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Abstract 

This document is produced in fulfilment of Deliverable 6.5 – O&M optimisation 

processes. It describes part of the activities carried out within FLOTANT Work 

Package 6 (WP6), and in particular within Task 6.3 - Development of algorithms 

for predictive maintenance strategies and O&M optimisation (Work Package 

leader: UNEXE. Participants: Installation process: COBRA, ESTEYCO, HB; 

Inform decision-making process: INEA; Inputs on mooring innovations: TFI; 

Inputs on Cable innovations: FULGOR).  

WP6 aims to improve the assessment of potential cost savings, installation 

techniques, offshore operations, and marine management and O&M techniques 

of floating wind devices. Particular emphasis lies on the novel components 

developed in the FLOTANT project. In this deliverable, the main innovations are 

building the O&M optimisation model based on the GAs superposition approach. 

With this model, the O&M strategy of the FLOTANT sites (West of Barra and Gran 

Canaria) was systemically optimised, supplying a trade-off between cost, 

availability, and reliability. The decision variables cover the main KPIs in an O&M 

strategy, including vessel and component properties (e.g., number, ownership, 

overnight reparability, season limitation). Preventive maintenance is also 

considered in this model by assuming the relationship between the failure rate 

change and the inspection times. The main results showed that the optimal 

inspection frequency for individual turbine is once a year and the harbour shall 

consider the ownership of the Heavy-Lift Vessel (HLV) to avoid extreme high 

charter fee. The methodology and outcome of this deliverable support the 

decision-makers of the offshore wind farm to estimate a range of O&M strategies 

in a short time and determine an optimised O&M strategy with realistic 

requirements.  This deliverable will also contribute the cost reduction for the 

FLOTANT scenarios.  

This work has optimised the O&M strategy for West of Barra and Gran Canaria, 

including the vessels, components spares and the preventive tasks 

arrangements, contributing to the design and O&M management of the floating 

wind farm. This deliverable's methodology and results will help to reduce the O&M 

cost and improve the availability of this FLOTANT sites. 
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1 INTRODUCTION 

In the field of marine engineering, optimisation is a perennial problem for 

decision-makers. A range of solutions are usually available for a specific problem 

or objective, and the optimal solution is sought considering aspects of availability, 

resources, cost and time. Optimisation algorithms seek to select the best 

combination of decision variables, as measured by one or more numerical 

functions, among those available. An objective function or performance index 

describes the measure to quantify the quality or goodness of the solutions. If a 

problem involves only one objective (e.g. minimise the costs or maximise 

reliability), it is a single-objective optimisation. When optimal solutions are sought 

concerning competing objectives (e.g. cost vs reliability), in which the 

improvement in one of the objectives possibly worsens the other object, these 

are generally referred to as multi-objective optimisation problems. In this case, 

the optimal value for the set of decision variables should satisfy eventual 

constraints and optimise a vector function constituted by all the individual single-

objective functions simultaneously. Therefore, the optimal solution may not be 

unique because the nature of the problem itself prevents the simultaneous 

optimisation of all objectives. In this situation, a set of these, called non-

dominated objectives, is sought in the optimisation process rather than a single 

optimal solution. This set is constituted by solutions that cannot be further 

improved with respect to one of the objectives without worsening at least 

concerning another. It is better known as the Pareto frontier or Pareto front, and 

the solutions that constitute it are so-called Pareto-optimal [1]. 

The optimisation of the O&M strategies for the offshore wind farm is a typical 

multi-objective problem because an O&M strategy can decide the cost, reliability 

and the availability of the wind farm. In the last decade, evolutionary approaches 

have been the primary tools to solve real-world multi-objective problems. The 

nature-inspired evolutionary algorithms are the most popular ones applied to 

renewable energy optimisation [2]. Within this category, a growing number of 

research pursues the optimal design and operation of renewable energy systems 

by using a heuristic optimisation method called genetic algorithms (GAs). Among 

the reasons for this success [1] are: simplicity in the formulation of the problem 

to be solved, re-usability for a series of similar problems once the algorithm has 

been defined, and the lack of necessity of knowing the solution space . 

This deliverable applies a numerical model based on a GA approach to optimise 

the O&M strategy used in the West of Barra and Gran Canaria The study 

discusses the energy and financial potential of offshore wind farm located in both 

FLOTANT locations. The optimisation results are based on the main output of 

D6.4 Proactive maintenance strategies based on failure prognostic. A techno-

economical study that includes results from the O&M study is part of WP7 (D7.1).  

The present deliverable will subsequently support the main FLOTANT task, 
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reducing the operating cost of the offshore wind farm. The remainder of this 

deliverable is organised as follows:  

• Section 2 introduces the optimisation techniques used in this deliverable.  

• Section 3 presents the optimisation tools (GAs tool), including the decision 

variables and objective functions  

• The main optimisation results obtained by the GAs model are reported in 

section 4.  

• Section 5 presents the conclusions.   

2 Optimisation approach  

Genetic Algorithms (GAs) are widely used in the field of renewable energy 

application optimisations.  The basic theory of GAs is outlined in this section, 

whilst more details are provided in [1]. 

2.1 Genetic Algorithms (GAs) 

Genetic algorithms were initially developed back in the 1970's [3].  They classify 

a set of adaptive search procedures that mimic biological selection and evolution 

processes to solve both constrained and unconstrained optimisation frameworks. 

Based on an analogous operating principle, GAs considers population of 

solutions that evolve over time through a series of steps to reach the optimal 

solution. In a manner akin to how biological species adapt to their environment 

and preserve beneficial traits between subsequent generations, a GA uses how 

solutions perform to guide the search through the search space. Thus, they can 

be used in complex single-objective and multi-objective problems to generate 

solutions that have evolved towards the optimal result [4].  

