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ABSTRACT

Wind power has been a leading energy source in the renewable energy sector.

The offshore wind power industry is rapidly growing, having the advantages of

great wind resources, with minimum impact on residential areas; however, the

high O&M costs  add significantly to the LCOE, and present a challenge to the

project developers and operators. The objective of this Thesis is to develop an

optimisation method aiming to optimise the O&M vessel fleet in terms of its size

and mix, and implement it into a spreadsheet-based tool.  At first, a review on

the  available  literature  was conducted,  in  order  to  establish  the  theoretical

background on the topics of maintenance, optimisation and O&M vessels, and

identify  the  O&M strategies  used in  offshore  wind power.  The optimisation

method developed focuses on the implementation of different O&M strategies,

and is mainly based on the vessel contracts strategy, which aims to acquire lease

contracts of various vessel types, including helicopters, available in the market

to  support  the maintenance  activities  of  an  offshore  wind  farm. The  model

developed consists  of  calculation  modules  and introduces a  5-stage  weather

data filtering process for the estimation of the operational weather window, a

WT components' failures forecast method, and a 2-stage optimisation process.

The model  was applied on a case study of a fictitious offshore wind farm, by

using measured and realistic input data, in order to examine its efficacy. The

model's  outputs  generated presented the optimal O&M vessel  fleet  for  three

different scenarios (mean, best case, and worst case), together with the optimal

allocation of  the  failure  repairs  to  each  O&M vessel,  and the  corresponding

O&M costs.

Keywords: Wind; Energy; Offshore; Maintenance; Optimisation; Vessels; O&M
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CHAPTER 1. INTRODUCTION 

1.1 INTRODUCTION

On a global  scale,  wind power has been a leading renewable energy source,

having doubled its installed capacity during the last five years, while in the EU,

it is the fastest growing energy source, having more than 150 GW of installed

capacity.  Offshore  wind  power,  in  particular,  which  has  the  advantages  of

utilizing sites with better wind resources, and overcoming specific obstacles in

wind  power  project  development,  including  the  visual  impact,  the  shadow

flickering effect,  and the noise emissions on residential  areas,  has more than

tripled  its  installed  capacity  during  the  same  period  of  time  (Global  Wind

Statistics 2016, 2017). Moreover, with the forecast stable rate of growth for the

wind power industry, and the further advances in floating foundations, more

offshore areas are expected to be utilized. 

However, in order to achieve the realization of successful offshore wind energy

projects,  that are  less  subsidy-dependent,  it  is  crucial  to  increase  their  cost-

competitiveness  against  other  forms  of  electricity  generation.  This  could  be

achieved by mitigating the levelized cost of electricity (LCOE). Approximately,

one-fourth  of  the  LCOE  derives  from  Operation  and  Maintenance  (O&M)

activities (Karyotakis, A., 2011). Due to the high dependency of offshore wind

O&M activities on vessels for the transportation of technicians, spare parts, and

the execution of the required maintenance activities, keeping the number and

type of vessels in the fleet at the optimum level (i.e to meet, but not to exceed,

the O&M requirements of each wind farm), would be one means to reduce the

O&M costs, and in turn the LCOE.
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1.2 RESEARCH QUESTION

How can we achieve O&M cost reduction for offshore wind farms; and how a

fleet  optimisation  model  can  be  developed  to  provide  a  cost  efficient  O&M

solution for the offshore wind energy industry?

1.3 SCOPE

The scope of  this  Thesis  is  to  develop an  optimisation method and a model

aiming  to  result  into  a  cost-efficient  solution  for  the  O&M  activities  of  the

offshore  wind power  industry,  through the  optimisation of  the  maintenance

vessel fleet in terms of size and mix. In this procedure, the offshore wind O&M

cost  mitigation  challenge  has  to  be  analyzed  in  detail,  and  each  of  its

components  to  be  examined  thoroughly.  The  findings,  along  with  the

methodology developed, are integrated into an  optimisation tool, and applied

on an offshore wind farm case study, representative enough of the current and

the  near-future  status  of  the  European  offshore  wind  energy  industry.

Nevertheless,  this  Thesis  does  not  intend  to  provide  a  deterministic  answer

through the results extracted from the optimisation tool, but instead, and based

on  justified  assumptions,  to  provide  assistance  to  wind  farm  owners  and

operators during the decision making and cost estimation processes in regards

to offshore wind O&M. 

1.4 STRUCTURE

In Chapter 2,  the review of the available literature related to the subject of this

Thesis  is  presented,  including  background  theory  related  to  maintenance,

reliability and optimisation.



3

Chapter  3  describes  all  the  key  parts,  types  of  data,  assumptions,  and

procedures of the methodology developed and applied on the Thesis, in regards

to  the O&M optimisation model,  aiming to  reach  for  the research's  question

answer. 

In Chapter 4, the offshore wind farm designed as a case study, and the sets of

data used as input in the O&M optimisation tool are presented, along with the

final outputs of the model are collected and displayed.

Chapter  5  includes  a  discussion  and  analysis  of,  both,  the  methodology

developed  and  implemented,  and  the  results  generated  by  the  O&M

optimisation model.

The  conclusions  of  this  Thesis  are  drawn  in  Chapter  6,  along  with

recommendations for further future work on the topic.
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CHAPTER 2. LITERATURE REVIEW

2.1 INTRODUCTION

 In Chapter 2, the literature review is presented through the sections 2.2 – 2.7, in

which  the  existing  available  literature  on  the  offshore  wind  O&M  is

investigated.

Between sections 2.2 – 2.5, the theoretical background of the associated with this

Thesis' research components are presented.  The maintenance theory applied in

offshore  wind  power  is  presented  in  Section  2.2.  The  reliability  theory  is

described in Section 2.3, including basics of failure distributions and the Monte

Carlo  simulation. The  optimisation  theory  fundamentals  are presented  in

Section 2.4. The main offshore assets used for O&M are reviewed in Section 2.5.

In  Section  2.6,  the  directly-related  to  the  Thesis'  topic  existing  research  is

presented. Finally, a conclusion of the chapter is given in Section 2.7.

2.2 MAINTENANCE THEORY

This  Thesis  lies  withing  the  research  area  of  Operations  and  Maintenance

(O&M).  Therefore,  in  this  section  an  overview  of  the  O&M  theory and  its

practices  on  the  offshore  wind  energy  industry  is  provided,  focused  on

describing its key characteristics, as well as current advanced strategies.

2.2.1 INTRODUCTION TO O&M THEORY

After  the  commissioning  of  a  wind  farm,  the  O&M  (Operations  and

Maintenance) activities start to take place, in order to ensure that the project is

retained in a state where it is capable of producing electricity for the longest

time possible.  The O&M period lasts  for  the whole operating lifetime of  the

wind farm, which is on average of 20 to 25 years. The  operations activities are
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related to the management of the wind power project's assets, and include tasks

such as the wind turbines' remote monitoring and the project's administration;

however, the  maintenance activities are those which account most for the time,

planning, risk and cost of O&M (A Guide to UK Offshore Wind Operations and

Maintenance, 2013).

During its lifecycle, a wind turbine system can experience a number of various

failures, which prevent its normal operational function. Maintenance is defined

as  the  combined  set  of  technical  and  administrative  activities  that  intend  to

retain, or restore, an item (or a system) at state where it is able to perform its

required function (The Authoritative  Dictionary  of  IEEE Standards  Terms,  2000).

The  maintenance  strategies  can,  generally,  be  classified  into  two  categories:

corrective maintenance and  preventive maintenance.  Figure  1  shows  the  main

maintenance strategies.

Figure 1: Types of maintenance strategies

Corrective Maintenance (CM) is carried out after a fault has been detected or a

failure has occurred in the wind turbine system, aiming to restore it back to its

state where it can perform its intended function (Ben-Daya et al., 2009). This is

achieved by refurbishing or replacing the damaged components, when there is
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no way of detecting or preventing a failure before that occurs; however, this will

result into unscheduled downtime. Therefore, CM is the most expensive among

the maintenance strategies, and it is aimed to be applied as less as possible by

the wind farm operators (Marquez et al., 2012).

Preventive  Maintenance (PM)  is  carried  out  at  scheduled  intervals,  before  the

failure  of  a  component,  aiming  to  reduce  the  probability  of  failure  or

performance degradation, by repairing or replacing parts of the wind turbine

system (The Authoritative Dictionary of IEEE Standards Terms, 2000). PM in wind

turbines usually includes tasks such as inspections, lubrication, filter changing

and bolts tightening (Marquez et al., 2012). Two main approaches exist for PM

strategies: 

Condition-based  Maintenance (CBM) is  a  maintenance  strategy initiated  

when the  monitored  performance,  or  condition  of  a  parameter  (e.g  

temperature, vibration or noise), of a component reaches a specified level.

CBM employs inspections and continuous monitoring to detect faults at 

early stages and decide whether and what maintenance tasks should be 

performed prior  to  the failure  (Karyotakis,  A.,  2011)  (Marquez  et  al.,  

2012).

Time-based Maintenance (TBM) is carried out based on established time  

intervals or a number of units of use. These intervals are estimated by the 

components failure rates (Besnard, L., 2009) (The Authoritative Dictionary 

of IEEE Standards Terms, 2000).
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2.2.2 BASIC OFFSHORE WIND O&M STRATEGIES 

While taking into consideration the maintenance theory and definitions given in

the  previous  section,  three  primary  O&M  strategies  can  be  identified  for

offshore wind, as described below (Karyotakis, A., 2011):

i. No maintenance, where no maintenance activity is performed by the wind farm

operator,  except  for  major  inspections  and repairs  every  a  number  of  years.

Ideally,  this  strategy  can  be  considered  when the  wind turbine  components'

failure rates (see section 2.3.1) are too low. Therefore, due to the current stage of

components' reliability, the no maintenance strategy is difficult to be proven a

cost-efficient solution. 

ii.  Periodic  maintenance,  at  which  the  maintenance  activities  being  executed

between fixed periods of time during every operational year. The planning of

these time intervals is affected and defined by the various factors, such as the

weather  conditions,  the  components'  reliability,  and  the  wind  farm's

accessibility.

iii.  Corrective maintenance,  at which whenever a failure on a wind turbine has

been observed, then the repair is executed as soon as possible. This strategy is

commonly implemented on offshore wind farms. 

