynamic Braking System  
The primary braking system for most modern wind turbines is the aerodynamic braking 
system, which essentially consists in turning the rotor blades about 90 degrees along their 
longitudinal axis (in the case of a pitch controlled turbine or an active stall controlled 
turbine), or in turning the rotor blade tips 90 degrees (in the case of a stall controlled 
turbine). 
Experience has proved that aerodynamic braking systems are extremely safe. They will 
stop the turbine in a matter of a couple of rotations, at the most. In addition, they offer a 
very gentle way of braking the turbine without any major stress, tear and wear on the tower 
and the machinery. The normal way of stopping a modern turbine (for any reason) is 
therefore to use the aerodynamic braking system.  

2.2.4 Mechanical brakes 
Mechanical brakes are essential for safety reasons. During high winds and repair it is 
crucial that these brakes are functional. The mechanical brake is used as a backup system 
for the aerodynamic braking system, and as a parking brake, once the turbine is stopped in 
the case of a stall controlled turbine.  
Pitch controlled turbines rarely need to activate the mechanical brake (except for 
maintenance work), as the rotor cannot move very much once the rotor blades are pitched 
90 degrees.  

2.2.5 Drive train 
The drive train consists of the rotating parts of the wind turbine. These typically include a 
low-speed shaft (on the rotor side), a gearbox, and a high-speed shaft (on the generator 
side). Other drive train components include the support bearings, one or more couplings, a 
brake, and the rotating parts of the generator. 

2.2.6 Gearbox 
The purpose of the gearbox is to speed up the rate of rotation of the rotor from a low value 
(tens of rpm) to a rate suitable for driving a standard generator (hundreds or thousands of 
rpm). 
Two types of gearboxes are used in wind turbines: parallel shaft and planetary. For larger 
machines (over approximately 500 kW), the weight and size advantages of planetary 
gearboxes become more pronounced. Some wind turbine designs use specially designed, 
low-speed generators, requiring no gearbox. 
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2.2.7 Generator 
Nearly all wind turbines use either induction or synchronous generators. Both of these 
designs entail a constant or near-constant rotational speed of the generator when the 
generator is directly connected to a utility network. 
The majority of wind turbines installed in grid connected applications use induction 
generators. An induction generator operates within a narrow range of speeds slightly 
higher than its synchronous speed (a four-pole generator operating in a 50 Hz grid has a 
synchronous speed of 1500 rpm). The main advantage of induction generators is that they 
are rugged, inexpensive, and easy to connect to an electrical network. 
Modern wind turbines nowadays use synchronous generators directly coupled to the rotor 
(direct drive) or to a one stage gearbox (Multibrid®) another alternative is to use a doubly 
fed generator connected to a three stage gearbox.  The direct drive and Multibrid® 
requires (expensive) converters that convert all the power before it can be delivered to the 
grid, where as a doubly fed generator requires that 25% of the power is converted. 

2.2.8 Controls 
The control system is made out of a main computer inside the nacelle or in the tower 
structure. The control unit surveys the power output, wind and wind direction and controls 
the settings so that the pitch and the yaw can be optimized. The control system is 
connected to several sensors within the wind power structure. This control system is not to 
be confused with condition monitoring systems. The function of the control system is only 
to supervise the system so that performance at the moment is optimized, the safety of the 
system is maintained and alarms are reported in case some sensor signal is above a set 
parameter limit value. In larger wind farms the control systems from different turbines are 
monitored by a centre of operations. 

2.2.9 Sensors 
On a large modern wind turbine many sensors are used to communicate important aspects 
of turbine operation to the control system. In figure 9 a wind vane and an anemometer is 
shown, where the wind vane is used for measuring the wind direction and the anemometer 
for the wind speed.  
Measured variables, dependent on the location/ application (a prototype is normally 
installed with more sensors than the final production version), might include: 
 

• Speeds (generator speed, rotor speed, wind speed, yaw rate) 
• Temperatures (gearbox oil, hydraulic oil, gearbox bearing, generator bearing,  

generator winding, ambient air, electronic temperatures) 
• Position (blade pitch, yaw position, yaw error, tilt angle, wind direction) 
• Electrical characteristics (grid power, current, power factor, voltage, grid frequency,  

ground faults, converter operation) 
• Fluid flow parameters (hydraulic or pneumatic pressures, hydraulic oil level,  

hydraulic oil flow) 
• Motion, stresses, and strain (tower top acceleration, tower strain, shaft torque,  

gearbox vibration, blade root bending moment) 
• Environmental conditions (turbine or sensor icing, humidity, lightning) 
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2.2.10 Nacelle and yaw system 
This category includes the wind turbine housing, the machine bedplate or main frame, and 
the yaw orientation system. The main frame provides for the mounting and proper 
alignment of the drive train components. The nacelle cover protects the contents from the 
weather. 
A yaw orientation system is required to yaw the rotor shaft properly aligned with the wind. 
The primary component is a large bearing that connects the main frame to the tower. An 
active yaw drive contains one or more yaw motors, each of which drives a pinion gear 
against a bull gear attached to the yaw bearing. This mechanism is controlled by an 
automatic yaw control system with its wind direction sensor usually mounted on the nacelle 
of the wind turbine. Yaw brakes are sometimes used to hold the nacelle in position. 

2.2.11 Electrical system 
This is basically all equipment required to deliver and control the electrical energy that 
follows from the generator to the grid. The electrical energy usually has to be controlled in 
different ways depending on amount of active and reactive power, voltage and phase. 
Modern designs let the power output from the generator pass through a set of power 
electronic components to control the power and the frequency before supplying it to the 
grid.  

2.2.12 Inverter 
An inverter is used when the wind turbine operates with variable speeds. The inverter 
regulates the power output, so that it can be coupled to the grid. 

2.2.13 Hydraulic system 
Hydraulic components can be used in the turbine. Pitching, braking and yawing are 
features within the turbine that can rely on hydraulic systems. It is also possible that these 
features rely on electrical systems. 

2.2.14 Tower and foundation 
This includes the tower structure and the supporting foundation. The principal types of 
tower design currently in use are the freestanding types using steel tubes, lattice (or truss) 
towers, and concrete towers. For smaller turbines, guyed towers are also used. Generally, 
it’s better to have a high tower, as wind speeds with height. Tower height is typically 1 to 
1.5 times the rotor diameter. 
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3 Design of the model 
This chapter is the introduction to the model. First a brief description of the different cost 
drivers is presented and a choice for simulation is made. O&M costs models made by 
other institutions are described and are used as a starting point for the next chapter; 
Simulation study. 

3.1 Cost model overview 
 
Operational and maintenance costs of a wind farm consist of different cost drivers. In this 
part an overview of the different cost drivers is described.  

Operational costs 
Operational costs are annually recurring costs involved in routine operation of the wind 
farm. These costs are fixed and can be estimated in a straightforward deterministic 
manner. Most cost drivers are alike between the different wind farms, although there are 
some differences. 
The cost drivers can consist of, for example: 
 

• Insurance cost for the wind turbines 
• Power from the grid; wind turbines need power from the grid to start up a wind 

turbine and to monitor/control the wind turbine, when no energy is produced. 
• Land rent: the price paid to use the land  
• Stock cost: costs for keeping spare parts on stock 
• Permits: prices paid for permits 
• Overhead cost:  costs for, for example, the administration, management of a wind 

farm and to man a control room 

Maintenance costs 
Maintenance refers to all actions which have as objective to retain the wind turbine in or 
restore it to, a state in which it can perform the required function; produce electrical power.  
Maintenance costs for a wind farm are traditionally grouped into three categories (Eecen et 
al. 2003): 

• Unscheduled maintenance to repair wind turbine malfunctions 
• Scheduled preventive maintenance for the wind turbines 
• Scheduled major overhauls and component replacements of the wind turbine 

 
The maintenance cost drivers are the following: 

• (renting) personnel cost 
• equipment renting cost 
• spare parts1 cost 

 
To carry out maintenance a maintenance crew of a least two persons is needed and 
dependent on the failure spare parts are needed. Equipment, like a crane, might be 
needed to support the maintenance activity. Dependent on the repair time needed to carry 
out the maintenance activity, the costs can be calculated. 

                                                      
1 Spare parts are consumables and components to repair or replace a (part of a) component that fails. 
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The costs for scheduled preventive maintenance and scheduled overhauls are easy to 
determine and can usually be estimated in a straightforward deterministic manner 
(Rademakers, 2003). 
The costs of unscheduled maintenance, also known as corrective maintenance are 
dependent on the mean time between failures of the components, which are stochastic 
variables. Corrective maintenance needs to be carried out when a component fails. A 
component failure can have different failure modes from a simple “repair and reset” action 
to a replacement of the component, with different costs resulting. The corrective 
maintenance costs cannot be calculated in a straightforward deterministic manner, 
because of the stochastic variables that activates the occurrence and the stochastic 
variables that influences the costs. A stochastic variable is a variable in the sense that it is 
a sampled value out of a distribution function. Its randomness is completely described by 
its cumulative distribution function which can be used to determine the probability it takes 
on particular values.  
A solution to handle with stochastic variables is to use a simulation model. 

3.1.1 Simulation 
A reason to use a simulation model is; when an analytical model is not feasible, not 
practical, or not valid.  
This is the case with this model, because of the stochastic and dynamic behaviour. 
A dynamic model is a model in which the flow of time is approximated by simulated time. 
The model has state variables, the value of which evolves according to simulated seconds, 
hours, days and or months. A mathematical clock is used to track simulated time. The 
simulated time can be on a continuous or a discrete-event simulation basis. Discrete-
event-simulation concerns the modelling of a system as it evolves over time by a 
representation in which the state variables change instantaneously at separate points in 
time (Goossenaerts & Pels, 2006). In this case the state variables are the components with 
the states functioning or out of order/failed, which makes it a dynamic discrete-event 
simulation model. 
A stochastic model contains processes controlled by random variables. The word variable 
implies that something is capable of changing. It does not have a specific value, but rather 
a range of values. Random signifies that the changes can occur with no particular pattern 
(Goossenaerts & Pels, 2006). This is the case, because the mean times between failures 
of the components and the cost drivers (for example repair time) are stochastic variables.  
According to Goossenaerts & Pels (2006)  the model for the corrective maintenance costs 
is a dynamic, discrete-event, and stochastic simulation model.  
The simulation model is a computerized model. The reason for this is that the simulation 
model can be allowed to become quite complex, if needed to represent the system 
faithfully, and you can still do a simulation analysis. Other methods require stronger 
simplifying assumptions about the system to enable an analysis, which might bring the 
validity of the model into question (Kelton et al, 1998).  
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3.1.2 Downtime 
Downtime is not an operational or maintenance cost factor. The reason of mentioning 
downtime is, because downtime leads to a loss in revenues. The downtime, calculated in 
relation to the maintenance actions carried out, can be used to calculate the loss in 
revenues. The downtime is also a measure to validate the model, because availability data 
of wind turbines is available. For calculating the downtime it is necessary to know when 
downtime occurs. 
A wind turbine is build out of components e.q. a rotor, gearbox, generator, controls etc. 
When one of the components fails the whole system will fail. The structure can thus be 
seen as the components build up in series; a short example can be seen in figure 11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Simple model of a wind turbine 
 
A component failure will thus lead to downtime. The downtime of a component consists of: 
 

• Logistic time for the spare (when needed) 
• Logistic and mounting time for the equipment (when needed) 
• Logistic time for the maintenance crew 
• Repair time 
• Demounting time for the equipment (when needed) 

 
The repair time is needed for calculating costs, but the other time values are specifically 
needed for calculating the downtime. The downtime is also dependent on the length of one 
shift. The downtime will increase substantially, when the repair time is longer than the 
length of one shift. To calculate the downtime the model has to be extended with these 
values.  