A typical GA works according to the flowchart shown in Figure 1. First, a 

population, a group of individuals, is created at random. Each individual 

represents a potential solution to the decision problem, and it is encoded using 

binary code or other representations. Typically, in binary code, the initialisation 

consists in randomly assigning a 0 or 1 to each one of the bits of the individual, 

respecting eventual pre-established feasibility criteria. Each individual is often 

referred to as a chromosome or genotype. The information contained in each 

individual is directly linked to the values of decision variables for the investigated 

problem. Secondly, each individual is evaluated according to suitability for one or 

a series of predefined objectives, and a score (fitness) is assigned to it. In other 

words, evaluation functions convert the genotype into a phenotype. Individuals 

are assigned a probability of selection, proportional to this fitness, used to select 

pairs of individuals. These pairs are then recombined through crossover 

algorithms to generate the new individuals of the population.  
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Finally, the new individuals are randomly mutated to refine local searches in the 

investigated domain. This process is repeated until specified termination 

conditions are met or the maximum number of generations is reached. These 

typical phases of a GA are graphically represented in Figure 2. In this way, over 

successive generations, the population evolves towards a set of improved 

solutions. Optionally, a restricted number of individuals with the best fitness 

values, called ‘elite’, can be preserved from one generation to another without 

being subjected to the genetic operators. 

 

 

Figure 1. Generic flowchart of a genetic algorithm. 
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Figure 2. Typical phases of a genetic algorithm [1] 

 

2.2 Model integration   

Many works aim to integrate the O&M and optimisation models for renewable 

energy. Abdollahzadeh, Atashgar [5] propose the use of a multi-objective particle 

swarm optimisation algorithm, coupled to a three-phase discrete-event 

simulation, to optimise the reliability thresholds of pre-established maintenance 

strategies for generic (onshore or offshore) wind farms. Similarly, Marseguerra, 

Zio [6] propose an approach that couples Monte Carlo simulation and genetic 
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algorithms to determine the optimal degradation level, beyond which preventive 

maintenance must be performed. The choice of a coupled approach is supported 

by the fact that GAs reduces the number of evaluations needed to achieve 

satisfactory results. These, in fact, gradually focus on successful solutions, 

reducing the need to evaluate unsatisfactory alternatives. Jin, Tian [7] proposes 

a multicriteria (cost and reliability) optimisation model, based on genetic 

algorithms, to design and operate a wind-based generation system. The most 

significant advantage of the model integration approach is the low computational 

cost which allows the decision maker obtain different O&M arrangement in a short 

computation time [8].  

The deliverable D 6.4 Proactive maintenance strategies based on failure 

prognostic aimed at the characterisation of the ORE farm key performance 

indicators (KPIs). Table 1 presents this baseline data, which is used as reference 

KPI for the following optimisation. The optimisation of the O&M strategy and 

eventual support in selecting the optimal asset composition is assumed as a 

direct consequence of the corrective and preventive measures following the KPIs 

analysis. In order to demonstrate the methodology, the optimisation is performed 

for the West of Barra site.   

The aim of this deliverable, D6.5, is to couple a GA to the developed UoE O&M 

tool, thereby predicting a range of KPIs to automate the analysis to find and 

improved, optimised solutions. However, due to computational limitations, it is not 

feasible to link an optimisation algorithm directly to a UoE O&M model. Therefore, 

more time-efficient evaluation functions are required in combination with the 

computationally expensive O&M characterisation tools. Hence, a series of 

functions that estimate the desired performance indicators and assess the 

effectiveness of a solution over the others, avoiding the use of a KPIs 

characterisation model, is implemented.  

ORE farm owners and operators face the challenge of dealing with finite 

maintenance resources (e.g. annual budget for O&M, purchasing the spare parts, 

insurance, and labour costs). Thus, constraints must be considered when the 

maintenance/ inspection activities are planned and strategic decisions are made, 

and GAs are a simple and effective way of managing them. The model integration 

process is conducted as follows (see also Figure 3):  

a) Run the O&M model with infinite resources to access the KPIs of O&M 

strategy (e.g. the corrective maintenance tasks number, the usage of each 

access system).  

b) Select the decision variables and build the optimisation object functions 

for the optimisation model. 

c) According the output of the O&M model, determine/estimate the input 

parameters and the constraints for the optimisation model. 

d) Run the optimisation simulation.  
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Table 1 KPIs of FLOTANT cases 

KPIs Gran 

Canaria 

60 MW 

Gran 

Canaria 

600 MW 

West of 

Barra 

60MW 

West of 

Barra 

600MW 

Ideal energy produced by 

the entire farm (GWh/25 

years life time) 

5455 54556 8789 87893 

Average Ideal Annual 

Energy produced by the 

entire farm (GWh/Year) 

218 2182 351 3515 

Ideal Capacity factor 41.49 % 41.49 % 66.84 % 66.84 % 

Ideal Equivalent Hours 

(hrs) 

3637 3637 5860 5860 

The capacity factor 

considering the O&M 

40.57 % 40.59 % 54.43 % 54.51% 

Equivalent hours 

considering the O&M (hrs) 

3556 3558 4772 4778 

Lost production income 

(m£ during the 25 years 

life time) 

13.45 132 88.8 881.6 

Time-based availability 97.71% 97.95% 82.63% 82.72% 

Energy-based availability 97.66% 97.7% 81.61% 81.72% 

Total cost for mobilisations 

and usage of the vessels, 

spare parts due to 

repairs/replacements and 

costs of the crew (m£) 

64.94 602.5 76.40 752.16 

Final income (m£) 495.2 5001.45 317.3 3189.97 

Normalised O&M cost per 

energy produced using the 

direct O&M costs (£/MWh) 

12.17 11.29 10.67 10.49 

Normalised O&M cost per 

energy produced using the 

total O&M costs (£/MWh) 

14.70 13.76 23.07 22.8 
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Figure 3. Flowchart of model integration between the O&M model and the 

optimisation model 

 

3 Optimisation model 

This section describes the offshore O&M optimisation framework. The use of 

multi-objective optimisation and genetic algorithms is proposed to improve the 

O&M strategy of the ORE farm. Thus, a wide range of possible O&M solutions 

are explored using the implemented search procedures, removing the need of 

having possible alternatives to the initial O&M strategy proposed by a decision-

maker. The section first introduces the input parameters used to initiate the 

optimisation procedure and decision variables that define an O&M strategy. Both 

input and decision variables are selected in such a way to describe the offshore 

wind farm which, is representative of its strategic and technical assets. Secondly, 

the objective function of these input parameters and decision variables and their 

constraints is described. Thirdly, the evolutionary algorithm approaches 

implemented in this work are introduced.  