The corrective maintenance strategy for offshore wind farms depends on certain

key elements for its successful implementation. The weather conditions, affect the

access  to  the  wind  farm;  the  spare  parts, crew  and vessels'  availability define

whether  a  maintenance  activity  can  be  performed  right  after  it  has  been

detected, or it will be delayed until they all become available; lastly, the vessels'

characteristics and maintenance capabilities, the number of WTs, and the wind farm's

distance from the shore affect the O&M and vessel management (Tavner, P., 2012).
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2.2.3 ADVANCED OFFSHORE WIND O&M STRATEGIES

To accomplish further LCOE reduction for offshore wind projects, research on

more advanced O&M strategies has been conducted, by extracting ideas from

experts working in the offshore wind energy industry (Maples et al., 2013). The

proposed and investigated O&M strategies also aim to increase the wind farm's

availability, maintain the safety levels, and be easy to implement. The examined

strategies are described below:

• Mother-vessel accommodation: In this strategy, a mother-vessel is deployed,

in order to  provide accommodation to the maintenance crew offshore,

close to the wind farm. As a result, the time to access the wind farm and

perform  minor  maintenance  activities  is  reduced  significantly.  In

addition, small spare parts can be stored on the vessel.

• Helicopter  access:  By  using  helicopters  for  the  transportation  of  the

maintenance crew to and from the wind farm, the travel time is reduced.

Additionally, the accessibility of the wind farm becomes unaffected by

the sea state  conditions.  Only minor maintenance  activities,  and small

spare parts transportation to the site, can be performed with this O&M

strategy.

• Upgraded crew transfer system: This O&M strategy focuses on improving

the  crew  transfer  vessels,  in  terms  of  wind  speed  and  wave  height

operational limits. Consequently, the weather window (i.e the time frame

in  which  the  weather  conditions  are  within  the  operational  limits)

increases, as well as the wind farm's availability.

• Spare parts storage: This strategy proposes the storage of spare parts, as

stock, at the port, from which the O&M vessels begin their maintenance
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activities. This can minimize the spare parts logistic time and, therefore,

the  production  loss  due  to  downtime,  and  increase  the  wind  farm's

availability.

• Advanced condition-based monitoring: Having an advanced condition-based

monitoring (CBM) system for the WT's components can enable the early

detection of possible failures, before these failures occur. As a result, the

wind  farm's  availability  increases,  while  the  production  loss  due  to

downtime decreases.

• Vessel contracts: This O&M strategy relies on having an O&M vessels fleet

under  fixed  contract  lease,  and  guaranteed  availability  of  the  vessels

when needed by the wind farm operator. In this case, the vessels' lead

time  is  minimized,  and  cost  saving  can  be  achieved  through  the

decreased downtime.

2.3 RELIABILITY THEORY

In this section, a description of the reliability theory is given, being a critical part

of the methodology and model development. The field of reliability theory is

directly  connected  with  the  WT's  components'  reliability,  failures,  and

maintenance requirements.

2.3.1 DEFINITIONS

Reliability is defined as the probability of a component (or a system) to perform

its required function under stated operational conditions for a stated period of

time (Spinato et al., 2009). The reliability function R(t) at any time period t is

given by (Eq. 1)
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R(t)=
N s(t)
N                                                                                                                (1)

Where  N is the total number of a component set, and  Ns(t) is the number of

components in the set N that survived during a period t (Tavner, P., 2012).

Component is  a  piece  of  electrical  or  mechanical  equipment,  which  for  the

purpose  of  reliability  evaluation  is  perceived  as  an  individual  entity  (e.g  a

gearbox) (Besnard, L., 2009).

System is a set of components that are connected, or associated, together in order

to perform a specified function (e.g a wind turbine) (Besnard, L., 2009).

Failure is defined as the inability of a component, or a system, to perform its

required function (Besnard, L., 2009).

Failure rate  (λ) of a component is defined as the number of failures per unit of

time (Tavner, P., 2012). The three common categories of failure rates are:

Mean times between failures  (MTBF) is the time that passes between two  

consecutive failures  for repairable components,  or systems,  under the  

condition of a constant failure rate. MTBF is the inverse of λ, for constant 

failure rates, and can be expressed as (Eq. 2) (Reliability Prediction Basics, 

2007)

MTBF=1
λ                                                                                                        (2)

Mean time to failure (MTTF) is the mean time until the first failure of a  

component, or a system, that is non-repairable.  It is intended to be the  

statistical mean over a long period of time, and with a large number of 

units.  For constant failure rates, MTTF is the inverse of  λ,  and can be  

expressed as (Eq. 3) (Reliability Prediction Basics, 2007)



11

MTTF=1
λ                                                                                                        (3)

Mean time  to  repair (MTTR)  is  defined  as  the  mean  time  required  to  

perform the maintenance repair for a repairable component, or system 

(Reliability Prediction Basics, 2007).

Operational availability (A) is the percentage of time that a system (e.g a wind

turbine) is working, when needed (e.g a wind turbine is capable of producing

electricity). Therefore, it is an important measure of the efficiency of a project.

Current  offshore  wind  farms  can  achieve  an  availability  of  90  to  95%.  It  is

affected by the failure rate and the downtime for maintenance and can be given

by (Eq. 4) (A Guide to UK Offshore Wind Operations and Maintenance, 2013) 

A= MTBF
MTBF+MDT

∗100                                                                                              (4)

Where MDT is the  mean downtime,  which is the time that a component,  or a

system, cannot provide its required function. MDT is the sum of MTTR, MLDT

and MWT; MLDT is the  mean logistic delay time, that is the mean time for the

maintenance personnel to access the faulty component, or system; MWT is the

mean waiting  time for  spare  parts.  It  is  possible  that  MLDT and MWT occur

during the same period of time (Sherbrooke, 1992).

2.3.3 COMMON FAILURE DISTRIBUTIONS

This section is  concentrated in some of  the most commonly used families  of

distributions, applicable on the reliability engineering, in regards to component

failures.
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2.3.3.1 NORMAL DISTRIBUTION

The normal distribution, also known as Gaussian, is the most commonly

used distribution. It is a continuous distribution, having the shape  of  a  

bell, symmetrical about its mean (μ) (Ben-Daya et al., 2009). It is based on 

the  central  limit  theorem,  which  states  that  identically  distributed  

random variables, with finite mean and variance, and when in  a  large  

sum,  are  normally  distributed.  Often,  the  failure  distribution  of

components  approaches  the  normal,  which makes  it  valid  to  use  for  

predicting  reliability  (Military  Handbook:  Electronic  Reliability  Design  

Handbook, 1998).

2.3.3.2 EXPONENTIAL DISTRIBUTION

The exponential distribution is a continuous distribution, having a variety 

of applications (Ben-Daya et al., 2009). It is used for reliability prediction 

of  components  with  constant  failure  rate.  The  advantages  of  using  

exponential distribution is that it is easy to apply on a wide range of  

systems, and it is mathematically simple and tractable (Military Handbook:

Electronic Reliability Design Handbook, 1998)  (Life Data Analysis Reference,  

2015).

2.3.3.3 WEIBULL DISTRIBUTION

The Weibull distribution is a one of the most commonly used distributions 

in  reliability  engineering.  It  can  model  a  wide  range  of  lifetime  

distribution characteristics,  while  by adjusting the shape parameter (β),  

its failure rate function can be increasing, decreasing or constant  (Ben-

Daya et al., 2009). Also, depending on the shape parameter value, the  

Weibull  distribution  can  take  the  shape  of  Gamma,  Exponential,  
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Lognormal,  or  Normal  distributions  (Military  Handbook:  Electronic  

Reliability Design Handbook, 1998).

2.3.3.4 POISSON DISTRIBUTION

The  Poisson  distribution is  a  discrete  distribution,  with  a  variety  of  

applications, frequently used in reliability engineering.  Component or  

system failures with Poisson distribution would present failures at an  

average  constant  failure  rate.  Its  application  focuses  on  finding  the  

probability of having a certain number of failures during a certain time 

interval  (Ben-Daya et al.,  2009)  (Military Handbook:  Electronic Reliability  

Design Handbook, 1998).

2.3.4 MONTE CARLO SIMULATION

A Monte Carlo method is a stochastic simulation technique, which by the use of

random  numbers  generation  and  statistics,  aims  to  solve  a  problem.  Using

Monte  Carlo  simulations  different  scenarios  are  generated,  from  which  the

quantities of interest are calculated. Its basic task is to generate random values

for stochastic variables of a problem, such as the time to failure (Besnard, L., 2009).

This  method  is  also  static,  which  means  that  the  passage  of  time  plays  no

essential role, thus a Monte Carlo model will represent a system at a given point

in time (Ben-Daya et al., 2009) (Law et al., 2000). After a number of Monte Carlo

simulation trials is run, probabilistic information of the output variables can be

extracted and used for statistical analysis.

2.4 OPTIMISATION THEORY

Optimisation is  the  mathematical  methods  and  techniques  of  solving

minimization or maximization problems, by having an objective function, decision
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variables and constraints. In 1947, George Dantzig developed the Simplex method,

which can be used to solve linear programming problems (Hillier et al., 2001). In

a linear problem, optimisation can be formulated as (Eq. 5):

                                                                   min f(x)                                                         (5)

         s.t  x < α

                                                                           x > 0, integer

In  which,  f(x) is  the  objective  function,  x is  the  decision  variable,  and  s.t

(subjected to) sets the constraints that must be satisfied. 

In linear programming, all the mathematical functions in the problem are required

to be linear functions. If all the variables are required to have integer values,

then the problem becomes an integer programming (IP) problem, or pure integer

programming; while if only  some of the variables are required to have integer

values, then the problem is referred to as mixed integer (linear) programming (MIP

or  MILP).  MILP  optimisation  problems  are  difficult  to  solve  and  most

commonly require the use of a branch-and-bound (B&B) algorithm in order to be

solved (Hillier et al., 2001).