3.2 Existing models for O&M costs 
Only a few models exist for calculating the O&M costs of a wind farm. The models from  
Energy research Centre of the Netherlands (ECN) (Rademakers & Braam, 2002) and 
Technical University (TU) Delft (van Bussel, 1997) are specifically developed as an 
analysis tool for modelling the O&M aspects of offshore wind farms, with a distinctly 
different mathematical basic. The TU Delft has developed the program CONTOFAX (van 
Bussel, 1997). By means of Monte Carlo simulations, the CONTOFAX program simulates 
the O&M aspects over a period of time by following the state of each “component” in the 
wind farm, e.g. the turbine itself, the maintenance crew, and the access and hoisting 
equipment. The failures of components are generated stochastically, complying with the 
mean time to failures and distribution functions provided by the wind farm developer. 
Before each simulation, a random realization of weather windows is generated from the 
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given summer and winter storm percentages at the specific site. The O&M aspects are 
simulated for several realizations of weather windows and failures and the results are 
averaged.  
The ECN model is based on analytic expressions for the long term annual average O&M 
costs and downtimes. As the scatter and uncertainty of the input variables will lead to 
scatter in the annual costs and downtimes, the model is extended with a probabilistic 
module, which can handle stochastic inputs. The model has been implemented in MS 
Excel with the add-in module @Risk to perform probabilistic calculations. The core of this 
model is the determination of the distribution functions for the waiting times, based on 
statistics for wind speed and wave height and workable weather windows of various 
access and hoisting systems (Rademakers et al, 2003).  
The models from ECN and TU Delft both require cost information about the rent of service 
employees, equipment (crane for example), and cost of spare parts. The models also 
calculates the downtimes and this is determined as well as by the weather window, the 
logistic times of the equipment and the spare parts. The problem is however that reliable 
data is not available, what is explained in the chapter 1.8 “Issues in the operation phase”. 
Sandia National Laboratories developed a model in the early nineties called FAROW. This 
model evaluates the fatigue and reliability of wind turbine components using structural 
reliability methods. A deterministic fatigue lifetime formulation is based on functional forms 
of three basic parts of wind turbine fatigue calculation: (1) the loading environment, (2) the 
gross level of structural response given the load environment, and (3) the local failure 
criterion given both load environment and gross stress response. The calculated lifetime is 
compared with a user specific target lifetime to assess probabilities of premature failure.  
The parameters of the functional forms can be defined as either constants or random 
variables. The reliability analysis uses the deterministic lifetime calculation as the limit 
state function of a FORM/SORM (first and second order reliability methods) calculation 
based on techniques developed by Rackwitz et al. (1988). 
Besides probability of premature failure, FAROW calculates the mean lifetime, the relative 
importance of each of the random variables, and the sensitivity of the results to all of the 
input parameters, both constant inputs and the parameters that define the random variable 
inputs. 
In (Veers, 1996) FAROW is used to estimate the future O&M costs. The calculated failure 
rates are directly used to calculate the expected costs. The main difference is that the 
failure rates are calculated instead of estimated, and that the failure rates are not used as 
input for simulating with Monte Carlo, such as in the other models.   

3.2.1 Existing models versus self constructing a model  
The existing model from ECN can be purchased and perhaps be used in this case, 
although because of the following reasons a model is self constructed: 
 

• Ability to “know” how the model is build 
• Ability to extend and maintain the model in the future, not dependent on supplier 
• Model can be build according to the needs of Mecal  
• Software package for the simulation can be chosen to the needs of Mecal 

 
In the next chapter the first steps of the construction of a model are conducted and in 
chapter five the executable model is described. 
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4 Simulation study 
In this chapter the model approach is explained and the first three steps are described in 
this chapter. The choice for the underlying distributions is made and there is a topic 
concerning the input analysis.  
In chapter 3.1 is explained that the operational costs and the preventive maintenance 
costs can be calculated in a straightforward deterministic manner, in contrast to the 
corrective maintenance costs. The description of the model approach is therefore only for 
the corrective maintenance costs, for the calculation of these costs a simulation model has 
to be built.  
This part describes how the model is built, as it will be a simulation model, a simulation 
study has to be conducted. The steps to perform a simulation study are (Goossenaerts & 
Pels, 2006): 
 

1) Project definition 
2) Black Box and assumptions 
3) Conceptual model 
4) Executable model 
5) Validation 
6) Experiment & Results 
7) Conclusions 

4.1 Project definition 
Formulate the problem: 
Overall objective: A model to calculate the net present value of the corrective maintenance 
costs for a wind farm 
Specific question: Forecast the corrective maintenance costs for a given time frame 
Performance measures: Used for evaluation of existing wind farm, not for optimization. 
Else the performance measure would be the corrective maintenance costs. 
Scope of the model: corrective maintenance costs for the wind turbines, not including for 
example power cables, transformer station etc. 

4.2 Black box and assumptions 
The model is for calculating the expected corrective maintenance costs, for given 
parameters, and so will be a descriptive model. All parameters will thus be of the type 
environmental variables; variables we can’t modify and that are a result of the environment 
of the system (Goossenaerts & Pels, 2006). 
The reliability, the confidence level at which the results should be displayed, must be 
displayed with a confidence level in a range from 1% to 99%. The accuracy, the number of 
decimals at which the results will be displayed, is in years for the time frame. The accuracy 
for the costs is dependent on the input parameters and the outcomes. It must be possible 
to determine the costs in a scale of thousands, in a currency dependent on the inputs, for 
understanding the currency Euro is used in this thesis. 
The system configurations to be modelled will be on component level used in literature and 
O&M costs studies. The components can have different failure modes, from a simple 
“repair and reset” action to a replacement of the component. Dependent on the component 
and failure mode a small or medium sized crew, a low to high priced spare part and an 
internal, small to large or no crane might be needed.  
The black box for the corrective maintenance costs is shown in figure 12. 
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Input parameters            Output parameters 
 
Turbine data 
 
   
 
 
 
 
 
 
 
 
 

Black 
Box 

Spares data 

Maintenance crew data 

Equipment data 

             Component data 

Wind farm data 

Maintenance cost 

Downtime 

 
 
Figure 12: Black box 
 
The input parameters are further defined in table 4. Not all parameters for the wind farm 
and turbine are used for calculating; only the number of turbines per type, the warranty 
period and the inspection duration are used for calculating. The other inputs are used for 
recognition for example to link it to a database in the future. The other data are used for 
the calculations. All data used for the calculation are of the type environmental variables as 
explained earlier. 
 
1) Wind farm   
  - Wind farm owner  
  - Wind farm name  
  - Number of turbines per type  
2) Turbine data: Wind turbine type 1-5  
  - Rated power kW 
  - Hub height meters 
  - Brand  
  - Warranty period years 
  - Inspection duration  
3) Service 

employee 
  

  - Length of one shift [hr] 
  - Time wage  [€/hr] 
  - Logistic time [hr] 
4) Equipment   
  - Type of device  
  - Logistic time [hr] 
  - Demount time [hr] 
  - Mob/demob rate [€/mobilization] 
  - Cost rate currency (hr) [€/hr] 
  - Mount time [hr] 
5) Spare part   
  - Component  
  - Maintenance category  
  - Chance of planned/unplanned action [%] 
  - Logistic time [hr] 
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  - Purchase cost [€] 
  - Logistic cost [€] 
6) Component   
  - Type of component  
  - Maintenance category  
  - Minimum lifetime [yr] 
  - Life from last failure [yr] 
  - Mean time between failure (MTBF)  [yr] 
  - MTBF after replacement of       

  component   
[yr] 

  - Nr. of service employees needed per  
  failure mode 

 

  - Repair time per failure mode   [hr] 
  - Equipment needed per failure mode  
  - Fixed cost  
7) Other data   
  - Calculation for … years [yr] 
  - Inflation rate [%] 
  - Discount rate [%] 
 

Table 4: Input parameters 
 
System configurations to be modelled: The components to include in the model are listed 
below. The selection of components is based on reliability studies (Tavner, et al, 2006; 
DOWEC Team, 2002; Hahn et al, 2005) and studies for estimating the maintenance costs 
for an offshore wind farm (Rademakers and Braam, 2002; Zaaijer, 2003): 
 

• Rotor 
• Pitch system 
• Tower and foundation 
• Drive train 
• Gearbox 
• Generator 
• Yaw system 
• Electrical system 
• Controls 
• Sensors 
• Mechanical brake  
• Hydraulics 
• Inverter 
• Other 

 
When a component fails 4 maintenance categories can be distinguished (Rademakers and 
Braam, 2002) (Rademakers et al. 2003): 
 
Category 4: Inspection and repair 
Category 3: Replacement of small parts (with internal crane)  
Category 2: Replacement of large component (external/internal build up crane) 
Category 1: Replacement of rotor and nacelle, shaft, main bearing and yaw gear with 
external crane   
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The different maintenance categories do not apply for every component; for example the 
controls cannot have maintenance category 1 or 2. The maintenance category then 
determines the: 
 

• Spare parts needed 
• number of service employees needed 
• Repair time 
• Equipment 
 

The size of the maintenance crew is at least 2 persons, and differs on the maintenance 
category and the specific wind turbine. This is also the case for the spares, repair time and 
equipment needed. 

4.3 Conceptual model 
This model aims at looking “inside” the black box in order to design the real system. The 
model is accurate and all the concepts the computer (simulation model) must calculate are 
modelled. This step is abstract, because it is independent of the software used. The 
conceptual model is build using the Unified Modelling Language (UML) static structure 
diagram and a Petri net.  
The Petri Net (see figure 13) is used to represent relations between actions and 
environmental variables. A Petri net is a graphical and mathematical modelling tool. It 
consists of places (circles), transitions (rectangles), and arcs that connect them. Input arcs 
connect places with transitions, while output arcs start at a transition and end at a place. 
Places can contain tokens; the current state of the modelled system (the marking) is given 
by the number (and type if the tokens are distinguishable) of tokens in each place. 
Transitions are active components. They model activities which can occur (the transition 
fires), thus changing the state of the system (the marking of the Petri net). Transitions are 
only allowed to fire if they are enabled, which means that all the preconditions for the 
activity must be fulfilled (there are enough tokens available in the input places). When the 
transition fires, it removes tokens from its input places and adds some at all of its output 
places. The number of tokens removed / added depends on the cardinality of each arc. 
The interactive firing of transitions in subsequent markings is called token game (Mcleish, 
K., 2007). 
The UML static structure diagram (see figure 14) is directly linked to the Petri net model. In 
this diagram the object classes that define the tokens are specified.  
In Appendix II a conceptual UML domain model is presented. The conceptual UML domain 
model relates objects in the system domain to each other. It defines concepts and terms. 
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Figure 13: Conceptual Petri-net 
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4.4 Failure generator 
In figure 13 (Conceptual Petri-net) can be seen that a maintenance action starts with a 
failure of a component, which causes the turbine to stop. The failure distributions of the 
components must therefore be known. In the studies for estimating O&M costs the mean 
time between failures of the components was according to an exponential distribution. A 
characteristic of this distribution is the so-called memory-less property; the chance of 
failure is independent of what happened before. Another property is that it has a constant 
failure rate. The following part describes in detail the reliability theory regarding to a wind 
turbine. 

