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OPERATIONS AND MAINTENANCE COSTS FOR OFFSHORE WIND FARM

ABSTRACT

The following paper will provide valuable information about the operations and maintenance
costs and the different strategies to carry out the maintenance activities.

First of all, a market study of the wind power installations in Europe is presented, in order to
have an approach on which is the situation in the current market: wind power capacity
installed, the most used wind turbine size and the investments done by each country.

Secondly, a distribution and analysis of the basics costs of wind energy is carried out, with the
main purpose of having an overview about all the costs of a wind farm.

In third place, the operation and maintenance costs, the main topic of the thesis, are
introduced and explained in a deeper way, giving different approaches to classify this costs.

Then, a first approach to a strategy to reduce O&M costs is given: combining the maintenance
activities with the harvest mussel.

Consecutively, an analysis of the O&M costs is carried out taking into account different drive
trains and types of generators, in order to see how the different generators affect to different
wind farms located near and far from shore.

Follow up, another study about the failure rate of each subassembly of the wind farm, the
repair times and the unscheduled maintenance is analysed. With this information, the
components who contribute the most to the O&M costs will be highlighted.

After that, the report will move on to show which is the best strategy and the equipment that
must be chosen for each wind farm with different characteristics in order to reduce the O&M
costs. Therefore, for each strategy, the repair costs, the revenue losses and the total O&M
costs will be given.

Finally, the report will give an approach to find out a feasible maintenance solution for the
blade wind turbine by determining an inspection interval and a repair limit.
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OPERATIONS AND MAINTENANCE COSTS FOR OFFSHORE WIND FARM

1. INTRODUCTION

Nowadays, there is a lack of information about the operation and maintenance costs for
offshore wind farm, either because it is so difficult to predict when the maintenances activities
must be carried out due to the unpredictable weather or because the companies are keeping
this information for themselves in order to have a higher profit with the client.

The main goal of this paper is to summarize a lot of valuable content about operations and
maintenance costs by analysing studies that have been carried out with a lot of data taking
into account different circumstances and extract valuable conclusions. Besides, an approach to
the different strategies than can be implemented in order to reduce de O&M costs for
different types of wind farms is given.
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2. MARKET STUDY OF WIND POWER INSTALLATIONS IN EUROPE 2019
2.1 Overview

With the report [1] as the main reference, it can be said that in 2019 wind farm installations in
Europe were 15.4 GW. This is up 27% of 2018 but 10% less than the record year of 2017.

Introducing the current situation of the main countries, onshore wind installations in Germany
continue to fall. Installations in Spain and Sweden rose significantly. Onshore installations
remained stable in France while installations in the UK rose due to offshore additions.

Furthermore, having an overview, 76% of the new installations (11.7 GW) were onshore wind.
Spain, Sweden and France together accounted for 45% of these. Offshore wind was 24% of the
new installations, with a record 3.6 GW of new capacity connected to the grid in 2019. About
half the offshore installations were in the UK, with the rest in Germany, Belgium, Denmark and
Portugal. Installations rose in Norway, Turkey and Ukraine.

With this new installations, Europe has 205 GW of wind energy capacity in total (183 GW
onshore and 22 GW offshore). Also, wind accounted for 15% of the electricity the EU-28
consumed in 2019.

2.2 Wind power installations

In the following diagram (1) it can be seen the new annual on shore and offshore wind
installations in Europe and its tendency.
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Figure 1. New annual on shore and offshore wind installations in Europe. Source: Wind energy in Europe 2019 by
Wind Europe.
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Moreover, figure 2 shows the new onshore and offshore wind installations in Europe in
2019 by each country.
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Figure 2. New onshore and offshore wind installations in Europe in 2019 by each country. Source: Wind
energy in Europe 2019 by Wind Europe.

From this diagram some country highlights can be extracted:

e The UK installed the most wind power capacity in 2019 (2.4 GW) and 74% of that was
offshore.

e Spain (2.3 GW), Sweden (1.6 GW) and France (1.3 GW) led the installation of onshore
wind farms. Germany came four in onshore installations with 1.1 GW.

e Afew countries are investing in offshore wind farms.

Talking about countries, figure 3 shows the total installed wind power capacity by country.
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Figure 3. Total installed wind power capacity by country. Source: Wind energy in Europe 2019 by Wind Europe.
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To summarize this point, in figure 4 it is detailed the new installations in 2019 and the
cumulative capacity for onshore and offshore by each country in order to have an overview.

E£U-28 (MW) NEW INSTALLATIONS 2015 CUMULATIVE CAPACITY 2009°

ONSHORE OFFSHORE ONSHORE OFFSHORE TOTAL
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Portugal &1 B 5428 B 5,437
Romania - - 3,088 3,029
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Spain 2319 - 25,503 5 25,808
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wo 623 1,764 13,570 5,845 23515
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Torkey 686 - 8,056 8,056
Ukraime 637 - 1,170 . 1,170
Totalothers 2190 - 12,581 2 12,563

Figure 4. New installations in 2019 and the cumulative capacity for onshore and offshore by each country. Source:
Wind energy in Europe 2019 by Wind Europe.
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2.3 Wind turbine size

Another key point to be studied is the size of the turbines that have been installed in Europe in
order to see the current position of the wind market. In the following figure 5 and 6 we can see
the number of turbines installed in 2019 and their average power rating by country. The
countries have been split in two groups: in figure 5 countries who are choosing to install more
turbines with a lower average power rating are shown and in figure 6 countries choosing to
install less turbines with a higher average power rating are shown.
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Figure 5. Number of turbines installed in 2019 and average power rating by country. Source: Wind energy in Europe

2019 by Wind Europe.
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Figure 6. Number of turbines installed in 2019 and average power rating by country. Source: Wind energy in Europe
2019 by Wind Europe.
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2.4 Investments in new wind farms

Finally, it is important to see how much money is investing each country to see the relevance
of this growing renewable technology in the energy market. Figure 7 shows the new asset
finance in wind energy from 2010 to 2019. With this diagram the tendency of the investments

can be seen.
30| 20
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25 | =
= 16
S 20| 47
= 12 e
g 5| 10 £
B B =
z 10} & 3
5 | 4 38
c
0 | 0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
mn"m{":h, 84 6.1 5.0 7.2 g8 131 182 75 103 6.0
| Emrtlllhl 81 6.5 67 77 123 131 93 150 146 130
:‘""' o tﬁlﬂm 89 6.3 58 67 100 97 103 114 160 115

Figure 7. New asset finance in wind energy from 2010 to 2019. Source: Wind energy in Europe 2019 by Wind Europe.
Looking at the diagram above and according to Wind Europe:

e The investments in new wind farms in 2019 were 19bn€, a 24% drop on 2018.

e 11.5 GW of the new projects reached Final Investment Decision (FID).

e In monetary terms investments were at their lowest since 2013. The 6bn€ in offshore
wind energy investments was the lowest amount in the last 6 years. However, on
shore investments were solid at 13bn€.

From another point of view, investments in wind energy by each country are shown in figure 8.
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Figure 8. Investments in wind energy by each country. Source: Wind energy in Europe by Wind Europe.
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According to Wind Europe, to summarize this market study some conclusions can be extracted:

3.

The geographical spread of investments was similar to 2018, with the top 3 investor
countries contributing 44% of FID announcements. This compares to 43%, 64% and
73% in 2018, 2017 and in 2016 respectively.

Spain led the way with investments in new wind energy assets in 2019 generating total
financing activity of 2.8bn€, supporting the construction of 2.8 GW of new onshore
wind farms.

France was the largest investor in offshore wind in 2019, with 2.4bn€ for the finance of
a single offshore wind farm, the 480 MW Saint-Naizaire.

The UK was the second largest investor in offshore wind, raising 2.3bn€ for the
financing of the Neart na Gaoithe wind farm.

Sweden raised €2.3bn for the construction of 2 GW of onshore wind farms.
Investment in Germany reached a record low of 300m€, covering 180 MW of onshore
wind projects.

DISTRIBUTION AND ANALYSIS OF BASIC COSTS OF WIND ENERGY

Accordingly, to the European Wind Energy Association and reference [2], the key elements that

determi

ne the basic costs of wind energy are shown in detail below:

Upfront investment costs, mainly the turbines

The costs of wind turbine installation

The cost of capital

Operation and maintenance (O&M) costs

Project development and planning costs

Turbine lifetime and turbine size

Electricity production, the resource base and energy losses

Figure 9 shows the distribution of the costs and the revenues for the wind energy.
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Figure 9. Distribution of the costs and the revenues for the wind energy. Source: European Wind Energy Association.
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In the following points, the main costs of wind energy are going to be discussed.
3.1 Upfront investment costs

Having a more detailed look to the upfront costs which are mainly the costs of the turbine, in
figure 10 it can be seen all the spare parts of the turbine and its share to the total cost of the
turbine. The tower (26.3%), the rotor blades (22.2%) and the gearbox (12.91%) are the most

expensive parts of the turbine.
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Figure 10. All the spare parts of the turbine and its share to the total cost. Source: Wind Directions.