2.5 OFFSHORE ASSETS

For the O&M phase of an offshore wind farm the vessels are considered to be a

very important and key element for the execution of maintenance activities. The

first vessels used for wind power were originally used in the offshore Oil and

Gas  (O&G)  industry.  Currently,  offshore  wind  power  project  owners,  wind

turbine manufacturers and offshore transmission owners have driven towards

the  construction  of  special-purpose  vessels.  In  the  following  sections  the

characteristics of the main offshore assets suitable for wind farm maintenance

are described  (A Guide to UK Offshore Wind Operations and Maintenance, 2013).
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(For simplicity, the term vessels will be used in this Thesis for both the actual

vessels and the helicopters.) 

2.5.1 CREW TRANSFER VESSELS (CTV)

The  crew  transfer  vessels (CTV)  are  designed  to  transport  the  maintenance

personnel,  to  and from the  wind farm,  safely  and comfortably.  The  type  of

vessels used for CTV can be either monohull, catamaran, or small water-plane

area  twin  hull  (SWATH),  whose  characteristics  differ  in  terms  of  personnel

capacity, cargo capacity, speed and maximum wave height at which they can

operate.  Typically,  a  CTV can transfer  from 6 up to 60 passengers at  a  time

(Global evaluation of offshore wind shipping opportunity, 2013) (Dalgic et al., 2015).

2.5.2 JACK-UP BARGES/VESSELS

The Jack-Up vessels or barges are used both for wind turbine installation, and for

the  wind  turbine  maintenance.  They  are  floating  platforms  that  can  elevate

themselves on their jack-up legs, and they are capable of both transporting spare

parts,  and  lifting  larger  components.  These  vessels  for  maintenance  can  be

categorised  into  three  types  (Global  evaluation  of  offshore  wind  shipping

opportunity, 2013).

1. 1st  Gen. Jack-up Barges: They were manufactured for the offshore O&G 

industry; they are not self-propelled and they require tug boats in order 

to tow them to, and from, the wind farm.

2. 2nd Gen. Jack-up Barges: They are like the first type, however they have a 

increase deck surface, storage and accommodation capacity.

3. Jack-up Vessels: They are ship-shaped and, unlike the other two types, 

they  are  self-propelled,  and  also  they  are  equipped  with  a  dynamic  
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positioning  (DP)  system,  which  enables  to  maintain  their  position  

automatically. Nowadays, they are the most common type used by the  

offshore wind power industry.

2.5.3 HELICOPTERS

Helicopters are used to transfer  the maintenance crew to, and from, the wind

farm,  thus  their  role  is  similar  to  that  of  CTVs.  However,  helicopters  have,

typically,  a  personnel  capacity  of  4  to  9 people per  trip,  and have a limited

weight capacity. Their main advantages are that they can access a wind farm

without being affected by  wave heights, nor sea conditions, and that they can

access project sites further from the shore faster than a CTV, but for a higher cost

(Gustavsson et al.,  2014) (Global evaluation of offshore wind shipping opportunity,

2013).

2.6 OFFSHORE WIND POWER O&M OPTIMISATION

Currently,  most  of  the offshore wind O&M optimisation research focuses on

maintenance  strategies  (preventive  and  predictive)  concepts.  For  preventive

maintenance,  the  aim  of  the  research  is  to  optimize  the  O&M  intervals

(Andrawus et al., 2008), while for predictive maintenance the research focuses

on condition  monitoring  systems (Verbruggen  T.  W.,  2003).  On the  topic  of

vessel fleet size and mix, Pantuso et al. (2014) presented a literature survey on

the problem of maritime fleet size and mix. Dalgic et al. (2015) investigated the

optimisation for CTV vessels for offshore maintenance activities, by developing

a multi-module model. More recently, Stålhane M. et al. (2016) developed a two-

staged programming model that aims to estimate the optimal fleet size and mix,

by taking also the weather and demand uncertainties into account.
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2.7 CONCLUSIONS

The literature review presented shows that the existing research and available

literature  regarding  wind  power  O&M,  components'  reliability  and  offshore

maintenance vessels  seems to be adequate. However, the existing literature for

the optimisation of the O&M vessels fleet  size and mix  seems rather limited,

which can be identified as a gap of knowledge in this field. The purpose of this

review  was  to  introduce  the  reader  to  the  various  aspects  of  maintenance,

reliability,  optimisation  and  O&M  vessels,  and  provide  the  theoretical

background that will be the basis for this research's methodology development.

The implementation of  optimisation techniques and advanced O&M strategies

on offshore wind power projects will facilitate answering the research questions

set at the beginning.

This Thesis  aims to contribute to the literature regarding the optimisation of

offshore wind O&M, and extend the research on the topic of determining the

best vessel fleet size and types of vessels required for each offshore wind farm

maintenance needs, by  developing and implementing a multi-parameter cost-

minimization (optimisation) model.



18

CHAPTER 3. METHODOLOGY AND DATA

3.1 INTRODUCTION

In Chapter 3, the sources of the collected data, the O&M strategy adopted, and

the  method  developed  and  implemented,  aiming  to  answer  the  research

questions, are thoroughly described through sections 3.2 – 3.9.

An overview of this research's methodology is given in section 3.2. The O&M

strategy adopted and integrated into  the optimisation model  is  presented in

section 3.3. In section 3.4, the various types of data required by the optimisation

tool are detailed. The optimisation model is formulated in section 3.5. In section

3.6,  all  the  necessary  assumptions  made  are  listed.  The  O&M  optimisation

model developed, and its components, are reported in detail in section 3.7. The

outline of the case study used as a research tool in this Thesis is given in section

3.8. Conclusions of Chapter 3 are given in the section 3.9.

3.2 RESEARCH METHODOLOGY OVERVIEW

With the aim to answer the research questions set at the beginning of this study,

an optimisation model is planned and developed, in order to provide assistance in

this  process.  The  methodology  developed  and  used  for  this  research  is

illustrated as a flowchart in Figure 2, while a more elaborate description of each

step in the procedure is provided after. 
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Figure 2: Research methodology flowchart

A. BACKGROUND KNOWLEDGE

i. The first step includes the review of the available literature on the topics 

of  offshore  wind  O&M,  wind  turbine  reliability,  and  optimisation 

strategies. This sets the theoretical basis on which the optimisation model 

is developed.

B. DEVELOPMENT OF METHODOLOGY

i.  The  first  step  in  methodology  development,  is  to  identify  those  

parameters which can impact the production  loss,  the  maintenance  
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activities'  execution,  and  the  O&M  costs;  also,  determine  the  O&M

vessels' operational principles and characteristics.

ii. In turn, the identified parameters are integrated and the mathematical  

relationships between them are established.

iii.  It is crucial to determine the  assumptions that are either required to  

describe  accurately  the  final  model  developed,  or  necessary  for  the  

realization of the optimisation model.

iv. The  model development is achieved by integrating the  analysed data  

with  the  established  mathematical  relationships.  In  addition,  the

optimisation model's  modules  are  determined,  and  the  mathematical  

formulas and functions are defined.

v. The next step in research, is the collection of data. The data collected is 

intended to be utilized by the  optimisation model,  in order to extract  

results. The  data  includes  various  types,  such  as  costs,  components'  

failure rates, weather measured data, and vessels' data.

vi. The collected data is analysed in a way that would allow it to be treated

as input in the model.

C. APPLICATION OF METHODOLOGY

i.  The  application  of  the  methodology  developed  begins  with  the  

establishment of a  case study,  representative enough of current offshore  

wind power projects, and able to test the model developed.

ii. After the case study has been set, and the model's modules have been 

implemented  to  represent  the  formulated  optimisation problem,  the  
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model is run. The objective is to trial the effectiveness of the model and 

collect the results of the case study project, which can be later analysed.

iii. In the final step, the model's output results are collected, presented and

discussed.

3.3 O&M MODEL STRATEGY

For this research, and based on the literature review conducted, the optimisation

model  is  developed  and  adapted  in  order  to  be  utilized  for  specific  O&M

strategic concepts. The proposed model focuses on covering the implementation

of four main O&M strategies, combined. Namely, these are:

• Vessel Contracts

• Corrective Maintenance

• Preventive Maintenance

• Helicopter Access

First, the key aim of the implemented O&M strategy is to acquire lease contracts

of various vessel types, including helicopters, which are available in the market

and are  able  to  perform  offshore  maintenance  activities.  These  maintenance

activities can be corrective, when a failure has occurred, as well as preventive, as

those have been planned by the wind farm operator. 

Before the beginning of every charter period (i.e the period for which the vessel

contracts are active) it is intended to run the optimisation model, in order to

determine the optimal number of each type of the available vessels required to

lease for the wind farm's O&M activities. 
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During the operational O&M lease period, the number of each vessel type in the

O&M fleet, available to execute maintenance activities, has been determined and

is fixed. Therefore, throughout this period the vessels depart from their port (i.e

the wind farm's  O&M base)  towards the offshore wind farm to perform the

required maintenance activities, and return back to the port after an activity has

been  completed.  This  process  is  repeated  during  the  whole  lease  period,

whenever a failure has occurred in at least one of the WTs, the vessels' access to

the wind farm from the port is possible, and there is at least one vessel available

at the port able to repair the failure occurred (Fig. 3). 

Figure 3: O&M strategy process during the lease period

3.4 MODEL INPUT DATA

The model developed requires a number of different types of data as input, in

order  to  run properly  (Fig.  4).  The  quality  of  the input  data  determines  the

accuracy  and  quality  of  the  results  generated  at  the  final  stage  of  the

optimisation  model.  The  type  of  the  required  input  data  are  presented  and

described below.
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Figure 4: Model input data

A. GENERAL WIND FARM DATA

i.  Distance (km) from the port. The port defines the geographical point  

from where  the  maintenance  vessels  begin  their  trip  towards  the  

offshore  wind  farm,  and  return  back  to,  either  after  a  maintenance  

activity  has  been  completed,  or  after  a  team of  technicians  has  been  

transported to a wind turbine.

ii.  Number of WTs. It the total number of wind turbines included in the  

offshore wind farm.

iii. The power curve of the WT model selected for the offshore wind farm.