4.4.1 Bathtub curve  

 
Figure 15: The bathtub curve (Wikipedia, 2007:http://en.wikipedia.org/wiki/Bath-tub_curve) 
 
The behaviour of failure rates with time is quite revealing. Unless a system has redundant 
components, the failure rate curve usually has the general characteristics of a “bathtub” 
such as shown in figure 15. The bathtub curve, in fact, is an ubiquitous characteristic of 
living creatures as well as of inanimate engineering devices, and much of the failure rate 
terminology comes from demographers’ studies of human mortality distributions (Lewis, 
1996).  
The early “infant mortality” failure is a short period of time with high but decreasing failure 
rates, also known as early failures. Here, the failure rate is dominated by infant deaths 
caused primarily by congenital defects or weaknesses. The death rate decreases with time 
as the defects are detected and repaired.  
The middle section of the bathtub curve contains the smallest and most nearly constant 
failure rates and is referred to as the useful life. This flat behaviour is characteristic of 
failures caused by random events and hence referred to as random failures. They are 
likely to stem from unavoidable loads coming from without, rather than from any inherent 
defect in the device of system under consideration. The external loading may take a wide 
variety of forms, depending on the type of system under consideration (Lewis, 1996). In 
the case of a wind turbine, this could be for example lightning or a grid loss. 
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On the right of the bathtub curve is a region of increasing failure rates. During this period 
of time aging failures become dominant. The failures tend to be dominated by cumulative 
effects such as corrosion, embrittlement, fatigue cracking, and diffusion of materials. The 
onset of rapidly increasing failure rates normally forms the basis for determining when 
parts should be replaced and for specifying the system’s design life. Design with more 
durable components and materials, inspections and preventive maintenance, and control 
of deleterious environmental stresses are a few of the approaches in the enduring battle to 
produce longer-lived products (Lewis, 1996). 

4.4.2 A wind turbine in relation with the bathtub curve 
Based on real data evaluations, it can be assumed that most of the wind turbines reliability 
is characterized by early failures until the third operational year. This phase is generally 
followed by a longer period (~10 years) of “random failures”   before the failure rate due to 
wear and damage accumulation increases with operational age (Kaldellis, 2002).  
The early failures are also present in the results of different studies on wind turbines. 
Tavner (2006) and Hahn (1999) are just two of them to mention as example. An 
explanation for this is given by (Weinhold, 2006). In the first months after installation of a 
wind turbine the failures accumulate. Harald Schneider from Ingenieurburo 8.2 mentions 
that this is “normal” behaviour. ,, The control of the wind turbine will be individual adjusted 
for every wind turbine and at every location in the first two years of operation. 
Unnecessary stops will be reduced bit by bit” 
The bath tub curve seems to be applicable to a wind turbine. A bathtub curve is build out 
of different kinds of failure modes, which can characterize a complex system like a wind 
turbine. As explained earlier, an exponential failure rate is constant and so only 
characterizes the middle part of the bath tub curve.  
Random failures that give rise to the constant failure rate model are, although the most 
widely used basis for describing reliability phenomena. This constant failure rate model is 
often quite adequate even though a system or some of its components may exhibit 
moderate early failures or aging effects. The magnitude of early-failure effects is limited by 
strict quality control in manufacture and installation may be further reduced by a wear in 
period before actual operations are begun. Similarly, in many systems aging effect can be 
sharply limited by careful preventive maintenance, with timely replacement of the parts or 
components in which the wear effects are concentrated. Conversely, if components are 
replaced as they fail, the overall failure rate of a many-component system will appear 
nearly constant, for the failure of the components will be randomly distributed in time as 
will the ages of the replacement parts. Finally even though the system’s failure rate may 
vary in time, we can use a constant failure rate that envelops the curve; this rate will be 
moderately pessimistic (Lewis, 1996). 
Another widely used distribution in reliability calculations is the Weibull distribution for 
which, with an appropriate choice of parameters a variety of failure rate behaviours can be 
modelled. These include, as a special case, the constant failure rate, in addition to failure 
rates modelling both wear in and wear out phenomena. The Weibull distribution may be 
formulated in either a two- or a three parameter form. The three parameter Weibull 
distribution is useful in describing phenomena for which some threshold time must elapse 
before there can be failures (Lewis, 1996). More detail about the used distributions is 
described in appendix III. 
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4.4.3 The used distribution: Weibull 
For modelling the bathtub curve it is necessary to use the Weibull distribution for modelling 
the different failure behaviours. The main problem however is that there is no reliable data 
to define the Weibull distributions for the components of a wind turbine. The use of the 
exponential distribution is therefore used in the different reliability studies, and the O&M 
costs models from ECN and TUDelft.  
The O&M costs model will use the three parameter Weibull distribution. The advantage of 
using this distribution is that it can model the different failure behaviours of a bath tub 
curve and a minimum lifetime of a component can be set. Another advantage is that the 
Weibull distribution is also capable of modelling the random failures. The model will thus 
be applicable right away by using random failures and for the future when more data might 
be available to define Weibull distributions for the different components.   

4.4.4 MTTB or MTTF 
A choice to use the mean time between failures (MTBF) or the mean time to failure 
(MTTF) has to be made. The main difference is that with the mean time between failures 
the repair time is taken into the measurement and this is not the case with the MTTF. In 
figure 16, where MTTR stands for mean time to repair, the difference is made visually.  
 

 
 
Figure 16: Difference between MTTF and MTBF 
 
As is explained earlier, reliable available data with regard to MTTF/MTBF hardly exists. 
When there is data available it is the MTBF and not the MTTF. A choice is thus made to 
use the MTBF for the model. 

4.4.5 Other input variables 
The other input variables are according to a PERT distribution (see appendix III). For the 
PERT distribution three values have to de defined: minimum, most likely and maximum 
value. The mean is calculated by adding up the minimum and maximum value and 4 times 
the most likely value and this divided by 6. More detail about the PERT distribution is in the 
attachment. The PERT distribution applies to: 
 

• Service employees required 
• Repair time 
• Inspection time 
• Logistic time to wind turbine 
• Logistic time spare part 
• Purchase cost spare part 

 
It is possible to “overrule” the distribution by setting the three values equal to each other. A 
constant value is then obtained. 
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4.5 Suggestion for recording the data 
Before data can be used for the model, they need to be recorded and analyzed. A valuable 
source is a log book of a turbine with a tracking of events and processes The subsequent 
processes, such as the reaction times of staff, measures taken, component repaired, 
spare parts used, etc must be saved permanently in this log book. Data should be 
standardized to make easy analysis of the recorded data possible. Predefined input 
options should be used, which makes it easier to use and also analyze. 
An option to record the data is to use specific software for this purpose. ECN (Rademakers 
& Braam, 2001) has developed the maintenance manager, a software tool which makes it 
possible to collect and analyze maintenance data of wind turbines. The intention is that all 
the necessary data is recorded into this software tool. The service engineers have to work 
with this tool and fill in the necessary data out of predefined options, but comments can be 
added. Synchronization is required to have the data stored in a central database. The use 
of such a software tool makes it conceivable to obtain the necessary data to do a good 
analysis for defining the mean time to failure, repair times etc. 
The SCADA3 system, which is standard installed on a wind turbine nowadays, records the 
status of the wind turbine, but out of this data it cannot made clear what exactly has 
happened. Is the wind turbine repaired or was a simple reset enough?  
Another option is to extend this system with the log book data. When reports of the 
SCADA system are extended, with detailed data about what exactly happened, valuable 
data can be obtained. To make this possible the SCADA system has to be extended, with 
a possibility to enter (predefined) specific data. It must also be feasible that the service 
engineers can access the SCADA system at the wind turbine. The service engineer can 
enter the required data directly in the SCADA system, for example the arrival time, end 
time and actions carried out etc.    
The advantage of extending the SCADA system is that the data can be entered at the wind 
turbine and the data in the SCADA system is backed up regularly and stored at a local 
place, synchronization of the data is thus automatically taken care of.  
The next step is then to analyze the data. Therefore the recorded data has to be stored in 
a database. With the data out of the database it is possible to do an analysis about the 
mean time to failure, repair times etc. When the choice is made to use a specific software 
tool, it is possible to have the database and analysis features predefined in the software 
tool. By using the SCADA system a database is needed to collect the data from the 
different wind turbines in a structured way to do an analysis.  
A choice needs to be made how to record the data, but it is evident that the service 
engineers have to record the data. This will cost some time, but this leads to reliable data, 
which can be used to optimize the maintenance process, forecast the O&M costs etc. The 
recorded data can also be used to report (anonymously) to a general database and so the 
whole industry can benefit from the data and move to the next stage (see also figure 9). 
 
 
 

                                                      
3 SCADA: Supervisory Control And Data Acquisition, the system that among other things is used for controlling the wind turbine and for 
recording data. 
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5 Executable model 
This chapter describes the translation from the conceptual model into an executable 
model. The executable model is a computational model and thus a choice for a software 
package has to be made. In figure 17, the way the model should work is shown.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Way the model should work 
 
The events are the failures of a component, which are calculated by using random 
numbers drawn from a Weibull distribution, as explained earlier. When a component fails, 
the repair costs and the downtime are calculated, and recorded. This simulation will be 
done for the lifetime of a wind turbine. To have a realistic outcome this process has to be 
done many times (runs) and the results should be averaged. This is also called a Monte 
Carlo simulation. There are some software packages, which could be used. AVSIM+, 
Relex Optimization and Simulation and Blocksim+ are just a few to mention. These 
software packages start with a price of 2500 Euro and training might be needed to use the 
software. The logical interaction of failures, and how they affect system performance, is 
modelled using a reliability block diagram in these packages. The software is also able to 
optimize the spares on stock, preventive maintenance interval etc. The software will be too 
extensive for the use of this thesis, too expensive and probably too hard to learn. 
We selected Excel for the software package to use for the executable model. This choice 
is made, because its: 
 
• Ability to handle Monte Carlo simulations.  
• Ease to use and maintain.  
• Ability to extend the model in the future under own supervision. 
• Ability to link with a database 
 
The software package @Risk from Palisade Corporation is implemented with Excel®. This 
software package makes it possible to carry out Monte Carlo simulations and records the 
data for each run. With this package it is also possible to analyze the outcomes and to 
define alternative distributions. A detailed description of Monte Carlo simulation can be 
found in appendix IV. 
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5.1 Validation and verification 
One of the most difficult problems facing a simulation analyst is that of trying to determine 
whether a simulation model is an accurate representation of the actual system being 
studied, i.e., whether the model is valid (Law & Kelton, 2000).  
We begin by defining the important terms used in this chapter, including verification, 
validation and credibility. Verification is concerned with determining whether the 
conceptual simulation model (model assumptions) has been correctly translated into a 
computer “program”, i.e., debugging the simulation program. Validation is the process of 
determining whether a simulation model (as opposed to the computer program) is an 
accurate presentation of the system, for the particular objectives of the study. The 
following are some general perspectives on validation: 

• Conceptually, if a simulation model is “valid,” then it can be used to make decisions 
about the system similar to those that would be made if it were feasible and cost-
effective to experiment with the system itself. 