 

3.1 Input parameters and decision variables 

This section describes the inputs the genetic algorithms require in order to 

perform the optimisation. These have to be distinguished from the decision 

variables, i.e. those values whose attainment is the final objective of the 

optimisation procedure since they describe the asset's configuration of the 

offshore wind farm, and for which there is uncertainty about the optimal value. 

Conversely, the input parameters provide information on the assets of the ORE 

farm. Still, there is not uncertainty nor possibility of variation about their values 

because these define the properties of the assets. Therefore, most of the input 

parameters needed for GAs optimisation are the same as those in the UoE O&M 

model described in detail in D6.4. Another set of inputs are provided as a result 

of the simulation performed with the O&M model, and are used to obtain a list of 

constants used to calibrate the objective functions. These inputs will be 

introduced with the objective functions in the next section.  
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In optimising the O&M strategy for an offshore wind farm, two main aspects on 

which an owner or operator can make decisions are the properties of the 

maintenance access systems and the device to deploy with its respective 

installed components. Consequently, the strategic decisions addressed in this 

work are considered in terms of these two aspects. Accordingly, the chromosome 

representing each individual in the GA and the complete set of decision variables, 

and therefore the specific O&M strategy, include: 

• the number of units for each access system available for inclusion in the 

maintenance fleets 

• whether each of the access systems is limited to performing maintenance 

interventions during the day or can also perform them overnight 

• whether each kind of access system has been purchased or has to be 

chartered when needed for maintenance activities 

• whether each of the access seasons have limited availability 

• whether the inspections (preventive maintenance tasks) should be 

arranged  

• whether for each component of the devices, a repair or replacement 

intervention should be performable overnight, in contrast to those whose 

maintenance should be limited to periods with daylight 

• whether for each component of the device, the spare part is immediately 

available. 

The information contained in each chromosome represents the above decision 

variables. These values include the number, type and respective properties of the 

access systems of the farm, as well as information and reliability properties of the 

components of the device. An encoding in which all decision variables are binary 

(either a 0 or a 1) is used to represent the presence, availability, or use of each 

of the options specified by the decision variables. Figure 4 shows an example of 

how the properties are coded and presented. Each property represents one of 

the considerations listed above, although the chromosome length may vary. The 

number of bits needed to determine the number of units of each access system 

depends on the pre-established maximum number of units to be considered, 

because the relationship that links the maximum number representable m with 

the number of binary bits needed bitsn  is: 

 

2 1bitsn
m = −  
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Figure 4 Example of representation in binary code for individuals in GAs  

 

Once the maximum number of units considered in the fleet is assessed, the 

remaining number of bits are established according to the number of access 

systems and components considered. After this, eventual feasibility constraints, 

that reflects logical or engineering requirements, are respected. These imposed 

constraints are:  

• at least one unit in each access system 

• not considering the properties of a vessel in the final solution if the vessel 

is not included in the fleet. 

• Based on empirical experience a failure rate amplitude rang from 0.5 mean

to 2 mean  can be considered, where mean  is the mean failure rate. 

 

3.2 Objective functions  

Three objective functions are considered in this work to adequately represent the 

problem of improving the assets selection and logistics management of an 

offshore wind farm. These seek to characterise the relationships between the 

input parameters and the decision variables of the problem. The overall aim is to 

obtain the optimal value for each decision variable according to the preference of 

the decision-maker. Considering the targets and performance parameter that an 

offshore wind farm owner or operator would generally be interested in, these 

three functions are described in the following: 

• Cost function  

• Reliability function 

• Availability function 

 

3.2.1 Cost function  
 

The first objective function is used to assess the relative cost of a candidate 
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solution compared to others, and it is referred to as the cost function. The 

considerations taken into account in order to build the contributions of the 

different elements of the chromosome to the cost objective function are 

hereinafter described and their formulation presented. 

Cost per access system and ownership and the vessel numbers: Generally, 

if a set of vessels belong to the farm the expenses due to mobilisations will be 

lower, the vessels will be more available for interventions (which reduces lost 

production) and the costs due to charters will be removed. The initial cost of 

purchase and the expenses related to port and maintenance fees of the vessels 

must also be taken into account. When the access system is purchased and thus 

property of the farm, the daily rate is null, since it is considered that the farm 

operator does not have to pay to use the access system. A mobilisation cost for 

the individual operation is still required though, along with a standby rate to 

represent all the moorings, port and maintenance fees to maintain the access 

system. Alternatively, when the access system must be rented because the farm 

does not own it, the standby rate (e.g. all the expenses related to keep the vessel 

ready to work in port) is null (because it is the responsibility of the vessel owner), 

and there is a daily rate (together with the usual mobilisation rate). 

When the vessel is charted, then its annual cost is defined: 

int* * ( *365)vessel nonowership nyears usage mob fuel crew dailyC k n n C C C rate− = + + +                                (1)                  

if the access systems is purchased (the binary bit representing the ownership of 

the access system in the chromosome is 1) the vessel cost is defined as: 

int tan* * *( ) *365* *vessel ownership nyears usage mob fuel crew s dby nyears i unitsC k n n C C C rate k C n− = + + + +            (2)  

Where iC  represents the initial cost of the access system, unitsn  the number of 

units of that kind of access system considered in the current individual, and 

tans dbyrate and 
dailyrate  are standby and daily rate of the access system, 

respectively. mobC the mobilisation cost of the access system, 
fuelC  the fuel cost 

for a typical transit from the maintenance port to the offshore location with the 

access system, crewC the daily crew member cost with the access system,
usagen is 

the usage percentage of the access system which is estimated by the O&M 

results.  intn  the average number of maintenance interventions (both corrective 

and preventive), in which the number of the corrective tasks is previously 

estimated with the UoE tool. 

int ( )*corrective preventive devicen n n n= +                                                                                           

(3) 
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where correctiven  is the number of corrective interventions (estimated by the UoE 

O&M model), 
preventiven is the number of preventive interventions (decision 

variables) and the devicen  is the number of devices in the offshore wind farm. 