B. WEATHER DATA

i. 1-year hourly measured wind site data, comprising of time, wind speed 

and  measurement  height.  More  preferably,  long-term  correlated  and  

corrected data can be used as input.
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ii. 1-year hourly measured wave site data, comprising of time and wave 

height. The wave data should cover the same time period as the wind  

data. 

C. COMPONENTS DATA

i.  Wind  turbines'  failure  types to  be  considered.  Each  failure  type  is  

categorised either as minor maintenance activity, i.e  an activity which  

does not require crane lifting, or as a major maintenance activity, i.e an 

activity which requires crane lifting. The number of failure types in each 

category is determined, in order to considered by the model.

ii. Failure rates (λ) for each of the failure types. 

iii. Repair time required for each maintenance activity. This includes only 

the hours required to repair a certain failure type, and not the transit  

time, nor the lead time, required. 

iv.  Number  of  technicians required  to  repair  each  of  the  maintenance  

activities.

D. VESSELS DATA

i.  Vessel type. Each vessel type differs in at least one characteristic (e.g  

vessel speed) from the other vessel types. Then, the vessels have to be  

categorized either as CTV, Jack-Up or Helicopter. In the current model  

setup, up to 8 different vessel types can be included.

ii. Vessel's speed. It is the mean speed (km/h) a vessel can travel from the 

port to the wind farm.
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iii. Operational wave height (m). It is the maximum height of the sea waves, 

on which each vessel can travel. This is not applicable for the Helicopters.

iv. Operational wind speed (m/s). It describes the maximum wind speed at 

which a vessel can travel from the port to the wind farm, and perform 

crane lifting maintenance activities.

v. Operational shift. It is the period during a day, having a starting hour 

and  an  ending  hour,  during  which  each  vessel  type  can  provide  

maintenance services.

vi. Number of available vessels, in the market, for each vessel type.

E. COST DATA

i. The price of electricity for every MWh generated by the wind farm's WTs.

ii. The contract cost of each vessel type.  It is the annual cost of leasing for  

each of the available vessel types.

iii. Hourly cost of each vessel type.  The cost per hour of using each of the 

leased vessel types to perform maintenance activities has to be included, 

as well.

iv. Maintenance activity cost. It describes the cost of repair for each of the 

different failure types.

v. Cost  of  a  technician  manhour.  It  is  the  cost  of  work  per  hour  per  

technician, while performing maintenance activities.

vi. O&M Budget. In this model, it is considered as the maximum amount 

of money available in spending on the O&M of the wind farm annually.
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3.5 OPTIMISATION MODEL FORMULATION

In this section the mathematical optimisation model for determining the optimal

vessels  fleet,  responsible  to  perform the O&M activities  of  an offshore wind

farm, is presented. The key type of information aimed to be extracted from the

application of the model is which type and number of the available in the market

vessels should be leased for the next operational O&M period. 

All the available vessels are categorized into different groups, based on their

operational  characteristics,  leasing  and  operational  costs,  and  maintenance

capabilities. The factors that define the maximum number of leased vessels are

the  O&M  budget,  and  the  number  of  vessels  available  in  the  market.  The

number of leased vessels required is affected by the number of WTs in the wind

farm, the type of components each WT has, and the number of failures occurred

to each component throughout the operational period. The more vessels leased,

the higher  the wind farm's operational availability  is expected to be; however,

the vessels' contracts come at a high price. On the other hand, when a WT has

ceased  operating  due  to  a  component's  failure,  there  is  loss  of  electricity

production, and in turn loss of the wind farm's revenue; this cost of electricity

loss is directly related to the price of the electricity sold, as well as the wind

resources at the wind farm's site. 

The objective  function is  to  minimize the  cost  of  maintenance  activities,  which

includes the vessels' contracts cost, the vessels' operational costs and the repair

costs,  and also the  cost of  production loss due to the downtime caused by the

components' failures.

The mathematical notation and the mathematical model formulation presented

below contain the model's sets, parameters, variables, constraints and objective,

and represent the optimisation problem. 
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Sets used to formulate the   optimisation   problem

v set of vessel types           

M set of maintenance activities

C set of components

W set of wind speeds in which the WTs operate

Parameters used to formulate the   optimisation   problem

VAa number of available vessels of type a, a v ∈

Va number of leased vessels of type a, a v∈

Vam number of leased vessels of type a, for maintenance activity m, a v, ∈

m M, ∈ Vam V⊆ a

Fc number of failures of component c, c C ∈ (downtime-hours)

hi the annual hours of wind speed i, i W∈

Pi the power generated by the WT at wind speed i, i W∈

Q percentage (%) of wake losses

B budget for O&M activities (€)

L price of the generated electricity sold (€)

Cam repair cost for vessel of type a, for maintenance activity m,  a v, m M∈ ∈

Ka  cost of contract for vessel of type a, a v∈

Optimi  s  ation problem formulation

min [(∑
a∈ v

∑
m∈ M

V a×Cam + K a)                                                                        (I)

+ (∑
i∈ W

hi×P i)×(100% −Q)×L×(∑
c∈ C

F c − ∑
a∈ v

∑
m∈ M

V am) ]               (II)
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The first part (I)  refers to the total cost of maintenance activities, consisting the

vessels' contracts leasing costs and the maintenance activities' costs.

The second part  (II)  refers to the total  cost of production loss, caused by not

performing maintenance activities to repair the components' failures.

Decision Variables

Vam,  a v, m M∈ ∈

Constraints

Va ≤ VAa, a v ∈

Vam ≤ VAa, a v, m M∈ ∈

Va ∈ ℕ0, a v ∈

Vam ∈ ℕ0, a v, ∈ m M∈

(∑
a∈ v

∑
m∈ M

V a×Cam + K a)+ (∑
i∈ W

hi×Pi)×(100 %−Q )×L×(∑
c∈ C

F c− ∑
a∈ v

∑
m∈ M

V am) ≤ B

3.6 ASSUMPTIONS

In order to develop and realize the final  optimisation tool, several  assumptions

were made related to the key parameters and variables, regarding the way they

are treated in the model. The following list includes the assumptions adopted in

the optimisation method developed.

• A functional spot-market for O&M vessels is assumed to exist

• The charter period is one year long

• The components have constant failure rates over time

• All components have two states – operational and failed
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• All failures are repairable

• Failures are categorized into major (i.e require crane lifting), and minor

(i.e do not require crane lifting)

• Each  vessel  type  can  execute  either  major,  or  minor,  maintenance

activities

• All  the  vessels  are  always  in  operational  condition,  ready  to  perform

maintenance activities when needed

• A failure is repaired whenever the access to the wind farm is possible,

and there is at least one vessel available at the port able repair it

• Each vessel completes one maintenance activity per trip

• Each vessel type has constant transit time

• Vessel of the same type and operational characteristics have the same cost

of leasing

• When a WT's component fails, then this WT ceases to operate

• Same type of failures have the same repair time and cost, which are also

stable

• Spare parts are always available and stored in the port

• Technicians  are  always  available  to  man  the  vessels  whenever  a

maintenance activity is about to be performed

• Both the port and the wind farm are treated as single-point locations

• All the WTs in the wind farm are of the same model, power capacity and

manufacturer

• All the wind turbines in the wind farm have the same AEP

3.7 MODEL DEVELOPMENT

It is intended to construct and implement five main calculation modules in a

spreadsheet-based software, which combined make the optimisation model. These

are the vessels module, the components' failures module, the energy production
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module, the economics module, and the weather window module (Fig. 5). In the

vessels  module the O&M vessels'  characteristics  data  are collected,  categorised

and stored,  in order to be used as input the other modules. The wind farm's

failures for the whole O&M period are estimated in components' failures module.

In the energy production module the offshore wind farm's AEP, and the potential

loss of production are calculated, by using site wind measured data. Economics

module is  the section  in the model  where the costs of all  the problem-related

parameters are stored and analysed. Finally, the weather window calculation for

each vessel  type and each failure  type are  performed in  the  weather  window

module.

Figure 5: Optimisation model process
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I. Vessels Module

The decision variable of the optimisation problem is the type and number of

vessels leased for the O&M operational period. Therefore, it is critical to collect

and  analyse  the  key  vessels  data,  necessary  for  the  problem's  solution.  The

available vessels in the market are identified and, then, are grouped based on

certain criteria; the vessel type, the failure types they can support, the vessel's

speed, the vessel's operational wind speed, the vessel's operational wave height,

and the vessel's working shift. 

The vessel type can be either CTV, Jack-Up vessel, or Helicopter; vessels of the

same type, which differ in one or more of the other aforementioned criteria, are

given different indicators, e.g CTV2 or Helicopter3. All the vessels of the same

type (e.g Jack-Up) are considered able to support the same failure types. The

vessel's speed is considered the mean speed each vessel travels, and is measured

in km/h. Based on the vessel's speed and the distance between the port and the

wind farm, its transit time is calculated. The vessel's operational wind speed and

wave height are the maximum allowed wind speed (m/s) and wave height (m),

respectively, for a vessel both to travel on the sea, and execute a maintenance

activity. Additionally, different vessel types may not perform any maintenance

activities at all times, and may even have different operational shifts, which is

the defined as the starting and ending hours in a day, given in military time (e.g

0600 – 1800).

II. Components' Failures Module

The factor that creates the need for O&M vessels in an offshore wind farm is the

components' failures; more specifically, the type of failure and the number of

each failure type. 
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The main types of WT components, which are either vital for the WT's operation

and performance, or have high failure rates, are included in this module. The

number  of  each component  in  the  wind farm is  directly  proportional  to  the

number of  WTs of  the same type installed.  The number  of  failures  expected

during the operational year,  for each component,  is  estimated by applying a

forecast method (see section 3.7.1), which results into three scenarios – mean, best

case, and worst case. In addition, each of the failure types has a specific repair

time, which is assumed to be the same amongst the same components. 

III. Energy Production Module

The number of failures in a wind farm has direct impact on its production loss,

which consequently affects the number of each O&M vessel type required to

mitigate it.