• The ease or difficulty of the validation process depends on the complexity of the 
system being modelled and on whether a version of the system currently exists. For 
example, a model of a neighbourhood bank would be relatively easy to validate 
since it could be closely observed. However, a model of the effectiveness of a naval 
weapons system in the year 2025 would be impossible to validate completely, since 
the location of the battle and nature of the enemy systems would be unknown. 

• A simulation model of a complex system can only be an approximation to the actual 
system, no matter how much effort is spent on model building. There is no such 
thing as absolute model validity. The more time (and hence money) that is spent on 
model development, the more valid the model should be in general. However, the 
most valid model is not necessarily the most cost-effective. For example, increasing 
the validity of a model beyond a certain level might be quite expensive, since 
extensive data collection may be required, but might not lead to significantly better 
insight or decisions. 

• A simulation model should always be developed for a particular set of purposes. 
Indeed, a model that is valid for one purpose may not be for another. 

 
A simulation model and its results have creditability if the manager and other key project 
personnel accept them as “correct”. The following things help establish creditability for a 
model: 
 

• The manager’s understanding and agreement with the model’s assumptions 
• Demonstration that the model has been validated and verified 

5.1.1 Validation and verification process  
The timing and relationships of validation, verification, and establishing credibility are 
shown in figure 18. The rectangles represent states of the model or the system of interest, 
the solid horizontal arrows correspond to the actions necessary to move from one state to 
another, and the curved dashed arrows show where the three major concepts are most 
prominently employed. The feedback arcs are not illustrated in the figure. 
Concluded from figure 18 the first step is to make and validate the conceptual model, this 
phase focuses on the extent to which the model fits the real system in terms of structure 
and mechanics. The validation was done by analyzing the data and models that are 
available and with consulting some experts from MECAL and the Technical University 
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Eindhoven. Involving these experts and presenting my assumptions and conceptual 
model, credibility was also attained.  
 

 
Figure 18: Timing and relationship of validation and verification (Law & Kelton, 2000) 
 
The next step is building the simulation program and in this step verification is important. 
Verification in this part concerns a correct representation of the conceptual model into the 
executable model. In Law and Kelton (2000) eight techniques are discussed that can be 
used to debug the computer program of a simulation model. Three of the eight techniques 
mentioned in the book are used for verifying the simulation model: 
 

• Write and debug the computer program in modules or subprograms. Start with a 
“moderately detailed” model, which is gradually made as complex as needed, than 
to develop “immediately” a complex model, which may turn out to be more detailed 
than necessary and excessively time consuming to run.  

• Run the simulation under a variety of settings of the input parameters, and check if 
the output is reasonable.  

• The model should be run, when possible, under simplifying assumptions for which 
its true characteristics are known or can easily be computed 
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5.2 The validation 
Validation during the early phases focuses on the extent to which the model fits the real 
system in terms of structure and mechanisms. Once the model has been build, and when 
it is understood by decision makers as representative for their problem domain, the later 
phase validation is concerned with the behaviour of the simulation model and the 
experimental validity. A first aspect of model validation is to check that the behaviour of the 
simulation model corresponds to the behaviour of the object system. A second aspect is 
that an experiment must be set up in such a way that valid conclusions can be obtained in 
an efficient way. To this end you must determine the parameters of the experiment: warm 
up period, length of sub run, and number of sub runs (Goossenaerts & Pels, 2006). 

5.2.1 Behaviour of simulation model 
Validation is the determination whether an executable simulation model is an accurate 
representation of the real system. Can the model be substituted for the real system for the 
particular objectives of the study? A validation of the model should be performed upon 
completion of the model. This ‘validation’ should test the overall accuracy of the model and 
the ability to meet the project objectives. This phase helps to establish credibility by giving 
confidence in the results. The model can be validated in various ways (Goossenaerts & 
Pels, 2006): 
 

• If there is an existing system, call it the base system, then an ideal way to validate 
the model is to compare its output to that of the base system. 

• An idea of the validity of the model can be obtained by demonstrating it to the 
people who know the system. The results produced by the model can be compared 
to historical data. Results from the real system and results from the model could be 
put in front of an expert to see if they could tell the difference. 

• The model produced could also be compared to other models; e.g. mathematical 
models, deterministic models, and other simulation models. 

 
The model is for the use of forecasting the future operational and maintenance costs for a 
wind farm. The existing system to review is therefore a wind farm, unfortunately no reliable 
data can be obtained to validate the results. Historical data is not available and it is not 
possible to compare to other models.  
A validation is performed with the data used for the current O&M estimations. In this case 
the model runs under simplifying assumptions, and not all the calculations the model can 
take care off are carried out. The results were comparable with the current O&M 
estimations and the model thus passed this validation test. 
The model thus relies mostly on the verification and when it becomes possible a more 
detailed validation should be performed.  A possibility might also be to validate not the 
model for the whole turbine, but for a specific component, where data might be available 
for. For example a validation of the costs and downtime for a rotor, or gearbox can be 
done. 
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5.2.2 Set up of the experiments 
A simulation project is composed of experiments. Experiments are differentiated by the 
use of alternatives in a model’s logic and/or data. Each experiment consists of one or more 
replications (trials). A replication is a simulation that uses the experiment’s model logic 
and data, but a different set of random numbers, and so produces different statistical 
results that can then be analyzed across a set of replications. 
A replication involves initializing the model, running it until a run-ending condition is met, 
and reporting results. This “running” phase is called a run.  
During a run the simulation clock tracks the passage of simulated time. The clock 
advances in discrete stops (typically of unequal sizes) during the run. After all possible 
actions have been taken at a given simulated time, the clock is advanced to the time of the 
next earliest event. Then the appropriate actions are carried out at this new simulation 
time, etc. 
The execution of a run therefore takes the form of a two-phase loop:” carry out all possible 
actions at the current simulated time”, followed by “advance the simulated clock”, and with 
these two-phases repeated several times until a run-ending condition comes about (see 
figure 19). 
Prior to starting the actual experiment stage, number of issues given below need to be 
addressed (Goossenaerts & Pels, 2006): 

1) Warm up period 
2) Run length 
3) Number of replications 
 

 
 
Figure 19: Experiments, replications and runs (Goossenaerts & Pels, 2006) 
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5.2.3 Simulation wind turbine and its set up 
A run is started with the generation of the lifetime for the components out of the Weibull 
distributions defined. The component with the shortest lifetime is then the first 
event/failure. The possible actions in this case are the calculation of the costs and 
downtime for this event. The costs are determined from the equipment, number of service 
employees and spares required, and the repair time needed to carry out the maintenance. 
The downtime is computed from the logistic times and the repair time for the component. 
The details about the calculations are described in chapter 5.2.4. After these calculations 
the simulation clock is advanced. 
A new lifetime is drawn out of the distribution for the failed component and for the lower 
maintenance categories of the same component. The lifetime of the other components is 
equal to the lifetime of the component minus the time of the event.  
The model then runs further to the next event; the component with the shortest lifetime 
from the last event (can be the same component). Again the costs and downtime are 
computed and the simulation clock is advanced. This is done for two hundred and fifty 
failures in sequel, which is the run ending condition. The model thus not takes into account 
when the simulation period has expired; it starts a new run when two hundred and fifty 
failures are calculated. The calculated costs will then be divided into years, and it is 
possible to determine the total costs for at least one year and for a maximum of twenty 
years. The downtime is also figured out and it is possible to record the data per component 
or maintenance category for instance.  
The model calculates the outputs for the two hundred and fifty failures. The event time of 
the two hundred and fiftieth failure, therefore must be in all times more than the required 
years of analysis to be valid. The analysis is for one turbine, and a chance of two hundred 
fifty failures in its lifetime of twenty years is very rare. Two hundred and fifty failures are 
therefore sufficient for the model. 
The number of replications is defined by @Risk; @RISK monitors a set of convergence 
statistics on each output distribution during a simulation. During monitoring, @RISK 
computes these statistics for each output at selected intervals throughout the simulation. 
These statistics are then compared with the same statistics calculated at the prior interval 
during the simulation. The amount of change in statistics due to the additional replications 
is then determined. As more replications are made, the amount of change in the statistics 
becomes less and less until they "converge" or change less than a threshold percent you 
set. The statistics monitored on each output distribution are 1) the average percentage 
change in percentile values (0% to 100% in 5% steps), 2) the mean and 3) the standard 
deviation.  
@Risk runs in auto-stop mode and the standard threshold percentage is set to 1.5%. 
@Risk will continue to make runs until the outputs have converged to this percentage. The 
number of runs required for output distributions to converge is dependent on the inputs for 
the model being simulated. In figure 20 on the next page this process is shown, where the 
level of error is equal to the threshold percentage. 
A warm up period is not considered, because the stage of the model at time zero 
represents the normal working conditions of the wind turbine that the model is 
representing. The run length is equal to a simulated life of 250 failures and the number of 
replications is defined by @Risk as explained. 
The simulation described applies for one turbine; the results for a complete wind farm have 
to be calculated. The results of the simulation of one turbine are the starting point for the 
calculations for a wind farm. The method to calculate the wind farm costs are presented in 
the next chapter. 
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Figure 20: Process of defining number of replications with auto-stop mode 
 

5.2.4 Wind farm calculations 
It is not hard to calculate the mean costs for the wind farm. This can simply be done by 
summing up the mean values for one turbine. It is the case that the sum of the mean 
values is equal to the mean value of the sum. The calculation of the distribution of the 
costs, although cannot be calculated in a simple straightforward manner. There are two 
options to calculate the distributions of the costs: 
 

• Fit a distribution to the data, the calculated values, from the simulation and calculate 
the new distribution by summing the random variables of the underlying distribution 

• Work with the data from the distribution and calculate the new distribution 
 
The first option is the fastest method and can easily be performed; especially when a 
Normal distribution can be fitted to the data, the disadvantage is that the fit never will be 
100%.  When the fit is not accurate enough, discrepancies will occur and the distribution 
for the wind farm is not reliable. It is easy to sum up random variables from a Normal 
distribution, but for other distributions it is harder to sum up the variables. When another 
distribution fits the values better it may thus be too hard to sum up the random variable. 
Due to the reasons mentioned the chosen method is to work with the data from the 
simulation carried out. The method used in the model is described now.  
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The model uses the data from the simulation to calculate the distribution for a wind farm. 
The distribution is calculated by summing up n values from the data randomly, where n 
stands for the number of turbines in a wind farm. The idea behind this is that the data from 
the simulation represents one wind turbine and that the other wind turbines in the wind 
farm are identical. By randomly summing up values the new distribution is created. The 
result will be that the mean is n times the mean, and the variance is becoming smaller as 
the number of turbines increases. By using this method the distribution can always be 
calculated no matter what the form of the original distribution is.  
This method is also carried out with Excel® and @Risk. In this case the threshold 
percentage is also set to 1.5%. In the model it is possible to sum up the values up to five 
different types of turbines, which can be extended (in the future) if necessary. In this case 
it is possible for example to have two turbines of type one and three turbines of type 2 etc. 
Type one turbines are identical to each other; type two turbines are identical to each other 
etc. The distribution is here calculated by simultaneously randomly summing up n values 
from the data of turbine type 1 and randomly summing up n values from the data of turbine 
type 2 etc. 
The last step is to add the fixed costs to the corrective maintenance costs. The fixed costs 
are simply straightforward calculated with the applying interest and discount rates. 

