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Summary

Wind turbines are complex systems consisting dadiréety of critical components (e.g. tower,
blades, rotor hub, sensors, gearbox, power elacgpogaw, brake mechanism, controller,
anemometer, etc.). Failure of any of these critmainponents will most likely result in
unnecessary downtime and associated costs dueetdofis of production and repair
requirements. Depending on the type of componedtrande of failure the effect on the
overall downtime, repair timescale and financiaskes can vary significantly. Thus, gearbox
failures may result in far longer downtime and nbemance costs than failures associated
with sensors. Furthermore, certain types of faguraay result in significant damage to other
components or even complete loss of the wind terbior example, an overheating bearing
causing combustion of the lubricating oil will padily lead to the complete loss of all the
equipment installed on the nacelle. Also failuretloé braking mechanism under severe
windy conditions may also result in catastrophracural failure of the blades and possibly
the wind turbine itself.

The purpose of this deliverable report is to preska data collected with the help of the
industrial partners of the consortium about thkifeimodes that affect wind turbines. Due to
confidentiality issues the distinction between amshand offshore wind farm data is not
always straightforward but the report containsisight detail in order to enable satisfactory
conclusions to be drawn with regards to the maoblems faced in wind turbine operation
whether these are onshore or offshore. To the e#tahit has been possible public releases
have been considered to increase the amount afilusé&rmation contained in this report.
According to the findings the gearbox conditionaicritical factor for both onshore and
offshore wind farms as it can result in significaiotvntime and repair costs. Although wind
turbine manufacturers and operators demand thageheoox is designed for an operational
lifetime of at least 20 years this is far from lgeiachieved. According to reports most
operators are faced with gearbox refurbishmentveneeplacement at least twice or thrice
within a 20 year period of operation. In recentdvenergy projects the costs associated with
gearbox problems are always taken into consideratising budgetary planning.
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1. Onshore and offshore wind energy

The growing effects of global warming are a serittu®at to the economic and societal
stability of the European Union as well as the wdsthe world. The strong growth in the
amount of energy provided by renewable energy &suand wind energy in particular
contributes substantially into the meaningful redurcof greenhouse emissions [1].

Over the last three decades, wind energy has exmerd substantial growth rates becoming
the most important renewable energy source withimoge [2]. The renewable energy
industry as a whole, with the wind energy indusegding the way, has made significant
advances since the Kyoto Protocol was signed ianla®97 [3].

The decisions of the Kyoto Protocol were boostethduhe United Nations Bali Convention
in 2007 which emphasised the need for the decashtan of the global economy before the
21% century expires [4]. The EU has been in the forgfiof this effort with approximately
13% of the energy mix of the EU-28 being generditeth renewable energy sources as of
2013 [5]. Under normal annual wind conditions thé28 can produce 257 TWh or 8% of its
annual electricity demand [6]. The pie graphs Feglirshow the increasing importance of
wind energy in the EU-28 energy mix with respeadntialled rated power capacity.
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Figure 1: EU energy mix in 2000 (left) and 2012fit) in terms of installed rated capacity.
Wind energy represented 11% of the overall insdalkged power capacity in Europe
[Source: EWEA].

The graph in Figure 2 shows the confirmed contitsubf renewable energy sources (i.e.
energy produced) in the EU-28 energy mix up to 2(Méspite the turbulent economic
conditions of recent years, the EU-28 is curremty the way of meeting and possibly
exceeding the target of 20% being produced froreweible energy sources by 2020.

The plot in Figure 3 shows a comparative graphhef share of energy from renewable
energy sources in gross final consumption of eneng3011 between the EU-28 and other
countries around the world.
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Figure 2: Contribution of renewable energy souingle energy mix of the EU-2020 from
2004-2011. A steady increase is evident with mfhumtuations indicating that the EU is
currently on its way of achieving the target of 28%ergy production from renewable energy
sources set for 2020 [Source: EUROSTAT].
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Figure 3: The share from renewable energy sourcgeoss final consumption of energy in
2011 between the EU-28 and other countries ardumavorld [Source: EUROSTAT].
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At the moment Sweden is the EU-28 leader in ren&avabergy production with almost half
(48%) of its power needs being produced from soatde energy sources [7]. However, the
majority of renewable energy production is basedhgdroelectric power generation with
wind energy accounting for approximately 4% of twerall energy production only despite
the 2000 wind turbines already installed. Denmamkthe other hand has achieved a 45%
contribution from wind energy to its energy mix ke target of at least 50% by 2020 and is
in close pursuit of Sweden. Thus, Denmark is culyethe EU-28 leader in wind energy
production in terms of contributed amount to itergy mix [8].