The energy production module utilizes hourly wind speed (at hub height) and

power curve data, in order to calculate the AEP. The expected average wake

losses (%) can be included, as well, and be subtracted from each WT's AEP. 

IV. Economics Module

The initial aim of the optimisation model is to select the most cost-efficient fleet

of O&M vessels for an offshore wind farm. In this respect, all the component-

failure-related  costs,  and  all  the  vessel-related  costs  need  to  be  taken  into

account during the calculations.

The electricity price per MWh (€) and the AEP of each WT are used to calculate

the annual income (€) per WT. When a component remains non-repaired, the

annual income of this WT should be equal or, most likely, lower than the one

calculated, due to the downtime caused. If the component has fails at beginning
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of the operational period, then this WT's income becomes zero; whereas, if the

failure occurs at the very end of the period, then the income should be equal to

the initial  value calculated.  It  is  assumed that the components have constant

failures (λ) from their first day of operation, therefore the probability of a failure

occurring any day during the operational year is equal. Since it is outside of the

scope of this model to predict the exact time of each component's failure, the

half of the total annual income per WT is lost when one of its  components has

not been repaired after the course of the O&M operational period, i.e the model

considers that a non-repaired WT will still have produced electricity for half of

the annual hours; hence, the down-time hours for each non-repaired WT is 4,380

h. Regarding the repair costs, each of component has its own repair cost, which

includes  the  spare  part,  and any equipment  or  consumable  required  for  the

repair.  It  is  assumed that  each  failure  is  similar  to  others  of  the  same type,

therefore  the repair  cost  is  the same amongst failures  of  the same type.  The

technicians cost is  added to the total cost of repair  for each failure,  and it  is

proportional to the number of technicians required to repair each failure and the

cost  of  manhour.  Concerning  the  vessels'  leasing,  the  contract  cost  for  each

vessel  is  added  to  the  total  O&M  expenses  per  vessel  leased,  while  the

operational vessel cost is calculated per hour of operation; the latter includes the

fuel costs, and the vessel's personnel cost (excluding the WT technicians). All

these costs, i.e the total cost of production loss and the total cost of maintenance, are

the O&M expenses of the model, and it is aimed to be minimized. 

V. Weather Window Module

The maintenance activities required to repair the components' failures can be

supported by the O&M vessels only when the weather conditions at the port,

the wind farm, and the area between them is within specific maximum limits.

This is the weather window, and it is a critical factor in offshore O&M activities
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planning. The most weather-limiting factors in offshore operations are the wind

speed and the  wave  height.  The  maximum operational  limit  for  each  of  these

factors is determined by the type of vessel that performs the O&M activities;

hence, the total weather window differs amongst the various vessel types, and

also is different for each maintenance activity performed. 

In this optimisation model, a 5-stage weather data filtering process is introduced for

estimating  the  operational  weather  window (Fig.  6). (I)  After  collecting  hourly

weather data for the offshore wind farm site, the data is filtered for wind speeds

above  the  vessel's  operational  limit.  (II)  Then,  the  data  is  screened  for  the

maximum wave height threshold of each vessel. (III) The third stage includes the

filtering of data for the operational shift hours of each vessel. (IV) All the hourly

data  which meet  the  filtering criteria  is,  in  turn,  processed for  the  minimum

consecutive operational hours  required to complete a maintenance activity; more

specifically, each weather window should be at minimum of the hours required

to  execute  the  most  time-consuming  maintenance  activity  that  a  vessel  can

support, so any O&M activity could be completed within it, if necessary. (V) The

final stage of the procedure takes place after the number of failures for each

component  has  been  estimated.  Afterwards,  the  failure-hours  (i.e  the  total

number of hours required to repair all the failures) for each vessel, and for each

failure type, are uniformly distributed in the time-scale of the operational O&M

lease period. The cumulative distribution of failure-hours, and the distribution

of the weather window hours for the whole vessels' lease period, are compared

in order to identify the hours in the weather window which appear at points in

time when there are no failure-hours (i.e no failures left to be repaired), or at

points  when  the  weather  window's  duration  exceeds  that  of  the  cumulated

failure-hours.  After  these  hours  have  been  excluded,  the  operational  weather

window for each vessel type, and for each failure type, has been calculated. 
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Τhe operational weather window (i.e the total hours during which the access to

the wind farm is possible and maintenance activities can be performed by each

vessel) increases by the number of vessels leased. 

Figure 6: The 5-stage weather data filtering for estimating 
the operational weather window

3.7.1 FAILURES FORECAST

A fundamental element of this optimisation model's  method is the number of

failures occurred during the operational O&M period, for each component type;

it is the deciding factor for the O&M requirements of the wind farm. Therefore,

a  failures  forecast method  is  developed  and  introduced,  as  part  of  the

components' failures module. The approach adopted relies on two main pillars -

components' failure data and random scenario generation. 
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For the first part,  it is assumed that all the components have a constant failure

rate, i.e it is equally likely for a component to present a failure the first day of

operation, as it is for the one-hundredth day of operation; therefore, the discrete

probability of number of failures for each failure type is calculated by applying

the  Poisson  distribution,  being  a  simple  and  effective  method.  The  Poisson

equation (Eq. 5) calculates the probability of discrete number of events during a

specific period of time. 

                                                                                                     (5)

In Equation 5,  r is the number of failures during the time period (t),  λ  is the

failure rate, t is the time period, and P(r) is the probability of r failures occurring

during the time period  t.  In the model,  the probability of failure (P(r))  for a

component is calculated for discrete number of events (r) with at least one in a

million  probability  of  occurrence,  thus  eliminating  numbers of  failures  with

insignificant probability from the forecast process. 

After the probability of discrete number of failures for each failure type has been

calculated, the stochastic nature of the failures is treated by incorporating Monte

Carlo simulations. All failure types' probability of different number of failures,

for the whole O&M operational period, are implemented in random-generated

scenarios for each WT of the wind farm. After all the failure scenarios have been

generated, the mean number of failures for each failure type is calculated; the

sum of failures for each failure type and for all the WTs is used as input for the

mean scenario. In addition, a  worst-case and a  best-case  scenarios are created, by

using a number of failures 3σ above, and 3σ below the mean value, respectively,

for each of the failure types, and for each WT.

P (r )  = 
( λt)r∗e− λt

r !
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3.7.2 OPTIMISATION SOLVER

The  O&M  vessels  fleet  optimisation  problem  developed  is a  nonlinear  non-

convex one, due to the complexity of the formulas and the constraints included.

In this case, there is not a globally optimal solution to the problem, but instead

there is a number of locally optimal points within the feasible solutions  space.

Hence, nonlinear programming is required in order to solve this problem. The

suitable algorithm selected and integrated into the O&M optimisation model is

the Particle Swarm Optimisation (PSO). 

The PSO solver  is  an evolutionary algorithm (EA),  which is  inspired by  the

behaviours  of  bird  flocking.  The  potential  solutions  (or  “particles”)  move

randomly,  at  the  start,  inside  the  problem  space  trying  to  find  the  optimal

solution  within  their  local  area,  while  all  keeping  track  of  both  their  best

solution  achieved  so  far,  and  also  the  best  solution  achieved  from  their

neighbouring  particles.  Then,  each  particle  moves  towards  these  best-values

obtained  so  far,  and  seeks  around  them  for  potential  better  solutions.  The

particles try to form a swarm around the optimal solution in each iteration, until

a  specified  minimum  number  of  particles  has  moved  to  the  same  optimal

solution.

Such  complex  optimisation problems,  together  with  the  use  of  evolutionary

algorithms (e.g PSO), require large computational time, while the final solution

is likely to be non-optimal; in problems of high complexity the solution is just

“good enough”. In order to overcome this obstacle, a 2-stage optimisation process

is introduced. 

During the first stage, the optimisation problem is set up in  a more simplified

way,  where  the  maintenance  activities  are  prioritized  based  on  their  repair

hours required (high to low); thus, all repair hours of a failure type need to be
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covered,  by  leasing  vessels,  before  proceeding  to  the  next  failure  type.

Additionally, it is aimed to exhaust all the operational weather window hours of

each vessel leased, before leasing more (if necessary). The PSO solver runs the

optimisation  problem  for  a  number  of  times,  decided  by  the  user,  and  the

solution with, repetitively, the lowest O&M cost is accepted as the final solution;

this  is  done  because  running  an  evolutionary  algorithm  for  a  complex

optimisation problem does not always return the same results.  Subsequently,

the results (i.e the number of each vessel type leased) from the first stage, even

though not the optimal solution, are used as starting values for the second stage

optimisation  process;  here,  the  optimisation  problem  is  built  with  higher

complexity, where each failure is treated separately (i.e the vessels' allocation to

each forecast failure is optimized), aiming to improve the accuracy of the final

results  (Fig.  7).  The starting values  (or  “parents”)  assist  the particles  to  start

looking for the optimal solution from a starting point which is close to it, instead

of starting from a random point and slowly building a “library” of knowledge

through an immense number of iterations.

By  using  the  2-stage  optimisation  process,  the  computational  time decreases

significantly,  and,  more  importantly,  the  optimisation  problem  is  able  to  be

solved even at  its  more detailed,  though complex,  version,  something which

otherwise would have been impossible by the current means. 
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Figure 7: The 2-stage optimisation process

3.8 OUTPUTS

The final step of the optimisation method developed is its outputs. These, result

from the application of the O&M vessel fleet optimisation model on an offshore

wind power project, or (for this Thesis) on a case study designed. The model's

outputs showcase the  method's capabilities on determining the optimal  O&M

fleet for any offshore wind farm. 

In detail, the information obtained in the final results are:

I. Number of each vessel type leased

II. Percentage (%) of the failures repaired, in total

III. O&M cost (€)

IV. Optimal number and percentage (%) of  the failures repaired per vessel type,  

individually
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The outputs I-II are generated for the mean, best case and worst case scenarios,

after  the  completion  of  both the  1st  stage  (simplified),  and  the  2nd  stage

(detailed) of the optimisation process,  while outputs III  and IV are produced

only after the 2nd stage (detailed) optimisation process, for all three scenarios.