The price of the wind turbine depends on different features. Wind turbines are priced in
proportion to their swept rotor surface area and generally speaking in proportion to roughly
the square root of their hub height. The size of the generator of a wind turbine plays a fairly
minor role in the pricing of a wind turbine, even though the rated power of the generator
tends to be fairly proportional to the swept rotor area. The reason for this is that for a given
rotor geometry and a given tip speed ratio, the annual energy yield from a wind turbine in a
given wind climate is largely proportional to the rotor area.

Wind turbines built for rougher climates, cold temperatures, in deserts or for offshore
conditions are generally more expensive than turbines built for more clement climates.

3.2 Costs of wind turbine installation

According with European Wind Energy Association, the costs of wind turbine installation
include notably:

e Foundations
e Road construction
e Underground cabling within the wind farm
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e Low to medium voltage transformers

e Medium to high voltage substation (sometimes)
e Transport, craning

e Assembly and test

e Administrative, financing and legal costs

As mentioned, these cost elements typically account for some 16%-32% of total investments in
a wind project. The geography in terms of site accessibility and the geotechnical conditions on
the site of the wind farm obviously plays a crucial role in determining the cost of road
construction, cabling and so on. Larger turbines generally have comparatively lower
installation costs per swept rotor areas, and the cost of a number of wind turbine components
such as electronic controllers, foundations and so on varies less than proportionately with the
size of the wind turbine.

3.3 Operation and maintenance costs

As O&M costs are the main topic of the report, it is going to be discussed in the following
points of the paper. But it can be said in advance that they represent an important share of the
total cost of the wind energy.

3.4 Project development and planning costs

Development costs for wind farms may be quite high in some jurisdictions due to stringent
requirements for environmental impact assessments, even in the most favourable cases they
can range between 5 to 10% of the total.

3.5 Contribution to the costs of turbine lifetime and turbine size
The lifetime and the size of the turbine plays a crucial role in the costs of the wind energy.
- Technical lifetime of wind turbines

Usually the lifetime of the wind turbines in a particular local wind climate is 20 years,
although they may survive longer, particularly in low-turbulence climates. Wind conditions
at sea are less turbulent than on land, hence offshore sites are type certified to last 25-30
years on offshore sites.

Moreover, banks and finance institutions require a pay-back of 7-10 years. After the
investment is paid off, the cost of producing electricity from wind energy is lower than any
other fuel based technology and, consequently, generally lower than the electricity price.
The longer the wind turbine runs after the pay-back time the more profitable the
investment. Once the investment is covered, the income from selling the electricity only
has to be higher than the O&M cost, for the turbine to keep running.

- Increase in turbine size

Small wind turbines remain much more expensive per kW installed than large ones. This is
partly because towers need to be higher in proportion to diameter in order to clear
obstacles to wind flow and escape the worst conditions of turbulence and wind shear near
the surface of the earth. But it is primarily because controls, electrical connection to grid
and maintenance are a much higher proportion of the capital value of the system in small
turbines than in larger ones.
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4. OPERATION AND MAINTENANCE COSTS

Operation and maintenance costs make up 25-30% of the total costs of an offshore wind farm.
This is almost as much as the cost of the wind turbines and about as much as the costs of
construction and installation.

O&M costs are related to a limited number of cost components, and include:

e Insurance

e Regular maintenance
e Repair

e Spare parts

e Administration

Some of these cost components can be estimated relatively easily. For insurance and regular
maintenance, it is possible to obtain standard contracts covering a considerable share of the
wind turbine’s total lifetime. Conversely, costs for repair and related spare parts are much
more difficult to predict. And although all cost components tend to increase as the turbine gets
older, costs for repair and spare parts are particularly influenced by turbine age, starting low
and increasing over time. Estimates of O&M costs are still uncertain, especially around the end
of a turbine’s lifetime. Nevertheless, a certain amount of experience can be drawn from
existing, older turbines.

4.1 Estimates of O&M costs based on experiences

Based on experiences in Germany, Spain, the UK and Denmark, O&M costs are generally
estimated to be around 1.2 to 1.5 eurocents (c€) per kWh of wind power produced over the
total lifetime of a turbine.

Spanish data indicates that less than 60% of this amount goes strictly to the O&M of the
turbine and installations, with the rest equally distributed between labour costs and spare
parts. The remaining 40% is split equally between insurance, land rental and overheads.

Figure 11 shows the total O&M costs resulting from a Danish study, and its distribution
between the different O&M categories, depending on the type, size and age of the turbine.
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Figure 11. Total O0&M costs distributed in different categories. Source: Jensen et al.
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From the figure above and regarding [2] some conclusions can be discussed:

e For athree-year-old 600 kW machine, which was fairly well represented in the study,
approximately 35% of total O&M costs covered insurance, 28% regular servicing, 11%
administration, 12% repairs and spare parts, and 14% other purposes.

e In general, the study revealed that expenses for insurance, regular servicing and
administration were fairly stable over time, while the costs for repairs and spare parts
fluctuated considerably.

e Thereis a trend towards lower O&M costs for new and larger machines. So, for a three
years old turbine, the O&M costs decreased from around 3.5 c€/kWh; for the old 55
kW turbines, to less than 1 c€/kWh for the newer 600 kW machines. This means that a
decrease in O&M costs will be related, to a certain extent, to turbine up-scaling.

4.2 Approach of the distribution of O&M costs into OPEX

Taking as a reference the report [3], individual offshore wind turbines currently require about
five site visits per year: one regular annual maintenance visit, and three to four visits in case of
malfunction. With technological progress, this can potentially be reduced to three visits per
year. Operation and maintenance (O&M) visits are carried out by boat or helicopter, which
means that the personnel performing the repair, has to climb onto the turbines. Especially in
rough conditions this is a risky undertaking. Systems need to be developed to ensure the safety
of staff and to expand workability.

To get more insight in the O&M cost structure of offshore wind farms, the total O&M costs are
split over specific O&M disciplines. It starts with the breakdown of the operational
expenditures (OPEX). This breakdown shows that the O&M costs represent 53% of the OPEX
(15% “Operation” + 38% “Maintenance”).

The discipline “Maintenance” is considered to be the combination of all technical, logistic,
administrative and managerial actions during the life cycle of an asset/object. Therefore, the
activity “Port Activities” is considered a part of “Maintenance”. Also, the cost for license fees is
included under “Maintenance”. “Other cost” which are not specified are distributed among
the O&M disciplines: 5% are placed under “Operation” and 7% under “Maintenance” since this
discipline holds more variable and unspecified costs.

The following figure 12 shows the OPEX distribution:

OPEX

15%

Operation
= Maintenance
m Port Activities
m License Fees

m Other cost

Figure 12. Breakdown of operational expenditures (OPEX) of an offshore wind farm. Source: Lagerveld et al. (2014)
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Moreover, the cost share and explanation of the different O&M disciplines in the total life
cycle management of offshore wind farms is detailed, regarding [3]:

e Operations (11%): deals with the primary process.

o Life cycle management (LCM) (7%): is used for the benefit of both operations and
maintenance. LCM takes care of maintenance schedule and planning (3%) and covers
activities that are normally housed under maintenance, thereby leading to a transfer
of 4% from maintenance to LCM.

e Inspective (10%), Preventive (12%), Corrective Maintenance (35%): the overall activity
maintenance is split up into three specific maintenance types.

e Improvement (25%): total O&M cost includes refits, major overhauls and
modifications.

Figure 13 gives three different approach of OPEX offshore windfarm are shown:

Board (2010) approach: AMC approach: Miedema (2012) approach:
OPEX offshore windfarm OPEX offshore windfarm OPEX offshore windfarm

20%

"~ il%opention

7 % Life Cycle Management

ﬁ 25 % Improvements

Figure 13. OPEX breakdown, different distributions. Source: Lagerveld et al. (2014)
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5. FIRST APPROACH TO SOME STRATEGIES TO REDUCE O&M COSTS

Following the reference [3] by Bela H. Buck and Richard Langan, about inspective, preventive,
corrective maintenance and improvement maintenance, previous studies and practical
experiences have shown that in general 50% of the charged maintenance labour are non-
productive time because of waiting. For instance, specific certified personnel, transport
opportunities, acceptable weather windows, adequate spares, tools and equipment.

An example of strategy to reduce this costs could be the combination of wind energy and
mussel production. In that way, these ‘lost hours’ can be reduced to at least 25% of the
charged maintenance labour. This means that, when the labour cost is 60% of the total O&M
cost of a wind farm, a cost reduction of 15% is attainable.

To reduce the waiting time related to O&M of wind farms, and thus reduce O&M costs, there
are several logistical opportunities for synergy. For example, when a multi-purpose ship sails
out for a week to transport a maintenance crew to and from the wind turbines, it can inspect
the longline-installations and/or harvest the mussels, while the crew is busy carrying out the
maintenance work.