5.2.5 Possibility and limitation of the model 
The simulation model is a simplification of the real system; a wind farm, which makes it 
possible to study its operational and maintenance costs. This involves that some details 
are excluded from the model. The details to include are described in the simulation study. 
The simulation software also places limitations on the model of detail to include. The main 
details that are excluded from the model are the following: 
 

• Overhaul of component(s)/ wind turbine 
• Clustering of maintenance activities  
• Unsuccessful maintenance action 

 
An overhaul is not always carried out, but when it is the case care should be taken 
regarding to the results. Clustering of maintenance activities can take place for example in 
a “large” wind farm, when a maintenance action is carried out on two or more wind 
turbines in series. A crane is used for two turbines for example. Another example is when 
the rotor needs to be lifted to the ground, to replace the main bearing for instance. The 
rotor can than be repaired simultaneously. In the model is further not taken into account 
that it is possible that a maintenance action is unsuccessful. 
A possibility and another limitation of the model are described in the following text.   
 
• Comparison of different simulations 
It is possible to use the same seed for different simulations. A seed is used for the random 
number generator; the random numbers are used in drawing samples from the distribution 
functions. The same random number will always return the same sampled values from a 
given distribution function. When setting a fixed seed value the simulation sampling 
environment is controlled. In this case a simulation can be compared with another 
simulation, where the input has changed. By setting a fixed seed, the same values will be 
sampled each iteration from all distribution functions except the ones that are changed. 
Thus, the differences in the results between the two runs will be directly caused by the 
inputs that are changed. 
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By running simulations with different input values, but with the same simulation settings, it 
is possible to make comparisons between them. It is possible for example to analyze if it is 
economically viable to use a condition monitoring system or to buy a component with 
higher purchase cost and higher mean time between failures. Different wind turbines can 
be compared to each other etc. 
It is thus possible to make comparisons between different simulations and so to make a 
judged choice between different alternatives.  
 
• Availability of resources 
In the model there is no consideration of the amount of service employees, spare parts 
and equipment available (in the region). The model only takes into account the logistic 
times of these resources. An assumption of the model is that the resources are always 
available within the defined logistic times.  
A limitation of the model is thus that is does not take into account limitations on availability 
of service employees, spare parts and equipment. This can be a problem when for 
example a fixed crew maintains the wind farm, spare parts are kept on stock for the wind 
farm and/or equipment is specifically for the wind farm. It can happen that the resource is 
used by a maintenance activity and at the same time another wind turbine fails, where the 
resource is needed. This has consequences for the calculation of the downtime, when the 
resources are scarce the downtime will probably be higher. This limitation has no direct 
consequences for the cost calculations, because there are based on the cost figures of the 
supplies and not on the availability.   
When the resources are provided by an external company it is “impossible” to take 
availability of resources into account, because in that case all the wind farms (and other 
businesses, a crane is not solely used to repair a wind turbine) the external company 
services needs to be modelled. Defining a logistic time to the resources is an 
approximation to overcome this problem. 
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5.3 Example results 
In this chapter some output graphs of the model are listed. These graphs are only to give a 
representation of the model outputs and are not based on an actual wind farm. These are 
a view graphs that the model can produce and are to give an indication of the possibilities 
of the model.  
 

 
 

Figure 21: Costs per year 
 

 
 

Figure 22: Cumulative distribution total costs 
 
These two graphs are made by the program @ Risk. It is possible to define the distribution 
for the total costs. It is also possible to make a fitted distribution, an area graph or a 
histogram and cumulative distributions (line descending/ascending and solid 
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descending/ascending). Figure 21 is a summary graph over the costs per year, the 
increase of the costs is due to the inflation rate. Figure 22 is a cumulative ascending solid 
distribution graph for the total costs over 20 years in this case. In figure 23 the chance of 
occurrence that the costs will be equal to or lower are shown for the 75% and the 90% 
values => the vertical lines. It is possible to define the values with a chance of occurrence 
from 1% to 99%. With selecting two values, as in figure 24, it is also possible to determine 
confidence intervals. This is possible for the total (NPV) costs, the (NPV) costs per year 
and the total downtime. Net Present Value (NPV) is a way of comparing the value of 
money now with the value of money in the future. An Euro today is worth more than an 
Euro in the future, because inflation erodes the buying power of the future money, while 
money available today can be invested and grow. A discount rate, the required return on 
investment, has to be defined for calculating the NPV. 
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Figure 23: Distribution of corrective maintenance costs per component 
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Figure 24: Downtime costs per year per component 
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Figure 23 and 24 are graphs made by Excel®, based on the calculated mean values. 
Distributions and summary graphs are made by @Risk; the other graphs are made by 
Excel® and based on calculated mean values. Graphs that the model can produce are the 
following: 

• Distribution total downtime. 
• Distribution total (NPV) costs and (NPV) costs per year. 
• Summary graph (NPV) costs per year. 
• Total corrective maintenance (NPV) costs divided per component (based on mean  

values). 
• Total (NPV) costs divider per cost driver: labor, equipment, spare part and fixed  

costs (based on mean values). 
• Downtime divided per component (based on mean values).  
• Downtime per year for the different sources: logistic times, mount and demount time  

equipment, inspection and net repair time (based on mean values). 
• Corrective (NPV) maintenance costs divided per maintenance category (based on  

mean values). 
• Downtime divided per maintenance category (based on mean values). 
• Downtime per year per maintenance category (based on mean values). 
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6 Implementation and contribution to work process 
The purpose of the model is to use it in the framework of the due diligence. The 
operational and maintenance costs are now calculated on a deterministic and 
straightforward manner. The O&M costs model will replace this part of the due diligence. In 
6.1 and 6.2 the implementation and the contribution to the work process is defined. In 6.3 
an extra service that the model could provide is put forward. 

6.1 Implementation of the model 
The implementation of the model is for one activity of Mecal, the due diligence. A small 
number of people need to work with the model and this makes it easy to implement. An 
understanding and knowing how to work with the model is necessary to use the model. 
Excel® is used as the simulation tool and the employees at Mecal are all familiar with 
Excel®, which makes the implementation easier. 
A tutorial with the people that have to work with the model is a good way to let the people 
know how to work with the model. A manual is necessary as supplement, for it is then 
possible to learn to work with the model, without the walkthrough, and there is a document 
which can be relied on. The manual consist of an overview of the model and its options 
and a step by step handbook. 
The financial results are derived from the purchase costs, training costs and man hours 
needed to use the model. 
The purchase costs for @Risk is a one time occurrence. A decision needs to be made 
what type of license needs to be acquired. The possible options for Mecal are a concurrent 
network license and a normal computer bounded license. Dependent on price and number 
of users for the software, a decision is made for the computer bounded license.  
The training costs are low. The users are familiar with Excel and the model is not hard to 
use. 
The man hours needed to use the model are more than in the current case. The time to 
use the model is mainly about filling in the input data. The acquisition of data is where the 
man hours are needed, but this is also the case in the present due diligence.  More man 
hours are needed, however, for the input analysis. This part is of importance for a proper 
use of the model. The result of an adequate input analysis is that a better estimation of the 
O&M costs can be made, which is of high added value. The additional man hours needed 
for the use of the model are thus compensated by the results of the model. 

6.2 Contribution to work process 
The contribution is to the work process of the due diligence. It replaces the current method 
of estimating the operational and maintenance costs. The calculations are now performed 
by the model and more details of the build up of the costs can be obtained. Another 
important addition is that the model calculates the distribution of the costs, which is of 
added value to the customer.  
The model also makes it possible to compare different alternatives, which can help to 
make a judged decision between different options.  
It is possible to run the model, with the data used nowadays for a due diligence. The 
added value is then only the distribution of the total costs. An input analysis, described in 
chapter 4.5, must be performed before the model is used. Great care should be taken to 
this part; because it affects the outcome and the worse the input is the less reliable is the 
output. Reliable data might not be available and then a simplified version, which requires 
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less input, can be run. In that case not all the graphs described in chapter 5.4 are 
available. Mecal plans to start up a database, which can be coupled to Excel®. The 
database and the couplings make even faster use of the model possible in the future, 
because the input needs not to be filled in by hand anymore or the input analysis can be 
done faster with the available data from the database.  
The model also enables to standardize the process, because for every wind farm analysis 
the same type of data is required. In this way the model can act as a guide to standardize 
the process. 
The adaptability of the model is of importance to Mecal. Deep knowledge of Excel is 
present within Mecal and the use of Excel® gives the opportunity to adjust the model for 
Mecal if necessary. It is therefore also needed to give a deeper insight into how the model 
is build. A manual is not enough for that purpose. A document with a detailed structure is 
therefore supplied with the model. With this document the build-up of the model is known 
and it is avoided that first the structure of the model has to be puzzled out before 
something can be changed. 
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7 Conclusion 
The wind energy market is a relatively young market and has developed extensively from 
its start almost thirty years ago. The technology has evolved from a wind turbine capable 
of producing 50 kW with a rotor of 15 meters in diameter at the large-scale introduction of 
wind energy up to 6000 kW and a rotor of 112 meters in diameters nowadays. The 
development of the global wind energy market in the coming years is viewed as very 
positive by the industry. 
Today, the market is dominated by a top ten of wind turbine suppliers and is shifting from 
private owners towards large companies that share the market. Utilities become larger by 
installing new wind turbines, but also via buying existing wind farms.   
In this market Mecal offers a service named “Due Diligence”. The main goal of this service 
is to estimate the present value of an existing or future wind farm. A part of this estimation 
is the future O&M costs for a wind farm.  
The goal of this thesis was to make a model to estimate the future O&M costs for a wind 
farm. The investigation of a wind farm and its O&M costs drivers leads to the conclusion 
that a simulation model is an adequate solution. A simulation study is performed and the 
simulation model is built in Excel® with the add-on @Risk from Palisade Corporation, 
which is capable of doing Monte Carlo simulations within Excel®. 
The model is of added value to the due diligence service of Mecal. With the model, Mecal 
can do a better analysis of the O&M costs and the model is capable of generating results 
that are of high added value to the customers of Mecal. The model is capable of 
generating distributions both for the aggregate O&M costs and for a segmentation of the 
O&M costs into the different cost drivers. The downtime is also calculated and both a 
distribution for the downtime and segmentation into the different downtime drivers can be 
generated. Another feature is the creation of a summary graph, with the (net present 
value) costs per year. 
It is possible to perform a comparison between different simulations, to see what the effect 
is of changing input values. The model though is a simplification of a wind farm and not 
everything is included in the model.  
The model is built into Excel, which makes the implementation easy, because the 
employees at Mecal are familiar with this software program. The use of Excel makes it 
also possible to adapt the model if necessary and to couple it to a database in the future. 
Additional man hours with respect to the current process are needed for the input analysis 
that is required before the model can be used.  
The problem, however, is that it is probably not possible to do a good input analysis. 
Reliable reliability figures of the wind turbines and its components are not available. There 
are databases but these do not result in the reliable data that is needed for the use of the 
model. Fortunately, a trend can be seen that initiatives take place, which can result in the 
reliability figures that are needed. Standards are needed to record the data in a format that 
it can be analysed and is exchangeable. Options are to extend the SCADA system or to 
extend maintenance software tools such that the data required for analysis is recorded in a 
uniform manner.  It remains to be seen whether and how Mecal can get access to high 
quality data. 
The status though is that today the reliability figures are not available. An expert opinion 
might overcome this problem, but when this is not advisable or infeasible the model still 
must be able to do an estimation of the O&M costs. Therefore, the model has been 
designed such that it is able both to do an estimation based on limited data available as 
well as on the more extensive data that might come available in the future.  
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The quality of the results generated by the model is thus dependent on the data that is 
available. Mecal plans to start up a database, where the data is collected. A good 
database with reliable data can help speed up the input analysis and the database can be 
coupled to the model, which can help and save time by filling in the input data. 
A problem of the limited data available is that the validation of the model could not be 
performed. Due to the lack of data it was not possible to relate it to historical figures or to a 
base-case system for a validation. Care should thus be taken regarding the results and the 
model might be validated with the due diligences performed by Mecal. 
 