3.9 CONCLUSIONS

The various components of the methodology developed, required to handle the

needs  of  this  research's  goal,  were  thoroughly  described  in  this  chapter.  An

O&M  offshore  strategy  was  adopted,  and  set  the  boundaries  within  the

optimisation  method  developed  was  implemented.  Different  data  sets  and

parameters were used in order to form the optimisation problem for the model,

which  was  designed  in  two  versions  to  enable  the  detailed  solution  of  the

problem. Several assumptions were made to limit the stochastic nature of the

components' failures through time. The O&M optimisation tool developed and

detailed  includes  various  modules,  handling  different  tasks  each.  Finally,  a

description of  the case study method applied,  as  well  as  its  essential  output

information, is given.
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CHAPTER 4. APPLICATION OF THE METHODOLOGY AND
RESULTS 

4.1 INTRODUCTION

In Chapter 4, the details of the methodology's implementation and the results

derived from the application of O&M vessel fleet optimisation tool on the case

study wind farm are  presented.  In  Section 4.2,  the wind farm designed and

implemented in the O&M optimisation model, as a case study, is described and

its input data is presented. The platform on the which the model is designed,

and the key configuration parameters of the optimisation solver are included in

Section  4.3.  Finally,  the  results  generated  by  the  application  of  optimisation

model on the wind farm case study are collected and presented in Section 4.4. 

4.2 WIND FARM CASE STUDY

A  single-case  study is  used  in  this  Thesis'  research.  Its  aim is  to  explore  the

capabilities,  the  effectiveness,  and  the  limitations  of  the  O&M optimisation

model developed.  A fictitious offshore wind farm is designed for the needs of

the case study, which should be representative enough of the current offshore

wind energy projects' trends, in terms of wind turbines model selection, wind

farm size, and location. The results of the case study, which are based on real (or

realistic) data, can facilitate an understanding of the complex task of selecting

the  vessels  in  an  O&M  fleet  for  offshore  wind  farms.  Nevertheless,  the

optimisation model's outputs should not be generalised, since they are highly

case-dependent.

The various data required and used as input in the O&M optimisation model,

for the case study, is presented through sections 4.2.1 – 4.2.6.
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4.2.1 LOCATION

The offshore wind farm designed for the purposes of this case study is located in

the Celtic  Sea,  approximately,  65 km south-west from the southern coasts  of

Ireland (Fig. 8). The O&M port (i.e the vessels' base) is located close to the town

of Bantry, in Cork County, at a distance of 90 km away from the wind farm.

Figure 8: Case study wind farm's location (Google Earth Pro, 2017)

4.2.2 WEATHER DATA 

Annual on-site weather measured data was provided by the Marine Institute

(MI),  which is  the Irish national  agency  for  marine  research  and technology

development. An ODAS (Ocean Data Acquisition System) buoy collected hourly

data of (I) date and time, (II) wind speed, and (III) wave height, for a period of

one year. The measurement station's characteristics are listed in Table 1.
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Table 1: Weather data measurement station

Owner: Marine Institute (MI)

Station Type: ODAS buoy

Station ID: M3 (62092)

Coordinates: 51°7'48" N 10°19'48" W

Measurement Intervals: 1 h

Measured Parameters:
▪ Date and Time
▪ Wind Speed
▪ Wave Height

Measurement Period: 09/12/14 – 09/12/15

Anemometer Height: 4.5 m asl

4.2.3 WIND TURBINES DATA

The offshore  wind farm consists  of  one  hundred  Vestas  V112-3.3  MW  WTs,

making a total of 330 MW installed power capacity.  The WT model's  power

curve  data  was provided  by the  manufacturer  (Vestas),  and is  illustrated  in

Figure 9. The total wind farm's production loss, due to the wake effects, used in

the optimisation model is 15%.

Figure 9: Vestas V112-3.3 MW power curve
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4.2.4 FAILURES DATA 

A  number  of  WT  failures  were  included  and  grouped  into  the  O&M

optimisation  tool  for  this  case  study.  The  various  failure  types,  their

corresponding failure rates and repair times, and the group they are categorised

into, are listed in Table 2. For each failure type, a number of two technicians is

required. The data presented is adapted from Dalgic et al. (2014).

Table 2: Failures data

O&M
Activity
Category

Failure Type
Annual Failure

Rate (λ)
Repair

Time (h)

Minor

Hydraulic 0.12 3

Manual Restart 8.79 1

Power Electronics 0.24 3

Control System 0.24 4

Pitch System 0.08 5

Mechanical Brake 0.04 2

Major

Gearbox 0.08 4

Generator 0.08 4

Blades 1.48 8

Tower 0.19 8

4.2.5 O&M VESSELS DATA

For the needs of this case study, eight different vessel types are considered to be

available in the market by the model. The characteristics of each O&M vessel

type are presented in Table 3. These fictitious vessels are reasonably based on

the operational characteristics of currently commercially available vessels in the

offshore  O&M industry,  and are  also adapted from the paper  of  Halvorsen-
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Weare (2013) and the report  of  4C Offshore (Wind Farm Service  Vessels  –  An

Analysis of Supply and Demand, 2015). 

Table 3: O&M vessels' characteristics

Vessel
Category

Vessel
Type

Speed
(km/h)

Operational
Wind
Speed

Limit (m/s)

Operational
Wave

Height
Limit (m)

Operational
Shift

(Start -End)

Number of
Available
Vessels

O&M
Activities
Support

CTV

CTV1 45 15 1.5 0600 - 2100 25

MinorCTV2 40 10 1.25 0600 - 2100 18

CTV3 30 12 2 0600 - 2100 9

Helicopter
Helicopter1 200 17 N/A 0700 - 1900 2

Minor
Helicopter2 150 16 N/A 0700 - 1900 2

Jack-Up
Vessels

Jack-Up1 13 10.8 2 N/A 2

MajorJack-Up2 17 15 2.5 N/A 1

Jack-Up3 20 12.5 1.5 N/A 1

4.2.6 COSTS DATA

The corresponding  costs  of  the O&M vessels  included in  the  case study are

displayed  in  Table  4,  based  on  and  adapted  from  Dalgic  et  al.  (2013)  and

Besnard  et  al.  (2013);  it  includes  the  leasing  contract  costs,  and  the  hourly

operational cost for each vessel type.

Table 4: O&M vessels costs

Vessel Type CTV1 CTV2 CTV3 Helicopter1 Helicopter2 Jack-Up1 Jack-Up2 Jack-Up3

1-year Lease 
Contract 
Cost (€)

600,000 400,000 500,000 2,700,000 2,200,000 2,800,000 3,600,000 3,000,000

Hourly
Operational 
Cost (€)

100 50 75 1,000 850 1,500 3,000 2,100
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In  Table  5,  the  repair  costs  for  each  of  the  failure  types  included  in  the

optimisation model for this case study are given. The values are adapted from

Dalgic et al. (2014). The cost of each technician is 50 €/manhour, while the price

of the generated electricity sold is 51 €/MWh. A 30 % of the annual revenue is set

as the (max) annual O&M budget for the wind farm.

Table 5: Repair costs

Failure
Type

Hydraulic
Manual
Restart

Power
Electronics

Control
System

Pitch
System

Mechanical
Brake

Gearbox Generator Blades Tower

Repair
Cost (€)

1,500 0 5,000 5,000 8,500 3,000 4,000 14,000 25,000 6,000

4.3 O&M VESSEL FLEET OPTIMISATION TOOL

The O&M vessel fleet optimisation tool is built,  by implementing the method

developed,  on  the  spreadsheet-based  software  Apache  OpenOffice  Calc (ver.

4.1.3),  supported  by  the  Apache  Software  Foundation.  Screenshots  of  the

optimisation tool can be found in Appendix A.

The PSO algorithm integrated in the optimisation tool was developed by Sun

Microsystems, Inc., as part of the DEPS (Differential Evolution & Particle Swarm

Optimization) solver engine. It is set to use 1,000 particles (i.e the swarm size)

during the problem solving process, having a stagnation limit of 1,000 (i.e the

minimum number of particles found solutions within close range, to stop the

iterations) with a stagnation tolerance of 0.00000001 (i.e the range that solutions

are considered “close to each other”), for a cycle of 1,000,000 iterations. The PSO

solver  runs  a  single  trial  for  the  simplified,  and  ten  trials  for  the  detailed

optimisation problem.
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4.4 RESULTS 

In this section, the results of the application of the O&M optimisation model on

the wind farm case study  are collected and presented. They include the final

outputs, and the key results of the model's modules, as well. 

4.4.1 FAILURES FORECAST

The forecast failures results of each failure type for the mean, best and worst

case scenarios are included in Table 6, as estimated by the method introduced.

Table 6: Forecast failures results

Failure Type
Number of Failures

Mean Estimated Best Case Worst Case

Hydraulic 12 11 13

Manual Restart 879 870 888

Power Electronics 24 23 25

Control System 24 23 25

Pitch System 8 7 9

Mechanical Brake 4 3 5

Gearbox 8 7 9

Generator 8 7 9

Blades 149 145 153

Tower 19 18 20

4.4.2 OPERATIONAL WEATHER WINDOW 

The  annual  operational  weather  window  (h)  of  each  O&M  vessel  type  is

displayed in Table 7, as estimated by implementing the  5-stage weather data

filtering process, for all three forecast scenarios.
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Table 7: Vessels' operational weather window

Vessel 
Type

CTV1 CTV2 CTV3 Helicopter1 Helicopter2 Jack-Up1 Jack-Up2 Jack-Up3

Operational 
Weather 
Window 
Mean (h)

649 405 1,353 960 1,264 1,798 2,416 888

Operational 
Weather 
Window 
Best-case (h)

649 405 1,353 945 1,113 1,798 2,210 888

Operational 
Weather 
Window 
Worst-case (h)

649 405 1,353 974 1,424 1,798 2,416 888

4.4.3 ANNUAL ENERGY PRODUCTION (AEP)

The AEP is calculated to be 16.15 GWh per WT, and 1,615 GWh for the whole

wind farm. As a result, for every WT that remains non-repaired by end of the

O&M lease period the production loss is  8.08 GWh (i.e half of a WT's AEP),

which corresponds to an annual loss of 412,000 € in revenue, per year.