When tasks are finished, the ship takes the crew on board again and brings the harvest ashore.
To achieve the pursued cost reductions, the following aspects of synergy are seen as
prerequisites:
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e Clusters of wind turbines.

e Combined Operations and Life Cycle Management.

e Use of multi-purpose support vessels, capable to operate under significant wave-
height conditions of up to 3 m.

e Well-trained staff, capable to operate and maintain all installations.

¢ No additional staff needed for the control room

The previously mentioned assumptions are expected to lead to an overall reduction of O&M
costs by at least 10%. Table 1 shows this reduction:

O&M Disciplines Wind farming (%) Combinations wind and
mussel farming (%)

Operations 11 9

Life cycle management 7 6

Inspective maintenance 10 9

Preventive maintenance 12 11

Corrective maintenance 35 32

Improvement 25 23

Cost reduction - 10

Total 100 100

Table 1. Reduction of O&M costs with mussel farming. Source information: Aquaculture Perspective of Multi-Use
Sites in the Open Ocean.

6. O&M COSTS ANALYSIS TAKING INTO ACCOUNT DIFFERENT DRIVE TRAINS AND
TYPES OF GENERATOR

In this study [4] made by James Carroll, Alasdair McDonald, lain Dinwoodie, David McMillan,
Matthew Revie and Iraklis Lazakis from different universities the O& M costs are estimated
following the combination of different parameters. First of all, a brief explanation of the
different drive train and generator types that have been modelled in this analysis.

There are two different drive train type in this analysis:

e Three stage gearbox with a Doubly Fed Induction Generator (DFIG): this configuration
uses a partially rated power converter (PRC) to vary the electrical frequency on the
generator rotor and hence provide variable speed operation.

e Permanent Magnet Synchronous Generator (PMG): this configuration has three
alternates (3 stage, 2 stage and direct drive) and a power converter rated at the full
rating of the turbine (FRC). Offshore wind turbine designers are increasingly opting for
permanent magnet generators because of their higher efficiencies.

In the reference paper [4] it is assumed that none of the turbines have partial redundancy
available. In the following figure 14 the O&M costs are estimated and classified by different
parameters: two drive train with its generator mode; for near shore, medium and far shore
sites; lost production costs which are shown in black, transport costs shown in dark grey, staff
costs shown in lighter grey and repair costs shown in white.
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Figure 14. 0&M costs estimation classified by different parameters. Source: Availability, Operation & Maintenance Costs of Offshore Wind
Turbines with Different Drive Train Configurations.

Regarding paper [4], some conclusions that can be extracted from figure 14 are:

e Three of the four wind turbine types up to 50km the majority of O&M costs came
equally from transport and lost production costs representing 45% of costs each, with
repair and staff costs representing 5% each.

e For the direct drive turbines, the transport cost was lower because the expensive jack
up vessel was not required due to the absence of the gearbox.

e At the 100km from shore, the rise in lost production costs (from 45% to 65%) due to

the drop in availability is clear, with transport costs making up 28% and staff and repair
costs each making up 3.5% of the overall O&M.
e O&M costs (expressed on an annual basis) are higher for the DFIG configuration than
for the PMG configurations. The lost production costs are higher for the same reasons
as the low DFIG availability. The mean annual transport costs are higher for DFIGs
because the DFIG configuration requires the jack-up vessel more often (due to its
higher overall major replacement failure rate). The staff and repair costs are higher
because the major replacement failure rates for the DFIG configuration are higher than
for the PMG configuration.
e The 2 stage and direct drive configurations have lower O&M costs than the 3 stage
because the downsizing or removal of the gearbox reduce or eliminate the major
replacement failures which are the largest contributors to the O&M costs.
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From the other hand, figure 15 shows the transport costs for 10km, 50km and 100km sites
classified by crew transfer vessels (CTVs) shown by the lines with a square, and heavy lift
vessels (HLVs) vessels shown by the lines with a triangle. Also, The DFIG drive train is shown in
black and the PMG drive trains are shown in different shades of grey.
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Figure 15. Transport costs for 10km, 50km and 100km sites classified by CTVs and HLVs. Source: Availability, Operation &
Maintenance Costs of Offshore Wind Turbines with Different Drive Train Configurations.

According to [4], some conclusions that can be extracted from figure 15 are:

e Across all three sites the PMG turbines have a higher percentage of overall transport
cost for the CTV, this was due to the higher failure rate of the converter.

e The DFIG turbine has a higher percentage of its overall costs attributed to HLVs
because the DFIG has a higher failure rate than the PMG.

e In all drive train types CTVs make up more of the overall transport costs as wind farms
move further offshore and HLVs make up less of the overall transport costs as the wind
farms move further offshore. This was due to the travel times becoming longer as the
sites move further offshore, these longer travel times have a greater effect on CTVs
than on HLVs because there are more CTV trips than HLV trips.

e The difference in the travel cost for each vessel and turbine type remains consistent
across all sites regardless of how far they are from shore. The reason for this is that the
wind farms for all drive train types were the same distance from shore meaning travel
times were increased by the same amount for all vessels regardless of drive train type.

e The direct drive turbine type stands out because its percentage of transport costs for
the CTV is so much higher and HLV is so much lower than the other three drive train
types. This is because the HLV is not needed as often because there is no gearbox to
replace.
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7. O&M COSTS ANALYSIS TAKING INTO ACCOUNT THE FAILURE RATE, REPAIR
TIME AND UNSHEDULED MAINTENANCE

Determining and understanding offshore wind turbine failure rates and resource requirement
for repair are vital for modelling and reducing O&M costs and in turn reducing the cost of
energy. Based on 350 offshore wind turbines throughout Europe this report referenced in
paper [5] by James Carroll, Alasdair McDonald and David McMillan (Wind Energy) provides
failure rates for the overall wind turbine. It also provides failure rates by year of operation,
cost category and failure modes for the components/sub-assemblies that are the highest
contributor to the overall failure rate.

Furthermore, repair times, average repair costs and average number of technicians required
for repair are also detailed in this study. Also, an onshore to offshore failure rate comparison is
carried out. The results of the paper [5] will contribute to offshore wind O&M cost and
resource modelling and aid in better decision making for O&M planners and managers.

Typically, a higher failure rate and greater repair resource requirement leads to a higher cost
of energy. Consequently, wind farm developers try to select wind turbines with low failure
rates and those that require the least amount of maintenance resources.

7.1 Population analysis

All offshore turbines in this analysis carried out in [5] are between 3 and 10 years old and are
from between 5 and 10 wind farms throughout Europe. The full data set consists of over 1768
turbine years of operational data. For confidentiality reasons the exact number of wind
farms/turbines cannot be provided. For the same reasons the exact nominal power, blade size
or drive train configuration of the turbine type used in this analysis is also not provided.

However, it can be stated that it is a modern multi MW scale turbine type with an identical
blade size and nominal power in all turbines. It can also be stated that it is a geared turbine
with an induction machine. As a guide to the size of the turbine type, the rotor diameter is
between 80 m to 120 m and the nominal power is between 2 and 4MW.

As it can be seen in the figure 16, 68% of the population analysed is between 3 and 5 years old
and 32% is greater than 5 years old.
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Figure 16. Population of the analysis. Source: Failure rate, repair time and unscheduled O&M cost analysis of
offshore wind turbines.
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7.1.1 Failure definition

This analysis [5] defines a failure as a visit to a turbine, outside of a scheduled operation, in
which material is consumed. Material is defined as anything that is used or replaced in the
turbine, this includes everything from consumable materials to replacement parts such as full
IGBT units and full generators.

What is not include in this definition, so neither in this analysis are faults that are resolved
through remote, automatic or manual restarts. However, if the faults that are resolved
through remote, automatic or manual restarts repeatedly occur and they require a visit to the
turbine in which material is used, the failure is then subsequently captured in this type of
failure definition.

7.1.2 Failures rates and failure rates categories

This analysis [5] provides failure rates per turbine per year, and the formula used to determine
this failure rate is seen below:

1 K MNik
i:lzk:l ' /Nl

T.
Si=1 /8760

A = failure rate per turbine per year

| = number of intervals for which data are collected
K =the number of subassemblies

n; x = the number of failures

N; = the number of turbines

T; = the total time period in hours

The numerator is the sum of the number of failures in all periods per turbine. The denominator
is the sum of all time periods in hours divided by the number of hours in a year.

There are three failures group categories:

1) Minor repair: cost < 1.000€
2) Major repair: 1.000€ < cost < 10.000€
3) Major replacement: cost > 10.000€

*these costs are based just on material, the travel time and lead time are not included. In that
way, repair costs are separated from distance costs and this is useful for the modelling of O&M
costs of wind farms at varying distance from shore.
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7.1.3 Method

A leading wind turbine manufacturer provided access to their offshore work order and
material usage databases. The work order database is a database in which every piece of work
carried out on the turbine is recorded and the material usage database is the database in
which every material used on the turbine is recorded.