In the UoE O&M model, the number of units of a certain access system available 

in the fleet is used to introduce limitations on the total time required for a 

maintenance task. Each maintenance operation starts as soon as a failure is 

detected or the time for a planned operation comes, but only if an access system 

is available at that moment. This means that if there are more corrective or 

preventive maintenance tasks than available access systems, the operation will 

be delayed until one of the access systems has completed a previous task and 

is available again. Therefore, the more units are available, the lower the risk of 

introducing delays in the maintenance of the farm is. This causes an indirect 

reduction in cost due to reduced production losses. Therefore, a balance is 

required in the ratio between the number of units and the number of maintenance 

tasks.  

The contribution of the number of units for each access system considered with 

the cost objective function, modelled as: 

 * *UNITS units units vessels nyearsC k c C k= −  (4) 

Where unitsk  is the ratio between the number of units of an access system and its 

estimated number of maintenance intervention and unitsc is the ideal ratio, 

according to the results of the characterisation model and engineering 

considerations, between the number of units and the number of interventions for 

each access system, 
nyearsk  is the years considered.  

Overnight operability of the access systems: if a vessel is able to perform 

maintenance interventions overnight there will be a reduction of the lost 

production as a consequence of a higher capacity of restoring the functionality of 

the device in case of failure. At the same time, an increase in direct O&M cost 

has to be expected due to higher wages for the maintenance and other expenses 

(e.g. port fees) for the night shifts. As a consequence, two contributions to the 

cost objective functions are included. The first takes into account the indirect 

decrease in costs as a result of a higher availability of the vessel. This is usually 

related to the significance of the component to repair, which in turn is related to 

the capabilities of the vessels, and therefore modelled as proportional to the cost 

of the access system and a constant overnight factor oc . 

 *
vesseln

overnight de o vessel i

i

C c C− −= −  (5) 
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The factor oc  is assessed using the O&M tool, with values usually in the range 

0.15-0.30 [1], which means the higher availability of one type of vessel can reduce 

15%-30% this type vessel cost of wind farm The second variation of the cost 

function related to the possibility of having access systems operating overnight is 

a direct increase in costs as a result of the increased crew salary for overnight 

operations, and is modelled as:  

 
vesseln

overnight in crew vrew i

i

C c C− −=    (6) 

crewc is a factor which is directly related to the variation in crew costs (e.g. 

additional costs derived from the fact that staff operating overnight will require 

higher compensations), therefore given by the ratio between crew costs with 

compensation for overnight operations and ordinary crew costs for diurnal 

operations. 

Limited availability of the access systems: a limited availability of the vessels, 

for instance during the summer months or when the vessels are chartered 

elsewhere, will increase the costs due to production losses. At the same time, 

there will be fewer interventions and therefore less expenses due to mobilisation 

of the vessels and maintenance of the devices, but also the related port and 

maintenance fees, as well as staff costs and eventual hire expenses, will 

decrease. Therefore, similar to the previous point concerned with the contribution 

of the overnight operability of the vessels, both a direct increase and an indirect 

decrease of the cost objective function are modelled to take into account eventual 

seasonality restrictions of an access system. The first factor is an indirect 

reduction of the cost function as a consequence of a minor use of each access 

system if there are restrictions on its availability: 

 

 *
vesseln

season de s vessel i

i

C c C− −= −  (7) 

 

The second factor is a direct increase of the cost function. This cost increase is 

inversely proportional to the restriction, and therefore proportional to the actual 

availability (in terms of number of months over a year) of the vessel, in order to 

take into account that, if the vessel is purchased, the more it has to be available 

for eventual interventions the more it will cost to keep it operational (crew, port 

and maintenance fees): 

 *standby
12

vesseln

monthavaliable
season in

i

n
C rate− = −  (8) 
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It should be remembered that in the characterisation model the standby rate was 

used to represent the expenses related to keep the vessel ready to work in port 

if this was a property of the farm and might be set to 0 if the vessel was rented. 

Failure rate change of the components: The optimisation model in D6.5 

consider a changeable failure rate for all the components of wind turbines as well 

as the mooring/cable systems. The inspections of the offshore wind farm can 

directly increase the cost with the inspection fee of the wind turbine 
inspection turbinesC −

 

and the inspection vessel fees 
inspectio vesselC −

, which can be modelled as: 

 

 *( )* *inspection in preventive inspection turbine inspection vessel devices nyearsC n C C n k− − −= +  (9) 

 

As a positive outcome, the inspection can reduce the failure rate and then 

decrease the cost indirectly. The failure rate after the inspection is modelled as: 

 

1
* *preventive before inspection

nyears

n
k

after inspection before inspectione


 
−−

− −=               (10) 

 

The second aspect is the 
before inspection −

 can be altered with operating time of the 

wind farm. The assumption of this change is a constant failure rate c , modelled 

by an exponential distribution, which only covers the ‘bottom-part’ of the bathtub 

curve (an example is shown in Figure 5). The constant failure rate implies that 

the failure mechanism is time independent. This is arguably not the case for 

failure mechanisms such as wear-in, e.g. burn-in, failures, or wear-out failures 

like fatigue, wear and corrosion. 
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Figure 5 Bathtub curve failure rate behaviour, with c =1 [9] 

In D6.5, we modelled 3 cases with  = 0.5, 1 and 1.5 to simulate decreasing, 

constant and increasing failure rates (for the 
before inspection −

) and the considered 

simulated time is 5 years, 15years, 5 years, respectively. In order to estimate the 

effect that a lack of knowledge regarding the exact constant failure rates has, the 

analysis was also undertaken for higher and lower bounds of the change failure 

rate; based on the indicative ranges given in [10]. 

 0.5 2c after inspection c  −   (11) 

The decreasing cost caused by the failure reduction is then modelled as: 

 ( % 1)inspection de vessel total frr

ideal

RELI
C C A

RELI
− −= −  + +  (12) 

Where the vessel totalC − is the total cost of access system for the considered 

individual, %frrA  is the variation in availability with respect to the case of the 

same individual with no inspection. REL is the reliability calculated after the 

considered inspection numbers and RELIDEAL the ideal reliability with lowest 

failure rate 0.5 c . 

Overnight operability of the components: likewise, the overnight capability of 

the access systems, having components that can be maintained overnight 

reduces downtime and production losses (resulting in an indirect cost decrease). 
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Again, The optimisation model in D6.5 consider a changeable failure rate for all 

the components of wind turbines as well as the mooring/cable systems. The 

overnight operability of the components therefore also has both increase and 

decrease costs associated with it. At the same time, similar to what is observed 

for higher quality or more reliable components, additional expenses, may be 

incurred to acquire components that can be repaired or replaced at any time 

(including overnight). 