Summarized, the main features of the model are: 
 

• Monte Carlo simulations 
• Generation of distributions, summary graphs and graphs divided by costs or 

downtime drivers. 
• Determination of a chance of occurrence that the O&M costs and/or downtime will 

be lower or equal to a certain value, with a chance from 1% to 99%. 
• Determination of confidence intervals for O&M costs and downtime. 
• Easy to use, maintain and adapt for Mecal, because of the use of Excel®  
• Ability to deal with minor data available as well as extensive data  
• Ability to couple with a database 
• Ability to make comparisons between different simulations 

 
The following details are not included in the model: 
 

• Overhaul of components/wind turbine 
• Clustering of maintenance activities 
• Unsuccessful maintenance action 
• Limitations on availability of resources 

 
The O&M costs model is completely dependent on the inputs. The possibility exists to use 
limited data, but this will result in the situation that not everything is calculated and in this 
way the model is of restricted added value to Mecal. The more reliable data that can be 
acquired for the use of the model, the higher the added value of the model will become. 
Incentives must be created for wind-farm operators to collect data, but this is meaningless 
without a platform for data exchange.  
Operators are probably recording their own maintenance data, but it is questionable 
whether it is it in a way that is appropriate for the use of the model. Therefore, it is 
important for Mecal to get access to this data, for instance by supporting operators for 
recording their data in an adequate way, or by engaging with uptake or development of 
suitable standards. The future will show whether or not, and under what modalities, 
operational data comes available that will facilitate the value creation via the simulation 
tool.  
The overall conclusion is that the model is of added value today, but can become of even 
more added value when it can be linked to high quality data.   
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8 Discussion 
In this report it is made clear that reliable data is not available at this moment. In this 
discussion is stated what the effects might be if reliable data comes available.  
In the ideal situation the necessary data is collected in a way that a good analysis can be 
made and reliable figures can be estimated, for example the mean time to failure, repair 
time, etc. Data is collected from a large population, which makes the (statistical) results 
robust. When this O&M data is available it is possible to analyze the current O&M strategy 
and to optimize it. Comparisons can be made between hiring a crew to carry out the 
maintenance or to source it out to a maintenance company. The spare parts that need to 
be held on stock and the preventive maintenance intervals can be optimized.  
The result is that the same availability can be achieved with lower O&M cost resulting or 
higher availability with the same O&M cost and/or a combination.  
After the O&M data is available and the optimization has taken place, the wind farms can 
be benchmarked. This can be done anonymously if necessary. Benchmarking data make it 
possible to continue improving the operating process (see also figure 9). O&M data leads 
to cost savings, which are not known beforehand, but accumulating over time could 
become tremendous. 
The data makes it also possible to compare the different wind turbine types and brands 
based on O&M cost. Manufacturers that deliver less performing wind turbines will be more 
forced to improve their products than nowadays. O&M data can thus also lead to better 
performing wind turbines, forced by pressures from a better informed market.   
O&M data will give a better understanding of system performance and characteristics. The 
life-cycle O&M cost can be estimated more accurately, with certain confidence limits and 
this is relevant in the communication with bankers and insurance companies. The 
uncertainty of the future life cycle cost is lower, which reduces the risk for the banker and 
insurance company and this can result into lower interest rates and insurance fees, which 
makes it more profitable to invest in wind energy.  
It might happen that O&M data comes available in databases. This is an opportunity for 
Mecal; an accurate life cycle O&M cost estimate can be made with the model. The 
database(s) could be coupled to the model that data is gathered and calculations are 
made automatically. In this way Mecal can make a database with O&M cost defined for 
different turbines and help developers to make a judged decision which turbine to 
purchase. In this way the data can lead to a future decision support environment.  
It is clear that availability of O&M data leads to lower life-cycle cost for the whole sector, 
yet selfish interests of market participants create a prisoners’ dilemma in a public good 
game (Fehr & Schmidt, 1999). Institutional Analysis and Design (Ostrom & Hess, 2007) 
offers a methodology to address such problems (Morioka et al., 2006). The question is 
thus when the data will become exchangeable in a structured manner so as to make the 
population larger and the results from the data more robust. In this way the whole sector 
can profit, but first the data needs to be collected and the reluctance to share data has to 
be overcome.  
 
 



 
 
Report by: 
Frans de Jong  

 
 
Commissioner: 
Mecal Applied  Mechanics 

 

 

 
   

  Page 54  
 

 

 

 

9 Reference List  
 
 1.  Blickle G. (2006). WindEnergy Study 2006 Kassel, Germany: Institut für Solare 

Energieversorgungstechnk e. V. 

 2.  Biller, B., Nelson, B. L. (2002). Input modeling: answers to the top ten input modeling questions.  

Winter Simulation Conference, San Diego, California, 35-40. 

 3.  BTM Consult APS (2006). World Market Update 2005, Forecast 2006-2010. 

 4.  Bussel, G. J. W. v. (1997). Operation and maintenance aspects for large offshore wind farms. 

Proc.EWEC 1997 Conference, Dublin, Ireland, 272-275. 

 5.  DOWEC Team (2002). Estimation of Turbine Reliability figures within the DOWEC project. DOWEC, 

Nr. 10048. 

 6.  Eecen, P. J., Braam, H., Rademakers, L. W. M. M. (2006). Development of operations and 

maintenance cost estimator (Rep. No. ECN-RX--06-058). ECN Windenergie. 

 7.  Farrel, E. R. (2006). Wind energy development guidelines. 

 8.  Fehr, E. & K.M. Schmidt (1999) A theory of fairness, competition and cooperation. The Quarterly 

Journal of Economics, August 1999, 817-868. 

 9.  Fothergill, J.C. (1990), Estimating the Cumulative Probability of Failure Data Points to be Plotted on 

Weibull and Other Probability Paper, IEEE Trans EI, Vol. 25 (3), 489-492 

 10.  Gallaher, M. P., O'Connor, A. C., Dettbarn, J. L., & Gilday, L. T. (2004). Cost analysis of inadequate 

interoperability in the U.S. capital facilities industry (Rep. No. NIST GCR 04-867). 

Gaithersburg, Maryland 20899-8603: U.S. Department of Commerce Technology 

Administration, National Institute of Standards and Technology. 

 11.  Garder, P., Garrad, A., Jamleson, P., Snodin, H., & Tindal, A. (2003). Wind Energy - the facts    

volume 1 TECHNOLOGY . 



 
 
Report by: 
Frans de Jong  

 
 
Commissioner: 
Mecal Applied  Mechanics 

 

 

 
   

  Page 55  
 

 

 

 12.  Goossenaerts, J. B. M. , Pels, H. J. (2006). Methodology & instruction materials.  Eindhoven, 

Technical University.  

 13.  Gräber, U. (2004). Advanced maintenance strategies for power plant operators--introducing inter-plant 

life cycle management. International Journal of Pressure Vessels and Piping, 81, 861-865. 

 14.  Hahn, B., Durstewitz, M., Rohrig, K. (2005). Reliability of wind turbines: Experiences of 15 years with 

1500WTs.  Kassel, Germany: Institut für Solare Energieversorgungstechnk e. V. 

 15.  Henderson, S. G. (2003). Input modeling: input model uncertainty: why do we care and what should 

we do about it? Winter Simulation Conference, New Orleans, Louisiana, 90-100. 

 16.  Jacquelin, J. (1993), A Reliable Algorithm for the Exact Median Rank Function, IEEE Trans. EI, Vol. 28 

(2), 168-171 and Erratum: Vol. 28 (5), 892 

 17.  Kaldellis, J. K. (2002). An integrated time-depending feasibility analysis model of wind energy 

applications in Greece. Energy Policy, 30, 267-280. 

 18.  Kaygusuz, K. (2006). Developing Wind Energy in the European Union. Energy Sources, Part B: 

Energy, Economics, and Planning, 1, 9-21. 

 19.  Kelton, W. D., Sadowski, R. P., & Sadowski, D. A. (1998). Simulation with Arena. McGraw-Hill. 

 20.  Lappalainen, K. (2006). Learning by benchmarking in healthcare. In Helsinki, Finland. 

 21.  Law, A.M., Kelton, W.D. (2000). Simulation Modeling and Analysis. (Third ed.) McGraw-Hill. 

 22.  Lawless, J.E. (1982), Statistical models and methodsfor lifetime data, John Wiley & Sons, New York.  

 23.  Lewis, E. E. (1996). Introduction to reliability engineering. (Second ed.) John Wiley & Sons, Inc. 

 24.  Manwel, J. F., McGowan, J. G., Rogers, A. L. (2002). Wind Energy Explained. John Wiley & Sons Ltd. 

 25.  Mcleish, K. (2007). Petri Nets.   

http://www.cse.fau.edu/~maria/COURSES/CEN4010-SE/C10/10-7.html 



 
 
Report by: 
Frans de Jong  

 
 
Commissioner: 
Mecal Applied  Mechanics 

 

 

 
   

  Page 56  
 

 

 

 26.  Milborrow, D (2006). Operation and maintenance cost compared and revealed. Windstats Newsletter, 

19, 1-3. 

 27.  Millais, C. & Teske, S. (2005). Wind Force 12 (2005) - A blueprint to achieve 12% of the world's 

electricity from wind power by 2020 (Updated version & country reviews) Global Wind Energy 

Council, Greenpeace. 

 28.  Montanari, G. C., Mazzanti, G., Cacciari, M., & Fothergill, J. C. (1997). In search of convenient 

techniques for reducing bias in the estimation of Weibull parameters for uncensored tests. 

Dielectrics and Electrical Insulation, IEEE Transactions on [see also Electrical Insulation, IEEE 

Transactions on], 4, 306-313. 

 29.  Montanari, G. C., Mazzanti, G., Cacciari, M., & Fothergill, J. C. (1997). Optimum estimators for the 

Weibull distribution of censored data. Singly-censored tests [electrical breakdown test data]. 

Dielectrics and Electrical Insulation, IEEE Transactions on [see also Electrical Insulation, IEEE 

Transactions on], 4, 462-469. 