The graph in Figure 4 shows the wind energy instialtapacity, amount of electricity
generated and contribution to the energy mix inrbDark over a period of more than three
decades from 1977 to 2011. A significant amounDehmark’s wind power capacity is
installed offshore (approximately 30%).
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Figure 4: Wind power installed capacity, power gatien and contribution to the Danish
energy mix. It can be seen that the installationes capacity accelerated to its highest at the
end of the last decade [Source: Wikipedia articlé\dnd energy in Denmark].

Germany and Spain are the EU-28 leaders in terntetalf installed wind energy capacity.
Germany has installed in excess of 32 GW wind paapiacity as of 2013. The wind energy
produced from the installed wind turbines contr@sutmore than 11% of the overall
electricity demand in Germany [6]. The plot in FHigub shows the installed wind energy
capacity in Germany by 2011.
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The graph in Figure 6 shows the power output aclidvetween April, %t and April 258" in
2013 from all German wind farms.
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Figure 5: Total installed capacity and average gard power in Germany from 1990 to
2011 [Source: Wikipedia article on Wind power inr@any].
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15 000MW Nennleistung Wind # Stundengangline der Einspeiseleistung Wind
30.000MW
25.000MW
20.000MW
15.000MW

10.000MW

Einspeiseleistung und Nennleistung (MW)

5.000MW

omw

TR HE R R AR TR YR AR YR TR IR YR AR AR YN AR IR AR TR R IR AR | R v R AR

Mo Di0O2Mi03Do04 Fr05 5306 So07 Mo DI0O9Mi10Do11 Fri12 Sa13 5014 Mo Dil6 Mil7Do 18 Fr19 Sa20S0 21 Mo |Di23 Mi24Do 25
01 08 15 22

Datenquelle: Leipziger StrombBrse EEX Apr.2013 Aufldsung: Stundenwerte Darstellung: R.Schuster

Figure 6: Wind energy feed-in in Germany from Agdri+ 25, 2013, Total installed rated
capacity is 32 GW. Peak output reached 18 GW lyraail April 18
[Source: EIKE reader Ralf Schuster].

In Spain the total installed capacity has exce&8&W in 2013 [6]. Latest reports suggest a
21.1% contribution in the Spanish energy mix praigducfrom wind turbines, thus exceeding
for the first time the annual power production fraoclear power plants in the country [9].
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The graph in Figure 7 shows the increase in cumvelatapacity in Spain over a ten-year
period from 2002 to 2012.
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Figure 7: Growth in cumulative wind power capaditySpain from 2002 to 2012
[Source: AEE].

In 2012 a total of 1,111.8 MW of wind power capgeitere installed in Spain. Table 1 shows
the wind turbines installed were manufactured atreasirely by European manufacturers.

Table 1: Manufacturers of wind turbines installed in Spaiming 2012 [Source: AEE].

Percentage Cumulative Cumulative
Manufacturers Capacity of total capacity to market
installed in installed in end 2012 share
2012 (MW) 2012 (MW) %)

Source; AEE
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More than 9 in 10 turbines installed in 2012 in i@p@ere of the geared type. Figure 8 shows
the number of installed turbines per power rating their share with respect to the overall
installed capacity in Spain in 2012. The majorifyttte newly installed wind turbines were
rated at 2 MW, followed by 3 MW rated turbinestdtal 576 wind turbines were installed in
Spain in 2012 bringing their total number acrogsdbuntry to 20,190.
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Figure 8: Breakdown of the size of turbines mstalled iniBpa 2012 [Source: AEE].

Significant growth in installed wind power capacitas also been seen in the UK with
particular emphasis in offshore projects. Accorditng latest news the UK will limit
drastically onshore projects and focus only ontaffe wind farm development in the future
[10]. The graph in Figure 9 shows the cumulativendvenergy capacity in the UK for
onshore and offshore project.
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Figure 9: Graph showing the cumulative installed capacitthin UK for onshore and
offshore projects [Source: Wikipedia article on Wianergy in the United Kingdom].
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Some offshore wind farms in the UK have encountesigphificant problems with their
gearbox designs as discussed later in this report.

The graph in Figure 10 shows the contribution okxeable energy sources in the EU in 2011
and the target set for 2020.
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Figure 10: Share of renewable energies in gross final eneosggumption in EU-27
countries in 2011 (in %) [Source: EUROSTAT].