These two databases were connected with bespoke code created in SQL (a standard language
for accessing databases) using work order numbers to match up the work carried out with the
material used on the turbine. The data was also cleaned to remove any scheduled operations
such as scheduled services or scheduled inspections.

Once each failure is identified, its total material cost is calculated and the failure is then
categorized as a minor repair, major repair or major replacement as described in the previous
section. Each failure is then put into a subassembly/component group. The failure group of
each work order is determined by reading through the work order long text in which the wind
turbine technician provides a brief description of the work carried out. The number of
technicians and repair time required to repair the failure is also determined from the work
order database. The average cost of failure is determined by adding the cost of each material
used for each work order and calculating the average for each sub assembly.

In this flow diagram we can see the method used:

Calculate
Process and

clean failure
rate data from
work order and
material usage
databases using
SQL and Excel

Calculate the
cost of each
failure through
adding the
material cost of
each work order

Work order and
material usage
data access

average repair
time and
average number

Determine
which sub-
assembly the
failure belongs

Categorise the

failures basd on
their cost

agreed with
leading
manufacturer

of technicians
required for
repair based on
the work orders

Figure 17. Method flow diagram. Source information: Failure rate, repair time and unscheduled O&M cost analysis of offshore wind
turbines.

7.2 Results and discussion

After having done the analysis, regarding paper [5] the results showed that the average failure
rate for an offshore wind turbine is 8.3 failures per turbine per year. This consists in 6.2 minor
repairs, 1.1 major repairs and 0.3 major replacements. 0.7 failures per turbine per year had no
cost data so they could not be categorized.

7.2.1 Failure rate by wind turbine subassembly/component and by failure cost
category

In the figure 18, the vertical hatching represents failures that have no cost data available, the
horizontal hatching represents minor repairs costing less than 1.000€, the diagonal hatching
represents major repairs costing between 1.000€ and 10.000€ and the solid black sections
represent major replacements costing over €10,000.
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Figure 18. Failure rate by wind turbine subassembly and failure cost category. Source: Failure rate, repair time and unscheduled O&M cost
analysis of offshore wind turbines.

According to [5] and looking at this figure of the data analysed some conclusions can be
extracted:

e The biggest contributor to the overall failure rate for offshore wind turbines is the
pitch and hydraulic systems. The pitch and hydraulic systems make up 13% of the
overall failure rate.

e ‘Other Components’ is the second largest contributor to the overall failure rate with
12.2% of the overall failures. This group consists of failures to auxiliary components
which enable the other systems to function such as lifts, ladders, hatches, door seals
and nacelle seals.

e The generator, gearbox and blades are the third, fourth and fifth biggest contributors
to the overall offshore failure rates with 12.1%, 7.6% and 6.2% respectively.

e When minor repairs alone are considered the pitch and hydraulic systems as well as
the ‘Other Components’ group are again the largest contributors making up 26% of the
failures for the minor repair category.

e The lack of major repairs or major replacements in the other components section is
explained by the fact that the majority of the repairs have lower value components
such as repairs to lifts, ladders, hatches and seals.

e The greatest contributor to the major repairs of the turbine is the generator, here 30%
of the failures are in the major failure category.

e It can be seen that the power supply/converter has a high percentage of major repairs,
this is because of IGBT issues and the cost of replacing an IGBT pack being between
€1000 and €10,000.

e Generator and gearbox failures make up 95% of all failures in the major replacement
category. The gearbox has more failures than the generator.
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7.2.2 Overall failure per year of operation

The figure 19 below shows the failure rates per year of operation. It can be seen that the
failure rate has a slight downward trend in the first 5 years. There is a failure rate spike in year
6 before another downward trend. Further investigation into this increased failure rate in year
six showed a spike in pitch and hydraulic failures.
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Figure 19. Overall failure per year of operation. Source: Failure rate, repair time and unscheduled O&M cost analysis
of offshore wind turbines.

7.2.3 Detailed analysis on top three failure modes

As it has been seen before, the top three subassemblies contributing to offshore failures are
the pitch/hydraulic systems, other components and the generator. As a means of identifying
the vital few failure modes from the trivial many, the following graphs show the top five failure
modes in each subassembly.

Figure 20 shows that oil and valve issues make up about 30% of the overall pitch/hydraulic
failures with a further 20% consisting of actuator, sludge and pump repairs or replacements.
Oil issues consist of failures like leaks, unscheduled oil changes and unscheduled oil top ups.
Sludge issues consist of failures in sensors and leaks. The majority of valve, accumulator and
pump issues are resolved through valve, accumulator and pump replacements.
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Figure 20. Top five failure modes in pitch/hydraulic systems. Source: Failure rate, repair time and unscheduled
O&M cost analysis of offshore wind turbines.
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Figure 21 shows that door hatch and skylight issues are the largest contributor to the ‘other
components’ failure group with approximately 25% of all failures in this area. The remaining
four issues in the top five are covers, bolts, lighting and repairs to the lift, each of which
contribute around 5% to the overall failure rate.
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Figure 21. Top five failure modes in other components. Source: Failure rate, repair time and unscheduled O&M cost
analysis of offshore wind turbines.

Figure 22 shows that slip ring issues are the largest contributor to the generator failure group
with approximately 31% of all failures in this area. The remaining four issues in the top five are
bearing issues, problems with the generator grease pipes, issues with the rotor and fan
replacements.
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Figure 22. Top five failure modes in generator. Source: Failure rate, repair time and unscheduled O&M cost analysis
of offshore wind turbines.
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7.2.4 Impact of the wind speed in the failure rate

The paper [5] also shows the average failure rate and average wind speed for each of the
turbines in this population which is plotted in figure 23. It can be seen there is an overall trend
for turbines that are sited in areas with higher wind speeds to experience higher failure rates.
The slope of the line in figure 23 is 1.77 showing a stronger correlation.
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Figure 23. Average wind speed and average failure rate. Source: Failure rate, repair time and unscheduled O&M cost
analysis of offshore wind turbines.

7.3 Onshore to offshore comparison

A similar analysis was carried out for the generator and converter failure rates for onshore
wind turbines in paper [5]. Figure 24 shows the onshore generator failure rates in grey and the
offshore generator failure rates in black. It can be seen that overall the onshore failure rate is
approximately eight times less than the offshore failure rate. This higher failure rate for
offshore is evident across each of the three failure cost categories, minor repair, major repair
and major replacement.
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Figure 24. Onshore vs offshore generator failures rates. Source: Failure rate, repair time and unscheduled O&M cost
analysis of offshore wind turbines.

In figure 25 the onshore converter is shown in grey, and the offshore converter is shown in
black. It can be seen that the total difference in failure rate for the converter is less than the
total difference in failure rate for the generator. Overall there are around 40% more failures
for the offshore converters than there are for the onshore converters.
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Figure 25. Onshore vs offshore converter failures rates. Source: Failure rate, repair time and unscheduled O&M cost
analysis of offshore wind turbines.

Regarding paper [5], there are a number of possible explanations for the lower onshore failure
rate. One may be that offshore sites have a higher average wind speed than onshore sites and
as seen in figure 23 this in turn leads to a higher failure rate. Another reason could be that
onshore turbines are maintained to a better standard because of easier access which in turn
reduces failures.

The harsher environment offshore may also contribute to the difference in failure rate from
onshore to offshore. For components outside the nacelle such as blades and towers this will
most likely be the case.

7.4 Average repair time and cost per failure category

In this analysis [5] the offshore repair time is defined as the amount of time the technicians
spend in the turbine carrying out the repair. Unlike downtime it does not include travel time,
lead time, time added on because of inaccessibility and so on. In figure 26 it can be seen the
repair time per failure category and subassembly.
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Figure 26. Repair time per failure category and subassembly. Source: Failure rate, repair time and unscheduled O&M cost analysis of offshore
wind turbines.

UNIVERSITAT POLITECNICA 29
DE CATALUNYA
BARCELONATECH



OPERATIONS AND MAINTENANCE COSTS FOR OFFSHORE WIND FARM

Some conclusions we can extract taking into account paper [5] from this chart are:

e As expected it can be seen that the highest repair times occur in the major
replacement category shown in black.

e The top three average repair times occur in the hub, blades and gearbox.

e It should be noted that even though the hub and blades have very high repair times for
major replacement, the effect on overall availability will be quite low because of the
fact that their failure rate (shown in figure 18) is low.

On the other hand, figure 27 shows the average repair costs for each sub-assembly and
severity category. The average costs are shown in Euros and include the cost of materials only.
They do not include labour costs or compensation costs paid to the operator for downtime.
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Figure 27. Average repair costs for each sub-assembly and failure category. Source: Failure rate, repair time and unscheduled O&M cost
analysis of offshore wind turbines.