 30.  Morioka, T., O. Saito, H. Yabar (2006). The pathway to a sustainable industrial society – initiative of 

the Research Instutute for Sustainability Science (RISS) at Osaka University. Sustainability 

Science, 1(1).  

 31.  Morthorst, P. E. (2003). Wind Energy The Facts - Costs & Prices (Volume 2) European Wind Energy 

Association. 

 32.  Neumann, T., Ender, C., & Molly, J.-P. (2002). Studie zur aktuellen Kostensituation 2002 der 

Windenergienutzung in Deutschland Eberstr. 96 Wilhelmshaven: Deutsche Windenergie-

Institut GmbH. 

 33. Ostrom, E. & Hess, C. (2007) A Framework for Analyzing the Knowledge Commons. Hess, C. & E. 

Ostrom (eds) Understanding Knowledge as a Commons – From Theory to Practice, The MIT 

Press, Cambridge, Massachusetts. 

 34. Papazoglou, M.P., van den Heuvel, W.-J. (2007) Service oriented architectures: approaches, 

technologies and research issues. The VLDB Journal 16, 389-415,  



 
 
Report by: 
Frans de Jong  

 
 
Commissioner: 
Mecal Applied  Mechanics 

 

 

 
   

  Page 57  
 

 

 

 35.  Rackwitz, R., Golweitzer, S., & Addo, T. (1988). FORM (First Order Reliability Method) Manual 

Munich, Germany: RCP GmbH. 

 36.  Rackwitz, R., Golweitzer, S., & Guers, F. (1988). SORM (Second Order Reliability Method) Manual 

Munich, Germany: RCP GmbH. 

 37.  Rademakers, L. W. M. M. & Braam, H. (2002).  O&M aspects of the 500 MW offshore wind farm at 

NL7 (Rep. No. ECN projectnr.: 7.41218.11.10). ECN Windenergie. 

 38.  Rademakers, L. W. M. M., Braam, H., & Verbruggen, T. W. (2003). R&D needs for O&M of wind 

turbines (Rep. No. ECN-RX--03-045). ECN Windenergie. 

 39.  Rademakers, L. W. M. M. e. a. (2003). Assessment and optimisation of operation and maintenance of 

offshore wind turbines (Rep. No. ECN-RX--03-044). ECN Windenergie. 

 40.  Ribrant, J. (2006). Reliability performance and maintenance - A survey of failures in wind power 

systems. KTH School of Electrical Engineering. 

 41.  Ross, R. (1996), Bias and standard deviation due to Weibull parameter estimation for small data sets, 

IEEE Transactions on Dieletrics and Electrical Insulation, Vol 3 (1), 28-42 

 42.  Sterzinger, G. & Svrcek, M. (2004). Wind turbine development: Location of manufacturing activity. 

 43.  Stiesdal, H. (1999). The wind turbine components and operation. Bonus Info, newsletter special issue. 

 44.  Tavner, P. J., Xiang J., & Spinato F. (2006). Reliability analysis for wind turbines. Wind Energy, 10, 1-

18. 

 45.  Veers, P. S. (1996). Fatigue reliability of wind turbine fleets: The effect of uncertainty on projected cost. 

Journal of Solar Energy Engineering, 118, 222-227. 

 46.  Vose D. (2000). Risk analysis: A quantitative quide. (second ed.) John Wiley & Sons. 

 47.  Walford, C. A. (2006). Wind Turbine Reliability: Understanding and Minimizing Wind Turbine Operation 

and Maintenance Costs Sandia National Laboratories Albuquerque, New Mexico 87185 and 

Livermore, California 94550. 



 
 
Report by: 
Frans de Jong  

 
 
Commissioner: 
Mecal Applied  Mechanics 

 

 

 
   

  Page 58  
 

 

 

 48.  Weinhold, N. (2006). Suche nach Erkenntnis.  Neue Energie, 09/06. 

 49.  White, J.S. (1969), The moments of Log-Weibull Order Statistics, Technometrics, Vol 11 (2), 373-386 

 50.  Wikipedia. (2007). Bath tub curve.   

http://en.wikipedia.org/wiki/Bath-tub_curve 

 51.  Zaaijer, M. B. (2003). O&M aspects of the wind farm (Rep. No. 2003.023). Delft, The Netherlands: 

TUDelft, DUWIND. 

 



 
 
Report by: 
Frans de Jong  

 
 
Commissioner: 
Mecal Applied  Mechanics 

 

 

 
   

  Page 59  
 

 

 

Appendix I Wind farm life cycle 
The life cycle of a wind farm consists of seven phases. The initiative for developing a wind 
farm can come from a developer, a (future) owner or another entity. The owner of the wind 
farm can also be the developer.  A brief summary of the seven phases is described 
(Farrel, 2006; Manwel, McGowan & Rogers, 2002).  
 
1) Site suitability 
 
Some sites are more suitable for wind farms than others. Wind speed is the most 
important requirement; generally the most exposed sites will generate the most electricity. 
Other technical considerations include the size of the site; access to the site by road; 
access to a local grid entry point; and the capacity of the grid at that point to transport 
electricity from the proposed site. 
Environmental considerations include the visibility of the site from important viewpoints; 
proximity to dwellings; ecology; archaeological, architectural and cultural heritage; 
recreational uses; and restricted areas (e.g. airports). 
 
2) Project feasibility 
 
If a project is to be feasible it must have satisfactory wind speeds at the site. A wind atlas 
can provide good approximate wind speed information but financiers will require site 
measurements to be taken for usually between 9 and 24 months. It can happen that wind 
measurements from a location nearby are used.  
• Planning permission should be sought for a wind mast. 
• Ground conditions will need to be assessed to ensure that they are suitable for wind 
turbine foundations. 
• Access roads will need to be examined to identify their suitability to service a project of 
this scale. 
• The cost for the grid connection can be a determining factor for the feasibility so 
possible routes to the connection point should be outlined and evaluated. 
 
At this stage the developer should enter into dialogue both with the local planners and with 
the local communities. The developer can agree the scope of the Environmental Impact 
Statement (EIS) or other studies with the planners and can address any fears or questions 
that the local community may have with respect to the wind farm. It may be beneficial to 
involve the local community in the project more directly by offering them the opportunity to 
invest in the project. 
 
3) Detailed Assessment 
 
If a project is deemed viable, a developer will concentrate on the detailed assessment. 
• The results of the wind speed monitoring determine the wind profile from which the 
appropriate turbine can be selected for the project. 
• The EIS will examine the visual and landscape assessment to assist with the layout 
and scale of the site and identify the zone of visual influence. 
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• The EIS will also assess ecology, archaeology, architecture, hydrology, 
electromagnetic interference, safety, construction, decommissioning and traffic 
management. Where possible, details of the electrical connection should be included. 
• The EIS should also include the positive impacts that the project will deliver – the 
effects on the local economy and the contribution to the global environment. It is a public 
document so evidence of public consultation will be most useful also. 
 
4) Planning application 
 
All wind farm developments have to apply for planning permission. Planning decisions are 
open to public influence and have to be taken in conjunction with the federal laws. The 
permitting process varies substantially from country to country, state to state, and even 
from town to town. The developer must be prepared to answer any further questions that 
might arise from the planning authorities in relation to the specific details of the application.  
Depending on the size and nature of the project, planning authorities may wish to impose 
conditions on the development ranging from limited monitoring of different aspects of the 
development after its commissioning to the detailed regulation of construction transport 
access. 
Finally, if planning permission is awarded, one need to ensure the following issues are 
negotiated: 
• Financing via a bank or a development partner. 
• Connection to the national grid. This needs an arrangement with the relevant 
Distribution Network Operator (DNO). 
• Acquisition of passage rights across the land (upon or beneath) which are needed to 
lay cabling from the wind farm to the grid connection point. 
• A Power Purchase Agreement (PPA) with a supply company, to secure a buyer for the 
electricity that will be produced. 
 
5) Construction 
 
In this phase the wind farm is erected. The construction consists of five phases, which will 
be described in the sequel. 
 

1) Site preparation 
The site needs to be prepared for turbine installation and operation. Roads may need to be 
constructed; the site needs to be cleared for delivery, assembly and erection of turbines; 
power lines need to be installed and foundations need to be built.  
 

2) Turbine transportation 
The next significant hurdle may be transportation of the wind turbines to the site. Smaller 
turbines can often be packed in containers for easy road transport. Larger turbines must 
be transported in sub-sections and assembled at the site. 
 

3) Turbine assembly and erection 
At the site the turbine must be assembled and put in place. Ease of placement depends on 
the turbine size and weight, the availability of an appropriately sized crane, the turbine 
design and site access.  
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4) Grid connection 
Once installed, the turbines need to be connected to the grid. The turbine-grid connection 
consists of electrical conductors, transformers, and switchgear to enable connection and 
disconnection from the grid. Once the turbine is installed and grid connected, it is ready for 
operation. 
 

5) Commissioning 
Wind turbines need to be ‘commissioned’ before the turbine owner takes control of the 
turbine operation. Commissioning consists of (1) appropriate tests to ensure correct 
turbine operation and (2) maintenance and operation training for the turbine owner or 
operator. 
 
6) Operation 
 
When the wind farm becomes operational it remains the responsibility of the owner and 
operator of the wind farm to maintain the turbines and the site in general. Usually wind 
turbines are bought with a two-year service contract from the manufacturer, which includes 
preventive maintenance, corrective maintenance and warranties. Successful operation of a 
wind turbine or wind farm requires (1) information systems to monitor turbine performance, 
(2) with an understanding of factors that reduce turbine performance and (3) measures to 
maximize turbine productivity.  
Automatic turbine operation requires a system for oversight in order to provide operating 
information to the turbine owner and maintenance personnel. Many individual turbines and 
turbines in wind farms have the capability to communicate with remote overview systems 
(SCADA) via phone connections. The remote overview systems receive data from 
individual turbines and display these on screens for system operators. These data can be 
used to evaluate turbine energy capture and availability.  
 
Maintenance and repair  
Wind turbine components require regular maintenance and inspection to make sure that 
lubrication oil is clean, seals are functioning, and that components subject to normal wear 
are replaced. Problem conditions identified by oversight systems may require that the 
turbine temporarily is taken out of operation for repair.  
 
7) Decommissioning 
 
At the end of its life span the wind farm site will be required to be returned as closely as 
practical to its original state. This is much easier for wind projects than for other power 
generation plants. The scrap value that results from the discarded turbines will exceed 
these costs. 
 