The wind energy industry has continued experienstngng growth in global scale with total
installed capacity now exceeding 300 GW as of 201& graph in Figure 11 shows the
amount of cumulative installed global capacity @12.

More than one third of the global capacity or icess of 120 GW of wind power capacity is
installed in EU Member States. From the total Eeespwind energy capacity installed 110
GW concern onshore projects and less than 10 GWecoroffshore wind farms.

China and the U.S. have also been exhibiting stgyogith in recent years with the majority
of installed wind power capacity outside the EUngefound in these two countries. The

majority of the newly installed wind turbines haleen of the geared type, representing
around 80% of the overall market in 2012.
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The graph in Figure 12 shows the ten countries Wighhighest amount of newly installed
wind power capacity in 2012. The graphs in FiguB show the leading wind turbine
manufacturers for 2010 and 2012. Despite the Vela&conomic climate European wind
turbine manufacturers still control almost 45%lef bverall market.

However, in 2012 the highest market share has Wweerfor the first time by a non-European
company. European offshore wind turbine manufactuaee likely to come under significant
pressure from international competitors (partidyliom manufacturers in South East Asia
with vast expertise in offshore structures and timae construction) in the medium to long
term.

These are additional signs of the difficult roadndy ahead for European wind turbine
manufacturers in terms of competition from non-B@&an companies who are continuously
trying to penetrate the European wind energy market
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Figure 11: Global cumulative growth in installed wind powepeaity from 1996 to 2012
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Figure 12: Top ten countries for newly installed wind powapacity in 2012
[11].
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Figure 13: Market share for major wind turbine manufacturar2010 and 2012
[11-12].

The overall investment in new renewable energy gutsj however did dwindle in 2012
recording a significant drop in new investmentscamparison to 2011. Early indications
show that the situation has somewhat improved ih32But uncertainties regarding the
performance of the European economy have an adeffesst on the implementation of new
projects. Reliability issues concerning offshorendvifarms have also contributed to the
slowing down of further investment.

Figure 14 shows the total investment in new rendsvabergy projects from 2004 to 2012 in
billions of U.S. $. The global investment in newmewable projects also declined in 2012 as
shown in the plot in Figure 15.
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Figure 14: Investment for new renewable energy projects iropeiin 2012 [11].
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Figure 15: Overall investment for new renewable energy prgjéam 2004 to 2012 in U.S.
$. A substantial decrease was evident in 2012 [11].

Although the majority of wind energy projects amnstructed onshore, in Europe there has
been a significant investment in offshore wind fazonstruction. Practically all European
offshore wind farms are located in the North Sea.

At the end of 2013 there were 8 GW of installecslofire wind power capacity. Offshore
wind farms represented 7.5% of Europe’s annual wenédrgy installations. The EU-28
objective is to achieve a 40 GW installed capabiyy2020. It is unlikely that under the
current economic uncertainty this is an objectivieicl is realistically achievable before
2025.

Twenty-two out of the twenty-five major offshorenali farms around the world are located in
Northern Europe. The other three are located im&hCertain wind farms have encountered
substantial problems with their gearboxes whichsile not entirely certain that they have

been solved yet. About half of these offshore wiantins are in the North and Irish Sea with
the rest being installed in the Baltic Sea.

The wind turbine manufacturers who have succeedeatering the offshore market include
Siemens, Vestas, REpower, Bard, Areva, Nordex, GamAélstom, Goldwind (China),
Sinovel (China) and Shanghai Electric (China).
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The pie graphs in figure 16 shows the offshore viurtline market share from 2010 until the
end of 2013. European manufacturers continue toirtiien the market although REpower
has been acquired by Suzlon Energy since Decentio€r. 2
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Figure 16: Offshore wind turbine market share from 2010-2088Urce: EWEA].

The graphs in Figure 17 show the offshore windingmanufacturer market share for 2010
and 2013.

In total there are 2080 offshore wind turbines Wwhiave been grid connected so far.
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Figure 17: Offshore wind turbine manufacturer market shared28id 2013
[Source: EWEA|].

The graph in Figure 18 shows the annual growth emuulative offshore wind energy
capacity in Europe over a period of twenty years iaore specifically from 1993 to 2013. It
is evident that offshore wind energy in Europe rieswgng rapidly. The graph in Figure 19
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shows the cumulative installed wind energy in Eero@nshore wind farms currently
represent more than 90% of the total installed cigypa

Figure 18: Annual growth and cumulative installed offshore evpower capacity in Europe
from 1993 to 2013 [Source: EWEA|].