Some conclusions that are stated regarding [5] from this chart are:

e It can be seen that the chart is dominated by the average costs of the major
replacements.

e The average cost of major repairs and particularly minor repairs are far less significant
in this graph because they are so small in comparison to the average cost of major
replacements.

e The gearbox has the highest average cost per failure with a major replacement costing
230.000€ on average. The fact that the gearbox has a high major replacement failure
rate and repair time also suggests that it will be one of the largest contributors to the
overall O&M costs for the offshore turbine.

e The second and third highest average costs are the hub and blades respectively. Even
though these components have high average costs of repair and high repair times, the
fact that their major replacement failure rate is so low means that their contribution to
the overall annual O&M cost will be relatively low in comparison to the gearbox and
generator.
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7.5 Average number of technicians required per failure category

In figure 28 it can be seen the average number of technicians required for repair, which is the
average of the number of technicians that recorded time working on repairing a failure to a
subassembly/component in one of the three failure categories.
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Figure 28. Average number of technicians required per failure category. Source: Failure rate, repair time and unscheduled O&M cost
analysis of offshore wind turbines

According to [5], some conclusions we can extract from this pareto chart are:

e The blades, gearbox and hub require the most technicians when a failure occurs. Once
again it is the gearbox that will contribute more than the blades and hub to the annual
labour costs because of its higher failure rate.

e |t can be seen that up to twenty technicians are used in some of the major
replacements. However, this does not necessarily mean that twenty technicians are
working on the repair for the full repair time.

7.6 Conclusions of the analysis

This analysis is unique in providing all of the input requirements to model the O&M costs of an
offshore wind farm. The failure rates, failure costs, average repair times and average number
of technicians required for repair from this study combined with an offshore accessibility
model allow for the calculation of offshore wind farm O&M costs. Regarding [5], to summarize
this analysis it can be say that:

e The average failure rate for an offshore wind turbine levels out at approximately 10
failures per turbine per year by a wind farm’s third operational year. With around 80%
of those repairs being minor repairs, 17.5% major repairs and 2.5% major
replacements.

e The subassemblies/components that fail the most are the pitch/hydraulic system, the
other components group and the generator. The biggest failure modes in these groups
are oil issues for pitch/hydraulic, door/hatch issues for other components and slip ring
issues for generators.

e Offshore shows a stronger correlation meaning that there is higher failure rate with
higher wind speeds offshore.

UNIVERSITAT POLITECNICA
DE CATALUNYA
BARCELONATECH

31



OPERATIONS AND MAINTENANCE COSTS FOR OFFSHORE WIND FARM

e Generators and converters have a higher failure rate offshore than onshore.

e The hub, blades and gearbox have the highest repair times, repair costs and number of
technicians required for repair out of all the components in an offshore wind turbine.
However, as the major replacement failure rate is so low for the hub and blades they
are not likely to contribute as highly as the gearbox or generator to the overall 0&M
costs.

8. O&M STRATEGIES SIMULATING A MODEL FOR 5 WIND FARMS

Another report called Reference O&M Concepts for Near and Far Offshore Wind Farms by
Ashish Dewan and Masoud Asgarpour [6], show us that a major contributor to high O&M
costs is downtime caused by accessibility restrictions, restriction times caused by rough
weather conditions offshore and the complexity of maintenance tasks.

It is said that the existing accessibility models considers very few metocean parameters such as
wind speed and significant wave height, but in reality, offshore wind accessibility is much more
complex. A new accessibility model should be defined, where metocean data are first
translated to vessel hydrodynamics and then, vessel motion is translated to human fatigue and
workability. But first of all, in order to demonstrate the added value of this model the O&M
costs and downtime has to be calculated using both models. The modelling results achieved in
this report are performed with the existing model of accessibility.

In this case of study [6], all three offshore wind farms are considered: near shore, far offshore
and floating offshore. Five reference wind farms are selected representing current and future
near shore and far offshore farms are defined.

As it is said before, O&M costs are around 25-30% of the life cycle costs of offshore wind
farms. The unplanned maintenance costs are contributing to 90% of total O&M costs, where
28% is due to downtime and revenue losses.

8.1 Phases executed for modelling

According to [6] ECN is a market leader and developer owner of industry standard O&M
strategy modelling tools designed especially for offshore wind. In this report, “ECN O&M
Access” tool is used to model and calculate different strategies.

In this project [6] access vessels during transit, approach and transfer phases are modelled and
the execution has been divided in three steps:

1. Translation of sea data into vessel hydrodynamics during transit, approach and
transfer phases.

2. Translation of vessel hydrodynamics into human fatigue and operability. In this part
different features are taking into account: seasickness, postural stability, motion
induced fatigue, sleepiness and motion induced interruption.

3. Translation of human operability into total O&M costs.

8.2 The five wind farms

In the following tables we can see detailed the different characteristics of the five wind farms
chosen for this study.
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Wind farm A has been categorised with its characteristics due to popularity of 4-6 MW
turbines and the combination of 400MW wind farm size and 4 MW that industry has matured.
An example of wind farm in this category would be Sheringham Shoal wind farm in UK
(existing) and Horn Rev 3 offshore wind farm in Denmark (planned).

Parameters Wind farm A
Capacity of wind farm (MW)
Number of turbines
Turbine size (MW)

Distance from harbour (km)
Water Depth (m)

Values
400
100

4

30

20

Table 2. Characteristics wind farm A. Source information: Reference O&M Concepts for Near and Far Offshore Wind

Farms.

Wind farm B has been modelled due to the gradual progress on wind turbine size of
6MW/7MW/8MW. This is an alternative of wind farm A with larger machines and less number
of turbines, the other parameters remained equal.

Parameters Wind farm B
Capacity of wind farm (MW)
Number of turbines
Turbine size (MW)

Distance from harbour (km)
Water Depth (m)

Values
400

50

8

30

20

Table 3. Characteristics wind farm B. Source information: Reference O&M Concepts for Near and Far Offshore Wind

Farms.

Wind farm C has been modelled following the increasing interest of wind farm developers in a
central zone of the North Sea. This place is far-off from the coast and the water depth is not
that deep. Also it makes sense to consider large offshore wind farms for these sites.

Parameters Wind farm C
Capacity of wind farm (MW)
Number of turbines
Turbine size (MW)

Distance from harbour (km)
Water Depth (m)

Values
800
200

4

150

30

Table 4. Characteristics wind farm C. Source information: Reference O&M Concepts for Near and Far Offshore Wind

Farms.

Wind farm D has been modelled as an alternative of wind farm C where water depths in the
North Sea are higher. Those sites are deep enough to opt for Jackets. Another difference is the

size of the wind turbine (8MW).

Parameters Wind farm D
Capacity of wind farm (MW)
Number of turbines
Turbine size (MW)

Distance from harbour (km)
Water Depth (m)

Values
800
100

8

150

50

Table 5. Characteristics wind farm D. Source information: Reference O&M Concepts for Near and Far Offshore Wind

Farms.
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Wind farm E has been modelled because of the increase interest in floating machines. The
wind farm is more or less similar to wind farm B in terms of capacity, number of turbines and
turbine size. The distance to the shore is close and the water depths are really deep.

Parameters Wind farm E
Capacity of wind farm (MW)
Number of turbines
Turbine size (MW)

Distance from harbour (km)
Water Depth (m)

Values
400

50

8

20

200

Table 6. Characteristics wind farm E. Source information: Reference O&M Concepts for Near and Far Offshore Wind

Farms.

In the following picture 1 it can be seen the location of the wind farms and the harbours for

the corresponding wind farm.

munmrn;u)
20 bavw, 2000w Flosling

Wind §aeem A (00" 4MW)
W R M Monoplle

Wined § arm € (200° @MW)
Kingdomni® & RIS
150 hima, 50 . Jacket

w of Man = ’

Wind Faem B (S0 Saw " 0 \
10 ks, 20 m, )

Monoprie
1w Netherlands
g

| *
3 C ey ,
at - - Comsenr
’ .' . ‘I .”.m
L »
v Belgium

’ * Denmark

Germany

Figure 29. Wind farms location. Source information: Reference O&M Concepts for Near and Far Offshore Wind

Farms.

8.3 O&M equipment

The equipment with which technicians access the wind and repair the turbines influences a lot
the O&M costs. In this study [6] it is taken into account specific equipment for O&M.

e Crew Transfer Vessels (CTVs): are the most commonly used way to access to wind
turbines. It is a cost-effective and fast solution. There are 3 types: Rigid Inflatable Boats
(RIBs), Workboats or catamarans, SWATH vessels. The choice of using a CTV is based
on the capacity of technicians, the spare parts required, the distance of the wind farm

form shore and his operability.

e Gangway: is an access system, this system can either be mounted on the foredeck

compensating vessel’s motions or on the turbine’s structure.
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e Helicopters: are used when the weather accessibility is low and there is a rather urgent
requirement of crew transfer. The maintenance trips are shorter. The technical and
economic feasibility of helicopters is based on the weather conditions, the size of the
wind farm and the distance.

e Mother vessels or SOV (Service Offshore Vessel): to host a lot of technicians, spare
parts and repair facilities for a longer time offshore, allowing O&M tasks to be more
efficiently conducted and avoiding longer transfer time.

e Towing vessels: to tow big size components to the wind farm. For example, a jack-up
barge. It takes 72 hours to mobilize and demobilize.