 
1

*
compsn

overnight com in oi iC c ov− − =   (13) 

Where oic is the marginal cost associated with a component's ability to be 

operable overnight and iov  is the number of components for which products 

operable also overnight are chosen. 

In order to take into account, the indirect decrease of the cost function as a 

consequence of increased repairability of the device overnight, the relative 

increase in availability is considered, and the contribution is modelled as: 

 * %overnight com de vessel tot ovC C A− − −= −   (14) 

where %ovA  is the variation in availability with respect to the case of the same 

individual with 0 overnight repairable components. 

Immediate spare parts availability of the components: having spare parts for 

a certain component always available means that, in the event of a failure, 

eventual procurement times for that component are null, reducing repair times 

hence production losses. This comes at a cost, for instance due to higher 

investments in the spares and the need of bigger warehouse/engineering team 

to store/manage them. Therefore, similar to the previous contribution for 

overnight operability of the components, a direct contribution representing the 

additional costs in order to have immediate availability of spare parts is modelled 

as: 

 *spare in spare i

j

C c spare− =   (15) 

sparec  is the additional cost of having immediate availability of spare parts for the 

component i , and ispare spares is the bit of the chromosome stating whether this 

improvement is considered or not for the same component. Again, in order to take 

into account the indirect decrease of the cost function as a consequence of 

having immediate availability of spare parts, the relative increase in availability is 

considered: 

 * %spare de vessel tot spareC C A− −= −   (16) 
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3.2.2 Reliability function 

The second objective function considered to evaluate the fitness of each solution 

with respect to the others is the reliability function. This is dependent only on the 

taxonomy of the device and the configuration of its sub-assemblies. As such, the 

reliability of the devices is computed starting from the values of the individual 

components' failure rates, taking into account the placement of the components 

in series or in parallel systems, as well as eventual redundant items and the 

minimum number of these (k-out-of-n) which are needed for the device to remain 

operational. These equations, described in section 3 of D6.4.are the same used 

to calculate the reliability in the O&M model. Therefore, no calibration or 

benchmarking with their implementation in the optimisation tool is needed. 

3.2.3 Availability function 

The third and last objective function considered in the surrogate model is the 

availability. As this is usually measured as a percentage, where 0% corresponds 

to no energy production due to continuous downtime and 100% to the production 

in the ideal scenario of null downtime, the contributions to the objective function 

iA are calculated in such a way that in an ideal situation all the contributions would 

sum up to 100. The values for each decision variable (or set of these) are then 

assigned proportionally to the relative importance of the contribution, previously 

calibrated through comparison with output of the UoE O&M model in the D6.4 

and the [1]. 

The availability divided by contribution are assigned in D 6.5 as follows: 

• Max contributions of the number of access systems units: 30 

• Max availability contribution due to season availability:10 

• Max contribution due to the failure rate reduction of the components:40  

• Max availability contribution due to the overnight reparability of the 

components: 10 

• Max availability contribution due to the spare parts availability of the 

components: 10 

The formulations of these contributions are detailed below: 

Number of units per access system: With respect to the availability, the more 

access system units are in the fleet the better, because this assures a higher 

possibility of having a vessel available whenever needed for maintenance 

interventions. For vesselN kinds of access systems, the total number of units in the 

fleet is: 

 *2 1nbits

Max VesselFleet N= −  (17) 

The score for the availability related to the number of access systems is: 
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 1
 number

( )

vesselN

UNITS units vessel

Max

Vessl
A Score N

Fleet
= −


 (18) 

Limited availability of the access systems (seasonality restrictions): The 

more available the vessels the higher availability of the offshore wind farm as a 

consequence of more immediate maintenance interventions. The contribution 

can be presented as:  

                1
number of season availability vessles

 vessels numbers 

vesselN

season seasonA Score
Total

=


                     

(19) 

Failure rate reduction of the components: Lower failure rates are indisputably 

preferable to achieve higher availability, which is achieved through the preventive 

maintenance. This contribution is presented as:  

 
after inspection

inspection inspection

before inspection

A Score




−

−

=  (20) 

Overnight repairability of the components: the availability value related to this 

potential improvement can be quantified as: 

 *
i

comps

com ov i ov

i n

A ov socre−

=

=   (21) 

where iov is the digit corresponding to the overnight reparability of each 

component (1= yes, 0= no) and the oviscore  is score assignable to the contribution 

to availability for the overnight repairability of the components. 

Immediate spare parts availability of the components: Having a spare part 

always available, or procurable in a short time, means quicker repair operations 

and higher availabilities of the farm. On the contrary, the lack of a spare part in 

stock means the addition of a procurement time to the downtime of the farm, with 

consequent delays in maintenance interventions and reduction of the availability. 

Hence, higher values of the availability function shall be obtained if for a certain 

component there is always at least a spare part available or immediately 

procurable in case of need for replacement. Therefore, this contribution can be 

formulated as: 

 
1

*compsn

i spare

Spare

i comps

Sp score
A

n=

=   (22) 

where iSp is the digit corresponding to the spare part immediate availability of 

each component (1= yes, 0= no), 
spareScore the availability range associated to this 
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contribution and 
compn the total number of components in the system [11].  

 

3.3 Genetic algorithm implementation   

For the O&M strategy optimisation of offshore wind farms, the problem is to 

minimise costs while maximising both reliability and availability. Several multi-

objective strategies using a GA are suitable for the offshore O&M problems [12]. 

The method applied in this work is known as Superposition method: This 

approach superposes the results obtained by executing several single-objective 

optimisations for each of the individual objectives. These individual objectives 

are: 

• Minimisation of costs. 

• Maximisation of reliability. 

• Maximisation of availability. 

• Minimisation of costs/reliability ratio 

• Minimisation of costs/availability ratio 

The GA framework (see Figure 1) is used separately for each of these objectives. 

The selection process is based on the so-called ‘roulette wheel’ method. This is 

a common selection procedure based on assigning the individuals a probability 

of being chosen for crossover proportionally to their fitness value. All fitness 

values are summed up and the contribution of each individual to the total sum 

determines its proportional probability of being selected. 