4.4.4 SIMPLIFIED OPTIMISATION PROBLEM

In Table 8, the results derived from the first stage of the optimisation process (i.e

the simplified optimisation problem) are displayed. They include the number of

each vessel type leased, and the percentage of the total failures repaired for the

mean, best case and worst case scenarios. 
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Table 8: Simplified optimisation problem outputs (I – II)

Mean Scenario Best-case Scenario Worst-case Scenario

Vessel
Type

Number of
Vessels
Leased

Percentage
of Failures 
Repaired

Vessel
Type

Number of
Vessels
Leased

Percentage
of Failures
Repaired

Vessel
Type

Number of
Vessels
Leased

Percentage
of Failures
Repaired

CTV1 1

100%

CTV1 0

100%

CTV1 0

100%

CTV2 0 CTV2 1 CTV2 3

CTV3 8 CTV3 8 CTV3 4

Helicopter1 0 Helicopter1 0 Helicopter1 1

Helicopter2 0 Helicopter2 0 Helicopter2 0

Jack-Up1 1 Jack-Up1 1 Jack-Up1 1

Jack-Up2 1 Jack-Up2 1 Jack-Up2 1

Jack-Up3 0 Jack-Up3 0 Jack-Up3 0

4.4.5 DETAILED OPTIMISATION PROBLEM

The  final  outputs  of  the  O&M tool  are  obtained  by  solving  the  detailed

optimisation problem, at the final stage of the optimisation process. The optimal

number  of  each  vessel  type  leased,  and  the  percentage  of  the  total  failures

repaired  for  the  mean,  best  case  and  worst  case  scenarios,  along  with  their

corresponding O&M costs, are presented in Table 9. Through Tables 10 to 12, the

optimal allocation of O&M vessels for each failure type, represented by both the

number and the percentage of repaired failures by each vessel type, is presented

for the mean, best case and worst case scenarios.
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Table 9: Detailed optimisation problem outputs (I – III)

Mean Scenario Best-case Scenario Worst-case Scenario

Vessel
Type

Number of
Vessels
Leased

Percentage
of Failures 
Repaired

Vessel
Type

Number of
Vessels
Leased

Percentage
of Failures
Repaired

Vessel
Type

Number of
Vessels
Leased

Percentage 
of Failures 
Repaired

CTV1 1

100%

CTV1 0

100%

CTV1 0

100%CTV2 0 CTV2 1 CTV2 3

CTV3 8 CTV3 8 CTV3 4

Helicopter1 0 O&M
Cost (€)

Helicopter1 0 O&M
Cost (€)

Helicopter1 1 O&M
Cost (€)Helicopter2 0 Helicopter2 0 Helicopter2 0

Jack-Up1 1

24,791,500

Jack-Up1 1

24,053,800

Jack-Up1 1

27,026,900Jack-Up2 1 Jack-Up2 1 Jack-Up2 1

Jack-Up3 0 Jack-Up3 0 Jack-Up3 0

Table 10:  Detailed optimisation problem outputs (IV) – Mean Scenario

Vessel
Type

Failure Types Repaired (Number / Percentage) – Mean Scenario

Hydraulic Manual
Restart

Power
Electronics

Control
System

Pitch
System

Mechanical
Brake

Gearbox Generator Tower Blades

CTV1 0 / 0% 0 / 0% 17 / 71% 24 /100% 8 / 100% 0/0% N/A N/A N/A N/A

CTV2 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% N/A N/A N/A N/A

CTV3 12 / 100%
879 /
100% 7 / 29% 0 / 0% 0 / 0% 4 / 100% N/A N/A N/A N/A

Helicopter1 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% N/A N/A N/A N/A

Helicopter2 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% N/A N/A N/A N/A

Jack-Up1 N/A N/A N/A N/A N/A N/A 8 / 100% 8 / 100% 19 /100% 48 / 32%

Jack-Up2 N/A N/A N/A N/A N/A N/A 0 / 0% 0 / 0% 0 / 0% 101 /68%

Jack-Up3 N/A N/A N/A N/A N/A N/A 0 / 0% 0 / 0% 0 / 0% 0 / 0%
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Table 11: Detailed optimisation problem outputs (IV) – Best case Scenario

Vessel
Type

Failure Types Repaired (Number / Percentage)

Hydraulic Manual
Restart

Power
Electronics

Control
System

Pitch
System

Mechanical
Brake

Gearbox Generator Tower Blades

CTV1 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0/0% N/A N/A N/A N/A

CTV2 0 / 0% 0 / 0% 5 / 22% 23 / 100% 7 / 100% 0 / 0% N/A N/A N/A N/A

CTV3 11 / 100%
870 /
100% 18 / 78% 0 / 0% 0 / 0% 3 / 100% N/A N/A N/A N/A

Helicopter1 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% N/A N/A N/A N/A

Helicopter2 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% N/A N/A N/A N/A

Jack-Up1 N/A N/A N/A N/A N/A N/A 7 / 100% 7 / 100% 18 / 100% 50 / 34%

Jack-Up2 N/A N/A N/A N/A N/A N/A 0 / 0% 0 / 0% 0 / 0% 95 / 66%

Jack-Up3 N/A N/A N/A N/A N/A N/A 0 / 0% 0 / 0% 0 / 0% 0 / 0%

Table 12: Detailed optimisation problem outputs (IV) – Worst case Scenario

Vessel
Type

Failure Types Repaired (Number / Percentage)

Hydraulic Manual
Restart

Power
Electronics

Control
System

Pitch
System

Mechanical
Brake

Gearbox Generator Tower Blades

CTV1 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0/0% N/A N/A N/A N/A

CTV2 0 / 0% 121 / 14% 0 / 0% 0 / 0% 0 / 0% 0 / 0% N/A N/A N/A N/A

CTV3 0 / 0% 451 / 51% 0 / 0% 0 / 0% 0 / 0% 0 / 0% N/A N/A N/A N/A

Helicopter1 13 / 100% 316 / 36% 25 / 100% 25 / 100% 9 / 100% 5 / 100% N/A N/A N/A N/A

Helicopter2 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% 0 / 0% N/A N/A N/A N/A

Jack-Up1 N/A N/A N/A N/A N/A N/A 9 / 100% 0/100% 20 / 100% 52 / 34%

Jack-Up2 N/A N/A N/A N/A N/A N/A 0 / 0% 9 / 100% 0 / 0% 101 / 66%

Jack-Up3 N/A N/A N/A N/A N/A N/A 0 / 0% 0 / 0% 0 / 0% 0 / 0%
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4.5 CONCLUSIONS

In  Chapter  4,  the  offshore  wind  farm  designed  for  the  case  study  of  this

research, on which the O&M optimisation model was implemented, has been

described. The sets of input data used, including the weather, components, WT,

and  vessels  data,  were  displayed,  along  with  the  configuration  of  the  key

optimisation  solver  parameters.  Finally,  following  the  application  of  the

optimisation model  on the wind farm case study, the results  generated were

collected and presented, covering both the model's intermediate results, and its

final outputs for the three scenarios developed.
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CHAPTER 5. DISCUSSION AND ANALYSIS

5.1 INTRODUCTION

In Chapter 5, the methodology developed and applied on the wind farm case

study, together with the results generated and collected by the implementation

of the O&M optimisation model, are discussed and analysed. 

5.2 DISCUSSION AND ANALYSIS OF THE METHODOLOGY

In response to the research question set at the beginning of this study, a research

was carried out  in order to identify the key  sources of the costs related to the

offshore  wind  LCOE;  it  resulted  into  the  development  of  a  method  for

minimizing the O&M costs through the optimisation of the O&M vessel fleet. 

The model developed is intended to be used as a decision-making tool aiming to

assist the wind farm operator and owner during the O&M planning phase, and

the results  should provide guidance,  and not be considered as the “absolute

truth”.  Apart  from the stochastic nature of the weather  and the components'

failures,  which is  always present,  the  model  does  not  consider  the  repair  of

multiple failures by a vessel during a single trip; this derives from the fact that

the each failure is not assigned to any specific WT, nor the exact time it occurs is

determined, in order to consider whether, or not, repairing multiple failures is

possible,  and  what  would  be  the  time  requirements  in  order  to  adjust  the

operational weather window of each vessel. Therefore, it should be treated as a

long-term planning tool with forecast-estimation elements.

The forecast of failures method integrated into the model has great dependence

on the components' failure rates (λ), therefore the quality of this data is vital for

this method's accuracy and reliability.  It  is  recommended to use failure rates
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data collected from WTs of the same type, or, ideally, from the offshore wind

farm on which the O&M optimisation tool is to be used.

In  addition,  the  model  is  developed  in  such  a  way  that  there  are  no

dependencies between component failures, i.e a failure of a component does not

affect an other component of the same system, which in reality could occur and

impact a WT's availability.

The final stage of the weather data filtering process for the estimation of the

operational weather window is sensitive to when the O&M operational period

starts; by shifting the starting date, the results could vary, even when the same

input data are used. This is explained by the fact that if the O&M operational

period starts at a point when the access to the wind farm is possible most of the

time, then the weather window hours would surpass the accumulated forecast

failures hours, resulting into the loss of those excess hours from the operational

weather window, since they cannot be “stored” to support future maintenance

activities.  The  beginning  of  the  O&M  operational  period  should  be  decided

either by the wind farm operator, or by the O&M vessels' market. 

Furthermore, in the model's calculations it is considered that no time is wasted

between the time the access to the site is possible and there is at least one failure

that has to be repaired, and the time an O&M vessel departs from the port. Thus,

ideally,  the  optimisation  tool  should  be  supported  by  a  reliable  short-term

weather prediction tool, in order to match its estimated outputs.