In table 7 the equipment used in this study [6] is shown with their costs, the number of
equipment available, the speed, the travel and transfer weather limit (limit wave height and
maximum speed) and the maximum technicians they can bring in.

CTV-S CTV-XL CTV-S + CTV-XL + Helicopter Mother vessel
(small) (large) Gangway Gangway *corrective or SOV
Number of equipment 3 3 3 3 1
available (shared?)
Cost of the equipment 350K€/year  500K€/year  600K€/year  750K€/year 12M€/year +
(shared) + 100€/trip + 500€/trip + 100€/trip + 500€/trip 100€/trip
Number of equipment 3 3 3 3 1 1
available (condition?)
Cost of the equipment ~ 1500€/day 2250€/day 1500€/day 2250€/day 6000€/day 2250€/day +
(condition) +100€/trip  +500€/trip  + 100€/trip  + 500€/trip 100€/trip
Maximum technicians 12 12 12 12 6 60
Speed 20 knots 25 knots 20 knots 25 knots 120km/h 25 knots
Travel and transfer 1.5m 2.0m 2.0m 2.5m 99m 3.0m
weather limit 12m/s 15m/s 12m/s 15m/s 20m/s 17m/s

Table 7. Equipment used and its costs. Source information: Reference O&M Concepts for Near and Far Offshore Wind

Farms.

1.Shared means that the equipment is shared between Corrective and Calendar based maintenance.
2.Condition means when there is a non-scheduled maintenance to be done.

8.4 O&M Strategies

According to paper [6], some of the main problems related to O&M strategy are: more
flexibility in terms of boarding the foundations in adverse weather, more suitable offshore
vessels at lower cost, crew stationed close as possible to the wind farm. There are no clear
strategies defined for running cost-effective O&M, so this report includes the main concepts
and strategies classified on whether the maintenance performed is shore based, offshore
based or hybrid.

8.4.1 Shore based O&M strategy

It refers to the maintenance being located onshore. It means that there is a certain harbour
location from where the offshore wind farm is being operated. This strategy would be more
applicable to the already existing wind farms which are relatively closer to shore. In this case,
the crane limits and access vessel limit are set as IMT for 4AMW wind turbine and 3MT for
8MW machines. The following strategies onshore based are listed:
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CTV
without
access
gangway

CTV with
access
gangway

CTV with
helicopter
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Description

The service staff is brought at offshore site by
CTV’s and transferred from vessels to the
turbines. These strategies are expected to work
only under calm waters. For heavy components
replacements, access to the turbine is provided
via a gangway from a jack-up vessel.

Improves the performance of the CTV’s by
providing small ladder system or gangways.
These gangways improve the transfer in terms
of safety and technical specifications. This
strategy will be chosen if the extra O&M costs
for the gangways are recovered by higher
power production or lower downtime.

Used when the wave height of 1.5m is reached.
Helicopters also provide the possibility to reach
the wind farm under high wind conditions. The
strategy is useful if the expensive lease cost of
helicopters are covered by higher availability of
the wind farm.

Application to the case
Following this strategy for Wind
Farm A, the availability (% energy
based) is projected to be around
93.1% and the total O&M effort is
estimated at 44.5M€/year.

For Wind Farm B without an access
gangway, the percentage yield-
based availability is estimated at
94.40% with corresponding O&M
effort being 35.85 M€/year.

For the same wind farm B, adding a
gangway into the system improves
the yield-based availability
marginally to 94.8%, reducing the
overall O&M effort to 35.14
M<€/year. The added value of such
a strategy will be more prevalent
with a wind farm (Wind Farm A)
with more number of turbines.
Using this strategy adds value to
Wind Farm B

Table 8. Onshore strategies. Source information: Reference O&M Concepts for Near and Far Offshore Wind Farms.

The strategies mentioned in the table 8 above are conventional strategies and have been in
operation for a long time. According to [6] the following strategy is more innovative:

e A CTV with an access gangway is situated mostly near the Offshore High Voltage

Station

(OHVS).

e The technicians are always transported by the helicopter to the helipad situated at the

OHVS.

e The spare parts up to 1T/4T based on turbine size (4AMW/8MW) are stored in a storage
place in OHVS. The spare parts are re-furnished with a feeder vessel every month or

two months.

e In case of large repairs or replacement, jack-up vessels are used.

The added value of such a strategy is that it reduces the travelling time, still providing safer
transfer through CTV with gangway. Moreover, the smaller spare parts are also always
available offshore. The said strategy will be more of added value for a wind farm with more
than 75-80 turbines. The harbour based strategies discussed above is one of the approach
which currently the industry is approaching.

8.4.2 Offshore based O&M strategy

It refers to the maintenance being located offshore. This strategy is applicable for large
offshore wind farms which are more far than 50km. Due to water depth, distance from shore
and number of wind turbines makes it more expensive than the maintenance onshore. As the
onshore strategies, the crane limits and access vessel limit are set as 1IMT for 4AMW wind
turbine and 3MT for 8MW machines.
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Offshore
permanent
base

Offshore
Floating
Base
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Description

Are quite expensive to be constructed and
installed. Nevertheless, 30-40 technicians can
be accommodated, house small spare part and
also provide a helipad location. In addition, a
CTV’s could be situated near the offshore
permanent base. This will provide faster
reaction time and will limit the travelling time.
An alternate to the fixed structure. This refers
to the use of Service Operating Vessel (SOV).
The SOV’s are located offshore in the proximity
of the wind farm. The benefits are the SOV
itself involve the maintenance activity and
provides better performance abilities with
weather restrictions, less travelling time, less
time to access the wind plant, it reduces

downtime. The drawback of this strategy is high

vessel costs and the long periods of offshore
stay for technicians.

Application to the case
For wind farm C, such strategy is
totally worth it.

A scenario is modelled for wind
farm D with a floating base with
CTV and spare parts stored on it.

Table 9. Offshore strategies. Source information: Reference O&M Concepts for Near and Far Offshore Wind Farmes.

8.4.3 Hybrid based O&M strategy

It refers to the strategies with mixed character. Currently those strategies are not into practice,
but they possess a lot of potential taking into account the cost-effectiveness of these options.

Strategy
Multiple
harbours

Sharing
Logistics

Ownership
of jack-up
barge

Description
The maintenance resources such as spare parts
and vessels can be split between two harbour

locations. This strategy can be employed if there

is smaller port near the offshore wind farm and
the traveling time can be reduced. It requires

efficient coordination between the two location.

Shore based strategy

For multiple wind farms close to each other.
Allow to cluster the maintenance activity from
the same harbour by sharing resources like
vessels, equipment and spare part storage
inventory.

Offshore based strategy

Implementing the operation base permanent
structure considering many far-offshore wind
farms with the same owner and share the
permanent structure base or floating vessel
base.

Jack-up barge is an expensive vessel costing
more than 125k/day. It is employed for large
replacement activities and are contracted for a
short period time. In addition, they have high
mobilisation time (30 days) and high
mobilisation costs (350k€).

Instead of leasing these jack-up vessels, an
alternate would be to purchase them, avoiding
the costs mentioned above, but the operator
has to make sure it is profitable.

Application to the case
Applying this strategy for Wind
Farm B will lead to a potential
saving of 0.5M€/year.

Shore based strategy

Considering two identical Wind
Farm B of 400MW, the sharing of
resources and harbour will lead to a
saving of 14.5M€/year for both
wind farms.

Offshore based strategy
Considering two identical Wind
Farm C, sharing the permanent base
will lead to a saving of 28.5M€/year
compared to two wind farms with
their own permanent bases.

This jack-up vessel could be used for
all the wind farms under the same
owner. In that way, the waiting time
to arrange the jack-up vessel is
minimum and the operator can
prioritize his replacements.

Table 10. Hybrid strategies. Source information: Reference O&M Concepts for Near and Far Offshore Wind Farms.
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8.4.4 Floating turbines O&M strategy

This strategy requires a modification to the conventional way of the maintenance operation. In
theory, floating turbines should have reduced offshore O&M costs. The floating turbines that
have been installed are just prototypes to gain experience and knowledge about this industry.

The costs of the platform, moorings and anchors are profited by the lower installation costs
and cheaper repairs costs for major components. If there is a major failure in the turbine, this
can be towed back to port.

This strategy is applied to Wind Farm E.
8.5 Case study: choice of strategy for each wind farm

Following the paper [6], some assumptions have been made for the O&M strategy for all the
case studies:

e General
- Weather data for the five chosen sites are representative of those locations.
- The minimum length with good weather to perform a repair is 2 hours.
e Components
- Three types of maintenance performed: corrective maintenance where the action
is performed after a failure happens, calendar maintenance where action is
performed on a fixed regular schedule, condition maintenance where action is
performed before a part breaks down requiring a constant monitoring of different
components.
- The failure rate of components is constant over time
e Equipment
- There is a primary access vessel (CTV or SOV).
- Other equipment included are jack-up vessel, david crane, cable repair vessel and
diving support vessel.
e Personnel
- There are 36 technicians for all type of maintenance.
- The technicians work for a 12 hours shift, starting at 7:00 am.