4 Optimisation results  

This section provides a description of the outputs achievable with the optimisation 

tool. The West of Barra & Gran Canaria wind farm's optimisation results are 

presented here to test the implemented approaches and show the procedure to 

reach optimised O&M solutions. The considered simulation period includes: 

1. The first 5 years of the wind farm life with a decreasing failure rate ( 0.5 =

). 

2. The middle 15 years with a constant failure rate ( 1 = ) 

3. The last 5 years with an increasing failure rate ( 1.5 = ). The consideration 

of the failure rate change is presented in the section 3.2.1.  

The majority of input parameters for the optimisation model are the same as in 

the UoE O&M model, but some limitations and coefficients described in section 

3 were further defined and adjusted, see Table 2. 
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Table 2 Main limitations/coefficients in the optimisation model  

Limitations/coefficients  

Totally maximum vessels numbers in the fleet  28 

Number of units 3 

Size population  10 

Generations  40 

oc  0.25 

sc  -0.25 

correctiven (times/ (per year, per turbine)) 1.3 for WoB, 1.6 for 

GC 

inspection turbineC −
 (£/per time) 800 

Maximum inspection number (times/(per year, 

per turbine)) 

15 

 

4.1 West of Barra 

The best fitness value and the average fitness value of the population function 

are monitored from Figure 6 to Figure 8. These results include the cost, reliability 

and availability for the West of Barra.  The unit of cost function in all figures is £ 

in this deliverable. As it would be expected, in a maximisation problem, both 

values should increase as the number of generations increases (for the reliability 

and availability). And both decrease for a minimisation problem (costs). For both 

maximisation and minimisation problems, when the optimal solution is being 

reached, the two trends of best and mean will converge as the number of 

generations increases. This would supply the information to establish the proper 

number of generations. 

Figure 9 compares the Pareto frontiers generated using a GA and a random 

search. The optimised values are obtained considering the objectives to minimise 

costs, maximise reliability and minimise cost/reliability ratio with the superposition 

approach. The random individuals have to be generated, satisfying the same 
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feasibility constraints applied in the GA, but do not follow any evolution process 

that leads to optimisation. In this way, if the extents of the Pareto front obtained 

with the GA are larger than those obtained with the random search, despite it 

cannot be demonstrated that the true Pareto front constituted by the optimal 

solutions is always achieved, the additional value of GA as an optimisation 

method is demonstrated.  It should be noticed that the reliability results have to 

be normalized by the maximum reliability values calculated by considering the 

lowest failure rate of components and all components are overnight repairable. 

 
                (a)                                            (b)                                            (c) 

Figure 6 Trend of best and average individuals along generations for 

minimisation cost: (a) 1 = ,(b) 0.5 = ,(c) 1.5 = , West of Barra 

 

 

                    (a)                                            (b)                                            (c) 

Figure 7 Trend of best and average individuals along generations for 

maximisation reliability: (a) 1 = ,(b) 0.5 = ,(c) 1.5 =  West of Barra 

 

                       (a)                                            (b)                                            (c) 

Figure 8 Trend of best and average individuals along generations for 

maximisation availability: (a) 1 = ,(b) 0.5 = ,(c) 1.5 =  West of Barra 
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(a) 

 
(b) 

 
(c) 

                    

Figure 9 Comparison between the Pareto frontiers generated using a GA and a 

random search respectively. The optimised values are obtained considering 

three objectives (minimise costs, maximise reliability, minimise cost/reliability 

ratio), the reliability is normalised: (a) 1 = , (b) 0.5 = ,(c) 1.5 =  West of Barra 
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(a) 

 
(b) 

 
(c) 

Figure 10 Distribution of generated solutions, with last generation highlighted, 

minimize cost object function, the reliability is normalised : (a) 1 = ,(b) 0.5 =

,(c) 1.5 =  West of Barra 
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Figure 10 , Figure 11, and Figure 12 present both the overall distribution of the 

identified solutions during the GA and the results of the last generation based on 

different objective functions. It can be observed that in each subplot, the majority 

of the solutions is concentrated in the area where the objective is predominantly 

satisfied. The last generation is focused in the area that mostly satisfies that 

objective. The Superposition approach will combine the results of five single-

objective optimisations (described in section 3.3) to take advantage of the 

different directionality of each search procedure as show in the Figure 10 to 

Figure 12. Once all the results are merged, a larger set of possible solutions to 

the proposed problem can be determined. The full objective space explored with 

this approach is much larger with respect to that explored in each individual 

optimisation, providing a comprehensive consideration for the decision-makers. 

Figure 13, Figure 14 and Figure 15 show the optimised solutions using the 

superposition with all single-objective functions described in the section 3.3. 
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(a) 

 
(b) 

 
(c) 

Figure 11 Distribution of generated solutions, with last generation highlighted, 

maximize availability objective function, the reliability is normalised : (a) 1 = ,(b) 

0.5 = ,(c) 1.5 =  West of Barra 
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(a) 

 
(b) 

 
(c) 

Figure 12 Distribution of generated solutions, with last generation highlighted, 

maximize reliability objective function, the reliability is normalised: (a) 1 = ,(b) 

0.5 = ,(c) 1.5 =  West of Barra 
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(a) 

 
(b) 

 
(c) 

Figure 13 2D distributions of all generated solutions throughout the optimisation, 

using the superposition approach, in the function of minimum cost, max 

reliability and the minimum cost between them. The reliability is normalised : (a)

1 = ,(b) 0.5 = ,(c) 1.5 =  West of Barra 
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(a) 

 
(b) 

 
(c) 

Figure 14 2D distributions of all generated solutions throughout the optimisation, 

using the superposition approach, in the function of minimum cost, max 

availability and the minimum cost between them., the reliability is normalised : 

(a) 1 = ,(b) 0.5 = ,(c) 1.5 =  West of Barra 
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(a) 

 
(b) 

 
(c) 

Figure 15 2D distributions of all generated solutions throughout the optimisation, 

using the superposition approach, in function of max reliability and availability, 

the reliability is normalised : (a) 1 = ,(b) 0.5 = ,(c) 1.5 =  West of Barra 

 



 

Deliverable 6.5 
O&M optimization processes 

 

 
 

 

 

 