Lastly,  the number  of  failures  that  have not been  repaired correspond to an

equal number of WTs that have ceased operation, up to the maximum number

of WTs in the wind farm, and the potential production loss is calculated based

on this factor. Even though in reality this is less likely to occur, it allows the final

outputs to stay on the safe side.
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5.3 DISCUSSION AND ANALYSIS OF THE RESULTS

In  Chapter  4,  the  intermediate  and  final  results  generated  from  the  O&M

optimisation model were presented, after its application on the offshore wind

farm case study.

The forecast failures (Table 6) showed that the best case and worst case scenarios

deviate from the mean about ±2%, in the number of total failures occurred. They

were estimated based on the process described in Section 3.7.1, and were the

basis, and the only primary measure, for the categorization of the three scenarios

considered by the model.

In Table 7, where the operational weather window hours for each vessel type

were presented,  differences  appear amongst them  for the different  scenarios,

whereas in some cases the operational weather window remains the same. For

example, the vessel Helicopter2 has more than 300 h fewer in the best case, than

in the worst case scenario. This results from two reasons, first, the number of

failures and, in turn, the number of hours required to repair them are fewer and,

second, due to the distribution of the weather window hours of this vessel type,

which excludes  the  hours  that  exceed  the  accumulated  repair  hours,  mainly

early at the operational O&M period; the latter is not present for other vessel

types (e.g CTV1).

The results  generated  and collected  after  the  application  of  the  optimisation

model on the offshore wind farm showed the three optimal vessel fleets for each

corresponding scenario (i.e mean, best case and worst case). In the final outputs

the mix of each fleet varies, even though the O&M cost differences are small.

This results from the fact that the operational characteristics were balanced with

their  leasing and operational  costs,  therefore  there  are  several  different  fleet

mixes having, approximately, similar costs.  It  is  expected to have more clear
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results as the number of vessel types decreases, or when the vessels included in

the model  vary significantly  in  terms  of  their  operational  characteristics  and

their cost-efficiency.

The 2nd stage of the optimisation process calculates the O&M cost output, by

optimising the vessel fleet mix and, also, the failure repairs allocation. Since the

results of the 1st stage are used as “parent” values, a local optimum has already

been approached, and therefore the 2nd stage achieves a small improvement, in

the same region of feasible solutions as of the 1st stage's.

Finally, due to the nature of the optimisation problem developed, being non-

convex, and its size it not certain that the final generated results are optimal, and

no claim about the optimality of the final generated results is made, being just

certain  that  they  are  local  optimum  and  “good  enough”  solutions.  The

application of the O&M  optimisation tool  on  an existing offshore wind farm,

would have been an excellent way to verify its results' accuracy.
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CHAPTER 6. CONCLUSIONS

The objective of this Thesis was to develop a method to minimize the O&M costs

related to the vessel fleet leased to support an offshore wind farm's maintenance

activities. 

First, a structured method was developed, which identified and connected the

key  parameters  in  offshore  wind  O&M,  resulting  into  an  optimisation  tool.

Afterwards, a fictitious offshore wind farm was designed  and used  as a case

study,  on  which  the  optimisation  model  developed  was  applied,  aiming  to

examine its efficacy. The weather data used was provided by the MI, and the

components'  and  vessels'  data  was  collected  and  adapted  from  available,

published  and  unpublished,  materials.  The  model,  consisting  of  five  major

calculation modules, was built on a spreadsheet-based software, introducing a

5-stage weather data filtering process and a failure forecast method, using a PSO

algorithm to solve the 2-stage optimisation problem. The results generated by

the model showed the most cost-efficient fleets of O&M vessels, and the optimal

allocation of failure repairs to each vessel, for three scenarios – mean, best case,

worst case.

It could have been possible to make the model's modules even more analytical,

include more calculation features, and eventually reduce the assumptions made

in order to realize the optimisation tool. However, this process would require

more resources,  mainly time, and the volume of the study would need to be

significantly expanded.

A number of suggestions for further improvement on this topic can be made, as

part of a future work. It would be useful and, also, more realistic to integrate

executing multiple maintenance activities by an O&M vessel during a single trip

into the model. Also, including a sensitivity analysis method to account for the
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stochasticity  of  the  weather  input  data,  and  assess  the  way  it  affects  the

operational  weather  window, the  AEP and,  also,  the production loss  due to

downtime,  would  increase  the  reliability  of  the  optimisation  model.  Lastly,

taking into consideration the  lead time between the  weather window  forecast

and the start of the maintenance activity, would improve the model's accuracy.



59

REFERENCES

A Guide to UK Offshore Wind Operations and Maintenance. 2013. The Crown Estate

report. Available online at www.thecrownestate.co.uk

Global  evaluation  of  offshore  wind  shipping  opportunity.  2013.  Consult  BTM.

Technical report.

Global  Wind  Statistics  2016.  2017.  Global  Wind  Energy  Council  (GWEC).

Available online at www.gwec.net

Life Data Analysis Reference. 2015. ReliaSoft Corporation. Arizona. USA

Military Handbook: Electronic Reliability Design Handbook. 1998. U.S Department of

Defense. USA

Reliability Prediction Basics. 2007. ITEM Software, Inc.

The Authoritative Dictionary of IEEE Standards Terms. 2000. Standards Information

Network. New York. USA

Wind Farm Service Vessels – An Analysis of Supply and Demand. 2015. 4C Offshore.

Report. Lowestoft. UK

Andrawus, J. A.; Watson, J.; Kishk, M. & Gordon, H. 2008. Optimisation of Wind

Turbine Inspection Intervals. Wind Engineering. 32 (5). pp. 477–490

Ben-Daya,  M.;  Duffuaa,  S.  O.;  Raouf,  A.;  Knezevic,  J.  &  Ait-Kadi,  D.  2009.

Handbook  of  maintenance  management  and engineering.  Springer  Verlag  London

Limited

Besnard, L. 2009.  On Optimal Maintenance Management for Wind Power Systems.

KTH Royal Institute of Technology



60

Besnard,  L.;  Fischer,  K.  &  Bertling-Tjernberg,  L.  2013.  A  Model  for  the

Optimization  of  the  Maintenance  Support  Organization  for  Offshore  Wind  Farms.

IEEE Transactions on Sustainable Energy. Volume 4. No. 2

Dalgic, Y.; Larakis, I. & Turan, O. 2013.  Vessel charter rate estimation for offshore

wind  O&M  activities.  Conference  Paper.  15th  International  Congress  of  the

International Maritime Association of the Mediterranean. Coruna. Spain

Dalgic, Y.; Larakis, I. & Turan, O. 2015.  Investigation of Optimum Crew Transfer

Vessel  Fleet  for  Offshore  Wind  Farm  Maintenance  Operations.  University  of

Strathclyde. Glasgow. UK. WIND ENGINEERING. Volume 39. No. 1. pp. 31-52

Dalgic, Y.; Dinwoodie, I.; Larakis, I.; McMillan, D. & Revie, M. 2014.  Optimum

CTV Fleet  Selection  for  Offshore  Wind  Farm O&M Activities.  Conference  Paper.

European Safety and Reliability Conference ESREL 2014. Wroclaw. Poland

Google Earth Pro. 2017. Ireland. 53°00'52.16"N 8°00'06.98"W 

Gustavsson, A. & Nyberg,  E.  2014.  Maintenance  Optimization  of  Offshore  Wind

Power:  Concept  Development  for  Future  Cost  Reduction.  Chalmers  University.

Goteborg. Sweden. MSc Thesis

Halvorsen-Weare,  E.  E;  Gundegjerde,  C.;  Halvorsen,  I.  B.;  Hvattum,  L.  M.;

Nonås,  L. M. 2013. Vessel fleet analysis for maintenance operations at offshore wind

farms. Energy Procedia 35. pp. 167 – 176

Hillier, F. S. & Lieberman, G. J. 2001. Introduction to Operational Research. 7th ed.

McGraw-Hill

Karyotakis, A. 2011.  On the Optimisation of Operation and Maintenance Strategies

for Offshore Wind Farms. University College London



61

Law,  A. & Kelton,  W. 2000. Simulation Modeling and Analysis. 3rd ed. Mcgraw-

Hill. New York. USA

Márquez,  F.  G.;  Tobias,  A.;  Pérez,  J.  P.;  &  Papaelias,  M.  2012.  Condition

monitoring of wind turbines: Techniques and methods.  Renewable Energy. 46. pp.

169-178

Maples,  B.;  Saur,  G.;  Hand,  M.;  van  de  Pieterman,  R.  &  Obdam,  T.  2013.

Installation,  Operation,  and Maintenance  Strategies  to  Reduce  the  Cost  of  Offshore

Wind Energy. National Renewable Energy Laboratory (NREL). USA

Pantuso, G.; Fagerholt, K. & Hvattum, L. M. 2014. A survey on maritime fleet size

and mix problems. European Journal of Operational Research. 235. pp. 341–349

Sherbrooke, C. C. 1992. Optimal Inventory Modelling of Systems: Multi-Echelon

Techniques. John Wiley & Sons, Inc.

Spinato, F.; Tavner, P.; van Bussel, G. & Koutoulakos, E. 2009. Reliability of wind

turbine subassemblies. IET Renewable Power Generation, 3(4), pp. 387-401

Stålhane, M., Vefsnmo, H., Halvorsen-Weare, E., Hvattum, L. & Nonås, L. 2016.

Vessel Fleet Optimization for Maintenance Operations at Offshore Wind Farms Under

Uncertainty. Energy Procedia. 94. pp. 357-366

Tavner,  P. 2012.  Offshore Wind Turbines: Reliability,  availability and maintenance.

The Institution of Engineering and Technology. London. UK

Verbruggen,  T.  W.  2003.  Wind  Turbine  Operation  &  Maintenance  based  on

Condition Monitoring. pp. 39



62

APPENDIX A. O&M OPTIMISATION MODEL SCREENSHOTS

A.1 WEATHER WINDOW MODULE

A.2 COMPONENTS' FAILURES MODULE
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A.3 FAILURES FORECAST RESULTS

A.4 ENERGY PRODUCTION MODULE
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A.5 ECONOMICS MODULE

A.6 SIMPLIFIED OPTIMISATION PROBLEM
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A.7 DETAILED OPTIMISATION PROBLEM

A.8 OUTPUTS