8.5.1 O&M strategy wind farm A

For this type of wind farm (400MW wind farm, 4MW turbines, 30KM from harbour) the
harbour or shore based strategy is chosen. It is assumed that the regular corrective and
calendar maintenance (repair and replacement) are performed with CTV with gangway. In the
following table 11 the KPI’s are summarized.

Output KPI's

Availability (time) 94.6%

Availability (yield) 94.3%

Costs per kWh 2.33 c€/kWh

Repair costs 30.7 M€/year

Revenue losses 10.5 M€/year

Total O&M effort 41.2 M€/year
Table 11. KPI for wind farm A strategy. Source information: Reference O&M Concepts for Near and Far Offshore
Wind Farms.
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Some conclusions that can be extracted according to [6] are:

e The use of CTV’s with access gangway allow the technicians to work under rough
weather conditions leading to an added time or yield availability of more than 1%
comparing with the case there is no gangway.

e The extra costs of using the gangway is recovered from lower revenue losses, leading
to O&M effort 3M€/year less than the case without gangway.

e The revenue losses represent the 25,4% of the total O&M costs and the repair costs
the 74,6%.

8.5.2 O&M strategy Wind Farm B

Wind Farm B is located 30km offshore with 50 turbines of 8MW. For this wind farm many
options are explored.

8.5.2.1 Harbour or shore based strategy

- The regular corrective and calendar based maintenance are performed with CTV.

- The helicopter is an additional equipment when the CTV is not able to operate.

- The cost of spare parts has increased proportionally to reflect it as an 8MW
turbine.

In the following table 12 the KPI’S are summarized.

Output KPI's

Availability (time) 94.8%

Availability (yield) 94.6%

Costs per kWh 1.53 c€/kWh

Repair costs 23.7 M€/year

Revenue losses 11.6 M€/year

Total O&M effort 35.3 M€/year
Table 12. KPI for wind farm B strategy. Source information: Reference O&M Concepts for Near and Far Offshore
Wind Farms.

Some conclusions are extracted regarding [6]:

e The time or yield availability increase 0.2% due to the helicopter, compared with the
case just with the CTV

e The extra cost of the helicopter is recovered from lower revenue losses. Therefore, the
total O&M effort is 0.5 M€/year less than the case without helicopter.

e The revenue losses represent the 32,8% of the total O&M costs and the repair costs
the 67,2%.

8.5.2.2 Hybrid O&M strategy

- Two wind farms are considered similar with the same set of turbines.

- Abasic CTV is considered, 3 workboats and 36 technicians

- The cost of spare parts has increased proportionally to reflect it as an 8MW
turbine.

In the following table 13 the KPI’'S are summarized.
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Availability (time)
Availability (yield)
Costs per kWh
Repair costs
Revenue losses
Total O&M effort

Output KPI's

94.8%

94.6%

1.09 c€/kWh
33.6 M€/year
23.6 M€/year
57.3 M€/year

Table 13. KPI for wind farm B strategy. Source information: Reference O&M Concepts for Near and Far Offshore

Wind Farms.

Some conclusions are extracted regarding [6]:

e The availability achieved for the two wind farms sharing the harbour and resources is

high.

e Money is saved in the overall repair cost and cost per kwh are lower. This hybrid
strategy should be encouraged due to the savings that can be achieved in the O&M

effort.

e The total O&M per each wind farm would be 28,65M€/year, which is 6,65M€/year
cheaper than the option with CTV + helicopter.
e The revenue losses represent the 41,2% of the total O&M costs and the repair costs

the 58,6%.

8.5.3 O&M strategy Wind Farm C

Wind Farm Cis modelled as an 800MW far-offshore wind farm with 200 turbines of 4AMW each
located 150 km from the shore of UK and 30 m depth. Dedicated offshore based strategy with
permanent base with provision of spare part and assisted by CTV is chosen. Some assumptions

regarding [6]:

- The base provides an arrangement to park CTV at the offshore location. The
offshore base also has a provision of storing all the spares below 1MT. The fixed
cost of a permanent base is estimated to be 200K€/year.

- The spare parts are supplied by a feeder vessel with a fix cost of 0.5M&€.

- The time to organise in case of inspection and repair phases has been reduced to

half.

In the following table 14 the KPI’S are summarized.

Availability (time)
Availability (yield)
Costs per kWh
Repair costs
Revenue losses
Total O&M effort

Output KPI's

93.6%

93.0%

1.86 c€/kWh
55.0 M€/year
29.4 M€/year
84.4 M€/year

Table 14. KPI for wind farm C strategy. Source information: Reference O&M Concepts for Near and Far Offshore

Wind Farms.

Some conclusions are extracted concerning [6]:

e The total cost is higher due to the large count of wind turbines to be maintained.
e The time and yield availability is within the industry standards because of the fast
reaction time of the CTV stationed offshore.
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e The revenue losses represent the 34,8% of the total O&M costs and the repair costs
the 65,2%.

8.5.4 O&M strategy Wind Farm D

Wind Farm D is situated 150km offshore with 50 m depth and larger 8MW machines are
considered for the 800MW wind farm. An offshore based strategy is chosen with a floating
base in the form of Mother Vessel or SOV. Some assumptions are taken into consideration in
respect to [6]:

- The SOV is situated close to the wind farm. It provides a way to load CTV, storing
spare parts below 3MT.

- The spare parts are supplied by a feeder vessel with a fix cost of 0.5M€

- 36 technicians are on board of the SOV.

- The time to organise in case of inspection and repair phases has been reduced to
half in case where CTV is used as the primary vessel. In case CTV are busy or
weather restrictions are not permissible, the SOV will initiate the repair.

In the following table 15 the KPI’S are summarized.

Output KPI's

Availability (time) 94.5%

Availability (yield) 94.3%

Costs per kWh 1.39 c€/kWh

Repair costs 48.0 M€/year

Revenue losses 27.2 M€/year

Total O&M effort 75.2 M€/year
Table 15. KPI for wind farm D strategy. Source information: Reference 0&M Concepts for Near and Far Offshore
Wind Farms.

Some conclusions are extracted concerning [6]:

e The costs per kWh are quite reasonable.

e The wind farms are operated at high percentage availability. This is possible due to the
immediate reaction time of the SOV’s and CTV’s located offshore.

e The revenue losses represent the 36,2% of the total O&M costs and the repair costs
the 63,8%.

8.5.5 O&M strategy Wind Farm E

Wind Farm E consider 50 floating turbines of 8MW each. It’s located 20 km offshore and 200 m
depth. The O&M floating offshore wind industry is still unknown and there are many options.
Some assumptions are made concerning [6].

- A SOV performs the regular and corrective maintenance. The SOV has 36
technicians and it cost 10M€/year.

- For heavier replacements (spare parts> 3MT), the complete structure is towed
back to the port, avoiding the need to charter expensive heavy lift vessels. This is
performed using a towing.

- Itis assumed that when the turbine is towed back, it does not affect the
availability of any other turbine.

- For spare parts less than 3MT, a feeder vessel is used on a regular basis to refill the
small spare parts on the SOV.
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In the following table 15 the KPI’S are summarized.

Output KPI's

Availability (time) 91.4%

Availability (yield) 90.4%

Costs per kWh 2.82 c€/kWh

Repair costs 41.6 M€/year

Revenue losses 20.6 M€/year

Total O&M effort 62.2 M€/year
Table 16. KPI for wind farm E strategy. Source information: Reference O&M Concepts for Near and Far Offshore
Wind Farms

Some conclusions are extracted concerning [6]:

e Using the SOV as a regular maintenance vessel make higher the costs per kWh.
However, due to the less number of turbines, the overall costs are still low as
compared to case study D which also includes a SOV.

e The time and yield availability and both low due to the higher downtime in case of
large spare part replacement, as the turbine is towed back to the harbour.

e The revenue losses represent the 33,1% of the total O&M costs and the repair costs
the 66,9%.