FLOTANT has received funding from the European Union´s Horizon 2020 

research and innovation programme under grant agreement No.815289 

Doc.Nº: 220427-FLT-WP6_D-6-5_V1 
Date: 27/04/2022 

39 

 

(a) 

 

(b) 

 

(c) 

Figure 16 2D distributions of generated solutions with Pareto frontiers 

highlighted, using the superposition approach with minimum cost, maximum 

availability : (a) 1 = ,(b) 0.5 = ,(c) 1.5 =  West of Barra 
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(a) 

 

(b) 

 

(c) 

Figure 17 2D distributions of generated solutions with Pareto frontiers 

highlighted, using the superposition approach with maximum reliability, 

maximum availability: (a) 1 = ,(b) 0.5 = ,(c) 1.5 =  West of Barra 
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(a) 

 

(b) 

 

(c) 

Figure 18 3D distributions of generated solutions with Pareto frontiers 

highlighted, using the superposition approach with maximum reliability, 

maximum availability, and min cost: (a) 1 = ,(b) 0.5 = ,(c) 1.5 =  West of 

Barra 
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Table 3 Decision variables with minimum ratio between cost and availability, West 

of Barra 

Decision variables First 5 years, 

0.5 =  

Middle 15 

years, 1 =  

Last 5 

years, 

1.5 =  

O&M cost, vessel fee only (m£) 30 222 29.3 

Reliability  0.72 0.97 0.148 

Availability 92% 95.8% 93.1% 

Inspection numbers 

(times/year/device) 

1 1 1 

Vessel numbers* 7,6,7,7 7,7,7,7 6,7,7,7 

Ownership (1 = yes, 0=no) [0. 0. 1. 0.] [0. 0. 1. 0.] [0. 0. 1. 0.] 

Overnight operability allowed 

(1=yes. 0=no) 

[1. 1. 0. 0.] [1. 0. 0. 0.] [1. 0. 0. 0.] 

Seasonality restriction allowed [1. 1. 1. 1.] [1. 1. 1. 0.] [1. 1. 1. 1.] 

Numbers of Components 

Overnight repairability 

15 14 20 

Numbers of Components with 

immediate spares 

18 18 18 

*Four kinds vessels are considered including: a Crew Transfer Vessel (CTV), a Field Support 

Vessels (FSV) and a Heavy-Lift Vessel (HLV). In addition, an Anchor Handling Tug Supply 

(AHTS) vessel. For example, [7 6 5 3] means 7 CTVs, 6 FSVs, 5 HLVs and 3 AHTSs 
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Table 4 The cost and availability differences before/after the optimization with 

minimum ratio between cost and availability objective, West of Barra 

Main results  Before 

optimisation 

After 

optimisation 

Difference 

(%) 

O&M cost, vessel fee only (m£) 475.6 281.3 -40% 

Availability 82.3% 93.6% 13.7% 

 

Figure 16 and Figure 17show the non-dominated solutions, where one objective 

cannot be improved without degrading the other. In order to address this matter 

3D distributions of the generated solutions with pareto frontiers are presented in 

Figure 18. This pareto frontier can be presented to a decision-maker who will be 

able to select one of the non-dominated solutions based on the realistic 

requirements.  

Once one or more Pareto frontiers are highlighted, its related decision variables 

can de decoded. Here, the decision variables with minimum ratio between cost 

and availability in all Pareto frontiers was presented in  

Table 3.  Comparison of the results obtained before and after the optimisation 

indicated by the GA are shown in the Table 4. The vessel fee can have a 40% 

reduction and the availability has a 13.7% increase. 

 

4.2 Gran Canaria 

The optimization results of the Gran Canaria wind farm are presented as below. 

Similar to the results of the West of Barra, these results show the process to find 

the optimal solutions with different objective considerations.  

 

 

 

 

 

 

 



 

Deliverable 6.5 
O&M optimization processes 

 

 
 

 

 

 

FLOTANT has received funding from the European Union´s Horizon 2020 

research and innovation programme under grant agreement No.815289 

Doc.Nº: 220427-FLT-WP6_D-6-5_V1 
Date: 27/04/2022 

44 

 
                (a)                                            (b)                                            (c) 

Figure 19 Trend of best and average individuals along generations for 

minimisation cost: (a) 1 = ,(b) 0.5 = ,(c) 1.5 = , Gran Canaria 

 

 

 

                    (a)                                            (b)                                            (c) 

Figure 20 Trend of best and average individuals along generations for 

maximisation reliability: (a) 1 = ,(b) 0.5 = ,(c) 1.5 =  Gran Canaria 

 

 

 

                       (a)                                            (b)                                            (c) 

Figure 21 Trend of best and average individuals along generations for 

maximisation availability: (a) 1 = ,(b) 0.5 = ,(c) 1.5 =  Gran Canaria 
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(a) 

 
(b) 

 
(c) 

                    

Figure 22 Comparison between the Pareto frontiers generated using a GA and 

a random search respectively. The optimised values are obtained considering 

three objectives (minimise costs, maximise reliability, minimise cost/reliability 

ratio), the reliability is normalised: (a) 1 = , (b) 0.5 = ,(c) 1.5 =  Gran Canaria 
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(a) 

 
(b) 

 
(c) 

Figure 23 Distribution of generated solutions, with last generation highlighted, 

minimize cost object function, the reliability is normalised : (a) 1 = ,(b) 0.5 =

,(c) 1.5 =  Gran Canaria 
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(a) 

 
(b) 

 
(c) 

Figure 24 Distribution of generated solutions, with last generation highlighted, 

maximize availability objective function, the reliability is normalised : (a) 1 = ,(b) 

0.5 = ,(c) 1.5 =  Gran Canaria 
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(a) 

 
(b) 

 
(c) 

Figure 25 Distribution of generated solutions, with last generation highlighted, 

maximize reliability objective function, the reliability is normalised: (a) 1 = ,(b) 

0.5 = ,(c) 1.5 =  Gran Canaria 
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(a) 

 
(b) 

 
(c) 

Figure 26 2D distributions of all generated solutions throughout the optimisation, 

using the superposition approach, in the function of minimum cost, max 

reliability and the minimum cost between them.The reliability is normalised : (a)

1 = ,(b) 0.5 = ,(c) 1.5 =  Gran Canaria 
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(a) 