Figure 19: Annual growth and cumulative installed wind powapacity in Europe from
2000 to 2012. Onshore projects account for mone 8@86 of the overall installed capacity
[Source: EWEA|].
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However, as shown in the graph in Figure 20 newyalled offshore wind energy capacity
is experiencing stronger growth rates than onskonel energy projects. Nonetheless, the
onshore wind energy market remains significanttgéa than offshore wind energy.

Figure 20: Annual growth for onshore and offshore installeddvpower capacity in Europe
from 2001 to 2012. From 2010 onwards offshore véndrgy has achieved a 1 to 10 analogy
with respect to onshore [Source: EWEA].

The graph in figure 21 shows the average ratingviafl turbines installed offshore which
over the last three years has stabilised aboveM¥\6 In the case of onshore projects the
average rating hovers at around 2 MW. Figure 22vshbe cost fraction for each of the main
components of a typical 2MW turbine.

Figure 22: Average power rating for wind turbines installeésbbre from 1991 to 2013.
[Source: EWEA|].
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The graph in Figure 23 shows the average offshongl iarm output in Europe which in
2013 exceeded 450 MW. The average size of onshime farms is normally much smaller
and rarely exceeds 100 MW.

In general the biggest onshore wind energy projasfound in the U.S. and they normally
have an average rated capacity which exceeds 100astghown from the plot in Figure 24.
However, in Europe the average onshore wind fatedreapacity is less than 100 MW.

Figure 24: Average offshore wind farm capacity in Europe frb@11 to 2013
[Source: EWEA].

Figure 24: Average onshore wind farm capacity in the Uniteat& from 1998-2009. In
general onshore wind farm projects are smallerurofe than in the United States and rarely
exceed 100 MW in rated capacity [13].
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Figure 22: Cost fraction of different key wind turbine compotee
[Source: Wind directions, January/February 2007].

Figure 23: Distribution of cost fraction per component faiypical 2 MW wind turbine [12].
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2. Operation and maintenance for onshore and offsho re
wind turbines

Most wind turbines are three-blade units comprisshghe components shown in figure 22.

Driven by the wind, the blades transmit the endrggested via the main shaft through the
gearbox to the generator. Alignment with wind dii@t is controlled by the yaw system of

the wind turbine. Maintenance is required ensueeviind turbine and the key components
that comprise it continue to perform the functibeyt were intended to for the entire design
lifetime. The fundamental objectives of maintenaace to deploy the minimum resources
required to ascertain that the wind turbine andciiical subcomponents perform their

intended operation normally without interruptiordaensure reliability [14-15]. In the event

were damage has already occurred then maintenaagédenrequired to correct the fault or
recover from a breakdown [15].

Classical theory defines maintenance activitieheeitas corrective or preventive (or
predictive) [16]. The former (also known as unsehed or failure based maintenance) is
carried out when turbines break down and whendaark detected or failures occur in any of
the components. Immediate refurbishment or replac¢érof parts may be necessémyor!
Reference source not foundand unscheduled downtime will result. Correctiv@mtenance

is therefore the most expensive of strategies and farm operators will hope to resort to it
as little as possible. The various stages are showigure 24.

> o > D > >

Figure 24: Stages of a corrective maintenance task.

By contrast, the objective behind preventive maiatee (PM) is to either repair or replace
components before they fail as shown in FigurelZj.[This has most straightforwardly been
achieved by scheduled maintenance, also knownreskased (or planned) maintenance and
involving repair or replacement at regular timeemls as recommended by the supplier and
regardless of condition. Scheduled maintenanceites in WT include the changing of oil
and filters, and the tightening and torqueing df$o

o » S o » - »

Figure 25: Stages of a corrective maintenance task.

Operating and Maintenance (O&M) costs of onshomdwarms normally do not exceed 20-
25% of the overall project cost. However, in thesecaf the offshore projects current
experience has shown that O&M costs can be asdsgt®% and even exceed this. Although
onshore wind turbines are designed with a 20-yparational lifetime in mind this has been
proven to be practically impossible to achieve withserious repairs taking place as damage
evolves. Offshore wind turbine designers face asnewmore challenging task as offshore
wind farms are supposed to remain in operatioafdeast 25 years.
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One of the key components of a wind turbine isgearbox. Gearbox manufacturers despite
the development of the IEC 61400-4 standard ongdesequirements for wind turbine
gearboxes have failed to manufacture gearboxeswdaig last for 20 years [18].