8.6 Conclusions and discussion of the case study

The case study discussed in the previous sections make it clear that choosing the most suitable
O&M strategy for an offshore wind farm is not so straightforward. The cost of using strategies
different from the conventional O&M has to be compared in terms of increased availability. To
choose the right strategy for each wind farm all the right considerations have been taken and
the following results in table 16 have been obtained.
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Wind Farm specs

-400MW
-100 turbines
-4MW turbine

-30km from Danish coast

-20 m deep
-400MW

-50 turbines
-8MW turbine

-30km from Dutch coast

-20 m deep

-800MW
-200 turbines
-4MW turbine

-150km from UK coast

-30 m deep
-800MW

-100 turbines
-8MW turbine

-150km from German coast

-50 m deep
-400MW

-50 turbines
-8MW turbine

-20km from Norwegian

coast
-200 m deep

O&M strategy

CTV + access
gangway

CTV +helicopter

Hybrid (shared
harbour &
resources)
Offshore
permanent base

Offshore floating
base (SOV)

SOV + towing
vessel

Availability
(%time,
%yield)
94.6%
94.3%

94.8%
94.6%

94.8%
94.5%

93.6%
93.0%

94.5%
94.3%

91.4%
90.4%

Costs per kWh

2.33 c€/kWh

1.53 c€/kWh

1.09 c€/kWh

1.86 c€/kWh

1.39 c€/kWh

2.82 c€/kWh

Total O&M
costs

41.2 M€/year

35.3 M€/year

57.3 M€/year

84.4 M€/year

75.2 M€/year

62.2 M€/year

Table 17. Result for each strategy in each wind farm. Source information: Reference O&M Concepts for Near and Far
Offshore Wind Farms.

Some clever conclusions can be extracted after seeing this results according to [6]:

By adding an access system for Wind Farm A, as compared to only CTV, a saving of

3M€/year is achieved.

Using the hybrid strategy for Wind Farm B a cost saving of 6.7M€/year is achieved,
compared to the strategy with CTV and helicopter.
For bigger and far-offshore wind farms, installing an offshore permanent base and

floating base (SOV) has a high value and this value becomes more relevant when

operated under hybrid strategy.

For Wind Farm C, sharing of permanent base leads to cost saving of 28.5M€/year.

A suitable solution of O&M floating wind turbines is touched upon.
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9. INTO DETAILS: WIND TURBINE BLADE

According to the paper called Wind Turbine Blade Life-Time Assessment Model for Preventive
Planning of Operation and Maintenance [7], out of the total wind turbine failure events, blade
damage represents an important part being estimated around 23%. Normally, operation and
maintenance practices make use of corrective type maintenance as the basic approach. This
implies high costs for repair and replacement activities as well as large revenue losses, mainly
in the case of offshore wind farms.

Nowadays, a lot of conditions monitoring techniques are used gathering a large amount of
information on the blades structural health to the decision maker.

In the reference report [7] a large amount of data was obtained and a study was carried out in
order to explore a feasible preventive maintenance, with the potential of predicting the blades
remaining life to support O&M decisions for avoiding major failure events and reduce the
costs.

In this study the failure considered was a fracture mechanics based model for estimating the
remaining life of the wind turbine blade.

9.1 Description of the model used
The estimations and the parameters for this study [7] and the wind farm are:

e The wind and wave data is based on two years of measurements from a typical North
Sea location (80km offshore).

e SMW turbine is considered as a model.

e The lost energy production is estimated for the downtime periods.

e For the transport to the turbine by ship the following conditions have been
considered: wind limit (12m/s), wave limit (1.5m) and transport time (8h). None
specific vessel has been considered.

9.2 Results and discussions
After the model simulated in [7] it is possible to optimize the total O&M costs.

Inspection activities are the main tool in determining whether or not a blade needs to undergo
a repair, potentially saving considerable expenses by avoiding future corrective repair.
However, if the interval between two consecutive inspections is too small, it can lead to
unnecessary high maintenance costs.

There are two key parameters: Interval between inspections and the intervention limit.
- Inspection interval

The optimum time between inspections is found as the time interval where the total expected
preventive and corrective maintenance cost is minimized. Figure 28 shows the expected costs
for each maintenance technique during the years. Imperfect repairs imply that a repaired crack
is not completely eliminated, meaning that there will be new cracks during the life of the
blade, while perfect repairs imply a complete removal of any repaired crack.
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Figure 30. Expected costs for each maintenance technique during years. Source: Wind Turbine Blade Life-Time
Assessment Model for Preventive Planning of Operation and Maintenance

Looking at this graphic and regarding [7] some conclusions could be extracted:

A clear minimum point is seen at a time interval of two years for both assumptions.
Below this point, the amount of preventive maintenance and the associated cost is
unnecessarily high, due to the low risk of failure, as illustrated by the corrective cost
function.

Choosing a larger time interval increases the chances of collapse, greatly raising the
expected corrective cost, as well as the revenue loss.

Although the trend of the total cost is similar in both analyses, indicating an optimal
interval of around two years, the difference in magnitude is evident. This is especially
noticeable when looking at the preventive maintenance component. The reason for
this is that, when perfect repairs are assumed together with a small inspection
interval, all existing cracks are fixed within the beginning of the blade’s lifetime,
leaving it in a perfect health state, therefore, the cost of preventive maintenance is
lower because is required less times. On the other hand, with imperfect repairs, crack
growth will be present during the entire life of the blade, due to the fact that they are
not entirely removed and this implies a larger number of preventive repairs, so higher
preventive costs.

The corrective cost for small inspection intervals is similar in both cases, due to the low
probability of collapse. When changing to high values for the inspection interval, the
situation is reversed.

- Repair limit

Making the right decision on the repair limit has a strong influence on both the amount of
preventive maintenance and the risk of corrective repair. By choosing a high limit, the
degradation state is allowed to approach the failure limit, raising the risk of a collapse event
and higher corrective maintenance costs. On the other hand, a low repair limit raises the cost
of preventive maintenance by wasting significant portions of the blade’s remaining life.

In figure 29 the cost functions as a function of repair limit are shown for an inspection time

interval

of two years.

UNIVERSITAT POLITECNICA 45

DE CATALUNYA
BARCELONATECH



i

OPERATIONS AND MAINTENANCE COSTS FOR OFFSHORE WIND FARM

jx 10 Perfect repair x 105 Irnedfect repair
Preventie 3 Prevantive
Comactive = Comectme
25 nspection 25 Inspectian
Reamrue loss Revenus loss
Total Total
= 2 T 2
T =
E . » /V
I oo
05 05
. o
1 L |____‘___'|__—‘——| L L L i _-__-‘_l_____l
I:I1I] 20 30 40 a0 B0 70 0‘||:| 20 30 40 &0 B 7o
Regair limd [3] Repair limit %]
Figure 31. Repair limit for an inspection interval of two years. Source: Wind Turbine Blade Life-Time Assessment
Model for Preventive Planning of Operation and Maintenance
Looking at the trends of this graphs and concerning [6] it can be said that:
e In both cases a repair limit less than 30% is optimal.
e Alow intervention limit implies a larger number of repairs, given that cracks are

continuously present during the entire lifetime of the blade. Between 10% and 40%
the prevention costs are higher but the corrective cost is much lower. At values over
50%, the probability of requiring more than one preventive repair is low but the
corrective costs increase a lot meaning that a blade replacement will be required.
Therefore, the optimal repair limit for an inspection of two years is 30%.
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10. CONCLUSIONS

Nowadays, countries are beginning to invest more money to offshore wind farms even though
the higher operations and maintenance costs compared to offshore. Nevertheless, the total
installed wind power capacity offshore is still low compared to onshore.

The O&M costs offshore make up 25-30% of the total costs. This is almost as much as the cost
of the wind turbines and about as much as the costs of construction and installation. This costs
are increasing as the distance of the wind farm from shore increases due to a drop in
availability that lead to the rise of lost production costs.

Talking about failures, the average failure rate for an offshore wind turbine reaches 10 failures
per turbine per year by a wind farm’s third operational year, however, 80% of those repairs are
minor repairs. Deeper in the failure rates, the subassemblies/components that fail the most
are the pitch/hydraulic system, the other components group, the generator and the gearbox.

It must be point out that the gearbox has the highest average cost per failure with a major
replacement costing 230.000€ on average. The fact that the gearbox has a high major
replacement failure rate and repair time also suggests that it will be one of the largest
contributors to the overall O&M costs for the offshore turbine.

Besides, offshore shows a stronger correlation meaning that there is higher failure rate with
higher wind speeds offshore. Therefore, generators and converters have a higher failure rate
offshore than onshore.

Moreover, the unplanned maintenance costs are contributing to 90% of total O&M costs,
where 28% is due to downtime and revenue losses. Consequently, choosing the right strategy
with the right equipment to carry out the maintenance task plays an important role in the
overall costs. The choice of the strategy is directly correlated with the distance from shore and
the water depth. It seems to be, that the wind farms near from shore with fixed turbines have
lower total O&M costs and lower revenue losses.

Looking for complementing activities, during the maintenance activities in the wind farm,
normally the 50% of the time is non-productive because of the waiting. Combining the
maintenance task and the harvest mussel at the same time could be a feasible strategy to
reduce these lost hours at least 25% and the total O&M by a 10%.

Finally, the wind blade damage represents de 23% out of the total wind turbine failures.
Therefore, it must be inspected every 2 years and the repair must be done at the 30% of time
of this two years, in order the avoid unnecessary high preventive maintenance costs and
having the risk of collapse, leading to higher corrective maintenance costs.
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