 
(b) 

 
(c) 

Figure 27 2D distributions of all generated solutions throughout the optimisation, 

using the superposition approach, in the function of minimum cost, max 

availability and the minimum cost between them., the reliability is normalised : 

(a) 1 = ,(b) 0.5 = ,(c) 1.5 =  Gran Canaria 
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(a) 

 
(b) 

 
(c) 

Figure 28 2D distributions of all generated solutions throughout the optimisation, 

using the superposition approach, in function of max reliability and availability, 

the reliability is normalised : (a) 1 = ,(b) 0.5 = ,(c) 1.5 =  Gran Canaria 
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(a) 

 

(b) 

 

(c) 

Figure 29 2D distributions of generated solutions with Pareto frontiers 

highlighted, using the superposition approach with minimum cost, maximum 

availability : (a) 1 = ,(b) 0.5 = ,(c) 1.5 =  Gran Canaria 



 

Deliverable 6.5 
O&M optimization processes 

 

 
 

 

 

 

FLOTANT has received funding from the European Union´s Horizon 2020 

research and innovation programme under grant agreement No.815289 

Doc.Nº: 220427-FLT-WP6_D-6-5_V1 
Date: 27/04/2022 

53 

 

(a) 

 

(b) 

 

(c) 

Figure 30 2D distributions of generated solutions with Pareto frontiers 

highlighted, using the superposition approach with maximum reliability, 

maximum availability: (a) 1 = ,(b) 0.5 = ,(c) 1.5 =  Gran Canaria 
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(a) 

 

(b) 

 

(c) 

Figure 31 3D distributions of generated solutions with Pareto frontiers 

highlighted, using the superposition approach with maximum reliability, 

maximum availability, and min cost: (a) 1 = ,(b) 0.5 = ,(c) 1.5 =  Gran 

Canaria 
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The above results showed the path to find the Pareto frontiers with the 

consideration of maximum reliability, maximum availability and min cost of the 

Gran Canaria. The frontiers house a range solution. Owing to the profitability and 

availability of a wind farm project are always priority considered, the decision 

variables with minimum ratio between cost and availability in all Pareto frontiers 

was decoded and presented in Table 5 and  

 

Table 6. It can be observed that for this optimisation run a 22.5% reduction in 

O&M/vessel cost was achieved, however, this O&M strategy would lead to a 3.7% 

reduction in availability.  

 

 

Table 5 Decision variables with minimum ratio between cost and availability, Gran 

Canaria. 

Decision variables First 5 years, 

0.5 =  

Middle 15 

years, 1 =  

Last 5 

years, 

1.5 =  

O&M cost, vessel fee only (m£) 34.5 266.6 34.3 

Reliability (normalized) 0.67 0.64 0.125 

Availability 94.1% 94.7% 93.2% 

Inspection numbers 

(times/year/device) 

1 1 1 

Vessel numbers 7,7,7,7 7,7,7,7 7,7,7,7 

Ownership (1 = yes, 0=no) [0. 0. 1. 1.] [0. 0. 1. 1.] [0. 0. 1. 1.] 

Overnight operability allowed 

(1=yes. 0=no) 

[1. 0. 0. 0.] [0. 1. 0. 0.] [0. 0. 0. 0.] 

Seasonality restriction allowed [0. 1. 1. 1.] [1. 0. 1. 0.] [0. 1. 1. 1.] 

Numbers of Components 

Overnight repairability 

16 17 14 

Numbers of Components with 

immediate spares 

20 20 20 



 

Deliverable 6.5 
O&M optimization processes 

 

 
 

 

 

 

FLOTANT has received funding from the European Union´s Horizon 2020 

research and innovation programme under grant agreement No.815289 

Doc.Nº: 220427-FLT-WP6_D-6-5_V1 
Date: 27/04/2022 

56 

 

 

 

Table 6 The cost and availability differences before/after the optimization with 

minimum ratio between cost and availability objective, Gran Canaria.  

Main results  Before 

optimisation 

After 

optimisation 

Difference 

(%) 

O&M cost, vessel fee only (m£) 432.99 335.4 -22.5 

Availability 97.7% 94% -3.7% 

 

5 Conclusions 

GAs with a superposition approach were selected to optimise O&M results of the 

West of Barra which were reported in the D6.4. The main input of this optimisation 

model is based on the O&M model outcomes of D6.4. The advanced model 

presented here considers both corrective and preventive maintenance tasks and 

builds the relationship between the variable failure rate, inspection, and wind 

farm's operating time. The main results in address the question of how to find the 

best logistics and maintenance assets. This optimisation model can effectively 

include engineering requirements and financial constraints. With this 

consideration, several strategies can be evaluated in a short time and innovative 

O&M solution, with respect to classical or ordinary solutions for the same farm, 

can be found. However, it should be mentioned that this optimisation model still 

needs to be calibrated with relevant high resolution engineering data, such as 

proprietary failure rate data, to obtain the most accurate results from the UoE 

O&M model.  

Considering the difficulty to choose beneficial candidates when these solutions 

are plotted in terms of the three objective functions considered (cost, reliability 

and availability) simultaneously (Figure 18), section 4 provided a visual 

representation of the solutions (and their Pareto fronts) in terms of two objective 

functions at a time as an alternative. For this deliverable, the profitability of the 

project is prioritised. As a result, decisions are principally based on the 

cost/availability chart because these two criteria are more relevant from a 

profitability perspective (Figure 16). The individual selected to be encoded is also 

considering minimising the ratio between cost and availability.  The associated 

value for the reliability objective function can refine the choice between two or 
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more neighbour solutions in the Pareto frontiers. 

Regarding the GA approach, this deliverable has implemented the superposition 

approach as an effective computationally feasible approach. Further work could 

explore a combination of different approaches for more complex objective 

optimisation problems. The comparative evaluation of different GA approaches 

for the O&M optimisation is out of the scope of this deliverable, but could be 

considered in future work to calibrate and validate the optimisation results before 

any commercial application. 

This work has optimised the O&M strategy for both FLOTANT sites, including the 

vessels, components spares and the preventive tasks arrangements, contributing 

to the design and O&M management of the floating wind farm. This deliverable's 

methodology and results will help to reduce the O&M cost and improve the 

availability of this FLOTANT sites. 
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