 
In the course of the life cycle of a wind farm many stakeholders are involved they include 
for example: wind farm owners and operators, wind turbine manufacturers, suppliers, 
design and engineering firms, governmental regulatory bodies, special interest groups, 
banks, insurance companies, and governmental legislative bodies. Research 
organizations, consortia, and lobbyists play supporting roles.  
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Appendix II Conceptual models 
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Figure 25: Conceptual UML domain model 
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Attribute Explanation Linked with 
   
Service contract   
Agreements Deals made  
Wind farm involved Wind farm for which the deals 

are made 
Wind farm data: Wind farm name 

Due date End date of the contract  
   
Wind farm owner   
Wind farm owner Name of wind farm owner Wind farm data: Wind farm owner
   
Service company   
Name Name of the service company  
   
Monitoring and 
control unit 

  

Number of turbines Number of turbines controlled Wind farm data: Nr of turbines 
   
SO organizational 
unit 

  

   
Service employee   
Cost rate Cost rate currency per hour Service employee: Time wage 
Start time order Start time order employee  
End time order End time order employee  
Logistic time Travel time  Service employee: Logistic time 
   
Inspection and repair 
order 

  

Time placed Time that the order is placed  
Start order Start time order  
End order End time order  
Nr. of service 
employees required  

Number of service employee 
needed for inspection 

Components: Nr. of service 
employees needed per failure 
mode  

   
Inspection and repair 
report 

  

Duration Time duration of inspection and 
repair order 

 

Nr. of service 
employees 

Nr. of service employees 
involved 

Components: Nr. of service 
employees needed per failure 
mode 

Component repaired Component that is repaired Component: type of component 
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Inspection report    
Duration Time duration of inspection  
Nr. of service 
employees 

Nr. of service employees 
involved 

 

Component involved Component involved Component: type of component 
Maintenance category Maintenance category Component: Maintenance 

category 
   
Replacement order   
Time placed Time that the order is placed  
Start order Start time order  
Spare part required Spare part needed for 

replacement 
Components: Spare part needed 
per failure mode 

Number of service 
employee required 

Number of service employee 
needed for replacement 

Components: Nr. of service 
employees needed per failure 
mode  

Equipment required Equipment needed for 
replacement 

Components: Equipment needed 
per failure mode 

End order End time order  
   
   
Inspection and 
replacement report 

  

Duration  Time duration of inspection  
Nr. of service 
employees inspection 

Nr. of service employees 
involved for inspection 

 

Spare part used Component/spare part that is 
replaced 

 

Equipment used The equipment that is used for 
replacement 

 

Duration replacement Time duration of replacement  
Nr. of service 
employees 
replacement 

Nr. of service employees 
involved for replacement 

 

   
   
WT manufacturer   
Name Name of wind turbine 

manufacturer 
 

   
Lesser company   
Name Name of lesser company  
   
Spare part   
Purchase cost Costs of a spare part Spare part: purchase cost 
Type  Characterization of the spare 

part (e.g. bearing, rotor blade 
etc.) 

Spare part: type of spare part 
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Logistic time Transport time of the spare part Spare part: logistic time 
Logistic cost Costs of transport the spare 

part 
Spare part: logistic cost 

   
Equipment   
Type  Characterization of the device 

(e.g. small vs. large crane) 
Equipment: type of equipment 

Mount time Transport time and time for 
mounting the equipment 

Equipment: mount time 

Demount time Time for demounting the 
equipment 

Equipment: demount time 

Mob/demob rate Mobilization/demobilization cost Equipment: mob/demob rate 
Cost rate Costs for renting equipment per 

hour 
Equipment: cost rate 

   
Bill   
Cost equipment Costs of the equipment when 

used 
 

Cost service employee Costs of the service employees 
used 

 

Cost spare part Costs of the spare(s) part when 
used 

 

 
Table 5: Description attributes conceptual UML model
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Figure 26: Conceptual Petri-Net (repetition of figure 13) 
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Appendix III The used distributions 
 

1. PERT distribution 
 

The PERT distribution gets its name because it uses the same assumption about the 
mean as Program Evaluation and Review Technique (PERT) networks used in the past for 
project planning. It is a version of the Beta distribution and requires three parameters, 
namely minimum, most likely and maximum.  
 
Definitions: 
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Parameters: 

min  continuous boundary parameter  min < max  
m.likely continuous parameter   min < m.likely < max  
max  continuous boundary parameter   

 
Domain: 
 min < x < max       continuous 

 
Density and Cumulative functions: 
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where B is the Beta function and Bz is the Incomplete Beta Function. 
 
 
Variance: 
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Mode 

most likely 
 
 

 
 

2. Exponential distribution 
 

The exponential distribution is a very commonly used distribution in reliability engineering. 
Due to its simplicity, it has been widely employed even in cases to which it does not apply. 
The exponential distribution is used to describe units that have a constant failure rate. The 
exponential distribution is the only distribution to have a constant failure rate. 
 
Parameters:  

 β continuous scale parameter  β > 0  

 
Domain:  

 0 < x < + ∞      continuous  

 
Density and Cumulative functions  

 
β

β

β
/

/
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Mean:  
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 β  

 
Variance:  

 β2  

 
 
Skewness:  

 2  

  
 
Kurtosis:  

 9  

 
Mode:  

 0  
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3. Weibull distribution 
 

The Weibull distribution is often used in the field of life data analysis due to its flexibility—it 
can mimic the behaviour of other statistical distributions such as the normal and the 
exponential. If the failure rate decreases over time, then ß is < 1. If the failure rate is 
constant over time, then ß = 1. If the failure rate increases over time, then ß is > 1. 
An understanding of the failure rate may provide insight as to what is causing the failures: 
A decreasing failure rate would suggest "infant mortality". That is, defective items fail early 
and the failure rate decreases over time as they fall out of the population. 
A constant failure rate suggests that items are failing from random events. 
An increasing failure rate suggests "wear out" - parts are more likely to fail as time goes 
on. 
When ß = 3.4,  then the Weibull distribution appears similar to the normal distribution. 
When ß = 1,   then the Weibull distribution reduces to the exponential distribution. 
 

Parameters:  

  
β  continuous shape parameter  β  > 0 

α  continuous scale parameter  α  > 0 

 
Domain:  

 0 < x < + ∞     continuous  

 
Density and Cumulative functions  
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where Γ  is the Gamma function  

 
Variance:  
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where Γ  is the Gamma function  
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Skewness:  
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where Γ  is the Gamma function  

  
Kurtosis:  
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where Γ  is the Gamma function  
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4. Beta distribution 
 

The Beta distribution can be used in the absence of data.  Possible applications are 
estimate the proportion of defective items in a shipment or time to complete a task.  The 
Beta distribution has two shape parameters, α 1 and α 2.  When the two parameters are 
equal, the distribution is symmetrical.  For example, when both α 1 and α 2 are equal to 
one, the distribution becomes uniform.  If α 1 is less than α 2, the distribution is skewed to 
the left.  And if α 1 is greater than α 2, the distribution is skewed to the right. The beta 
distribution is also in the appendix, because the PERT distribution is a version of the Beta 
distribution. 
 

Parameters:  

 1α  continuous shape parameter  1α  > 0 

2α  continuous shape parameter  2α  > 0 

 
Domain:  

 0 < x < 1     continuous  

 
Density and Cumulative functions  
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where β  is the Beta Function and zβ  is the Incomplete Beta function 
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Skewness:  
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Kurtosis:  
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Mode:  

2
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α     1α  > 1, 2α  > 1  

0      1α  < 1, 2α > 1 or 1α =1, 2α  > 1 

1      1α  > 1, 2α < 1 or 1α >1, 2α  = 1  
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Appendix IV: Monte Carlo and Latin Hypercube simulations 
 
The simulation software @Risk makes simulations based on Monte Carlo or Latin 
Hypercube sampling techniques. In this appendix more details, about these techniques is 
explained. This information is copied from the manual provided with @Risk. 
 
Monte Carlo Sampling 
Monte Carlo sampling refers to the traditional technique for using random or pseudo-
random numbers to sample from a probability distribution. The term Monte Carlo was 
introduced during World War II as a code name for simulation of problems associated with 
development of the atomic bomb. Today, Monte Carlo techniques are applied to a wide 
variety of complex problems involving random behaviour. A wide variety of algorithms are 
available for generating random samples from different types of probability distributions. 
Monte Carlo sampling techniques are entirely random — that is, any given sample may fall 
anywhere within the range of the input distribution. Samples, of course, are more likely to 
be drawn in areas of the distribution which have higher probabilities of occurrence. In the 
cumulative distribution, each Monte Carlo sample uses a new random number between 0 
and 1. With enough iterations (runs), Monte Carlo sampling "recreates" the input 
distributions through sampling.  
A problem of clustering, however, arises when a small number of iterations are performed. 

 
 
In the illustration shown here, each of the 5 samples drawn falls in the middle of the 
distribution. The values in the outer ranges of the distribution are not represented in the 
samples and thus their impact on your results is not included in your simulation output. 
Clustering becomes especially pronounced when a distribution includes low probability 
outcomes which could have a major impact on your results. It is important to include the 
effects of these low probability outcomes. To do this, these outcomes must be sampled. 
But, if their probability is low enough, a small number of Monte Carlo iterations may not 
sample sufficient quantities of these outcomes to accurately represent their probability. 
This problem has led to the development of stratified sampling techniques such as the 
Latin Hypercube sampling. 
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Latin Hypercube Sampling 
 
The technique being used during Latin Hypercube sampling is "sampling without 
replacement". The number of stratifications of the cumulative distribution is equal to the 
number of iterations performed.  
 

 
 
In the example above there were 5 iterations and thus 5 stratifications were made to the 
cumulative distribution. A sample is taken from each stratification. However, once a 
sample is taken from a stratification, this stratification is not sampled from again — its 
value is already represented in the sampled set. How does sampling within a given 
stratification occur? In effect, stratification for sampling is chosen, and then randomly 
values are chosen from within the selected stratification. When using the Latin Hypercube 
technique to sample from multiple variables, it is important to maintain independence 
between variables. The values sampled for one variable need to be independent of those 
sampled for another (unless, of course, you explicitly want them correlated). This 
independence is maintained by randomly selecting the interval to draw a sample from for 
each variable. In a given iteration, Variable #1 may be sampled from stratification #4, 
Variable #2 may be sampled from stratification #22, and so on. This preserves 
randomness and independence and avoids unwanted correlation between variables. As a 
more efficient sampling method, Latin Hypercube offers great benefits in terms of 
increased sampling efficiency and faster runtimes (due to fewer iterations). These gains 
are especially noticeable in a PC based simulation environment. Latin Hypercube also 
aids the analysis of situations where low probability outcomes are represented in input 
probability distributions. By forcing the sampling of the simulation to include the outlying 
events, Latin Hypercube sampling assures they are accurately represented in your 
simulation outputs. When low probability outcomes are very important it often helps to run 
an analysis which just simulates the contribution to the output distribution from the low 
probability events. In this case the model simulates only the occurrence of low probability 
outcomes — they are set to 100% probability. Through this you will isolate those outcomes 
and directly study the results they generate. The concept of convergence is used to test a 
sampling method. At the point of convergence, the output distributions are stable 
(additional iterations do not markedly change the shape or statistics of the sampled 
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distribution). The sample mean versus the true mean is typically a measure of 
convergence, but skewness, percentile probabilities and other statistics are often used as 
well. It is evident that Latin Hypercube sampling converges faster on the true distributions 
when compared with Monte Carlo sampling.  

Appendix V: Net present value 
Net Present Value (NPV) is a way of comparing the value of money now with the value of 
money in the future. An Euro today is worth more than an Euro in the future, because 
inflation erodes the buying power of the future money, while money available today can be 
invested and grow. A discount rate, the required return on investment, has to be defined 
for calculating the NPV. Inflation results in higher prices in the future, this is also taken into 
account in the calculation. The calculations for the net present value including inflation are 
carried out as follows:  
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t - time in years of O&M cost occurring 
n - total time in years 
r - discount rate 
I - Inflation rate 
Ct - Net O&M cost at year t  
 
 
 