It is generally acceptable that an onshore wintitg may need three or four times to have
its gearbox repaired or even replaced during itgeshifetime. In the case of onshore wind
farms this is largely attributed to the poor untirding of continuously variable loading
conditions arising from turbulent wind that afféicé gearbox operation.

On the other hand in the case of offshore windite®there has been an underestimation of
the loading conditions prevailing out in the op&a @nd thus most gearbox designs have
experienced significant problems very early in thiéetime [19-21]. The majority of wind
turbine gearbox failures have been reported taairitin the bearings (planetary, intermediate
and high-speed shaft) [2@Dil cleanliness and lubrication quality have alse highlighted

as part of the problem since they can contributexitessive wear, surface distress, fatigue
spalling and pitting [22].

Nonetheless, there is still a necessity to undedsthe fundamental loading conditions
associated with planetary bearings particularly tire case of offshore wind turbine
gearboxes. Examples of damage on bearing and gearshown in the photographs of
figures 25 and 26.

Figure 25: Fatigue spalls on roller bearing inner ring andhfa pitting (spalling) on pitch
line in gear teeth [21-22].
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c)
Figure 26: Example of a) scuffing located on top of the todthbroken teeth related to
unanticipated wear of bearing/pinion and c) progikespitting [23].

According to several studies oil cleanliness aratidation quality plays a crucial factor in
the deterioration of wind turbine gearboxes.

It is estimated that the oil cleanliness can ineee@ar reduce the lifetime of gearbox
components by up to 50% in comparison to a newbged21].

One report has suggested that 82% of machine gepatrticle induced and related to oil
cleanliness [24].

Therefore, it is crucial that wear particles armmoged using appropriate filters in order to
increase the lifetime of gearboxes.

The schematic in figure 27 shows the modular d@dimi of a gearbox and its main
subcomponents.
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Figure 27: Modular definition of a wind turbine gearbox [25].

Onshore wind farm availability has increased suliitly in recent years reaching 95-98%
on average. However, for offshore wind farms mumlier availabilities are recorded which
reduce the overall average to as low as 80-85%. [&&ihd turbines at the Scroby Sands,
North Hoyle, Kentish Flats and Barrow had all gearbearing or full gearbox replacements
within the first 3 years of operation.

There is evidence from several European wind faperators that the quality of repairs can
influence by a noteworthy margin the Mean Time Bamdw Failures (MTBF) and thus the

requirement for further maintenance. Also the waintenance is carried out can influence
the extent that damage may evolve and how it Viféich the overall wind turbine operation in

the future.

There have been a number of studies that havetigatsd the reliability of industrial scale
wind turbines. RELIAWIND, an FP7 project (Grant &gment Number FP7-212966,
www.reliawind.eg which was concluded relatively recently conside5,000 downtime
events associated with 350 pitch-controlled vaeapeed wind turbines from four different
manufacturers [27].

The graph in figure 28 shows the percentage caritab to overall failure rate for the wind
turbines considered in the study. The highest failkates have been experienced by the
power converter.

The pitch system has also experienced relatived lailure rates. Very surprisingly the
study revealed a higher failure rate for the yasteay than the gearbox.

The sample of wind turbines considered in the RBMIAD study is relatively small over a
relatively small period of time.

Also the age of the wind turbines has not beenaledethus it is very difficult to draw safe
conclusions regarding the gearbox failure rate tvisieems generally lower in comparison to
the information gathered from other sources.

OPTIMUS/322430/Deliverable 1.1/2014/Version 1.0 24
Copyright © OPTIMUS ENERGY Consortium Members 2014



OPTIMUS - 322430
GA ENER/FP7/322430/0PTIMUS

The graph in Figure 29 shows the percentage caniwib to the overall downtime caused by
failure of various components for the wind turbicessidered during RELIAWIND.

Figure 28: Graph showing the percentage contribution to ovédilire rate for 350 wind
turbines considered in RELIAWIND
[Source: M. Wilkinson, EWEA 2011, Brussels, Mardi2].

Figure 29: Graph showing the percentage contribution to odmaintime for 350 wind
turbines considered in RELIAWIND
[Source: M. Wilkinson, EWEA 2011, Brussels, Mardi2].

Figure 30 shows results from the WS D, LWK D and § studies for the period 1993-
2004. However, it is difficult to relate these rigsuo the findings of the RELIAWIND
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project as the wind turbines considered are litelype of older technology and most likely
improvements in the gearbox design have taken mheitee meantime.

In general there is significant scatter of datanfrstudy to study and this is due to several
reasons including wind quality, maintenance practigpes of turbine used, etc.

Figure 30: Results from the WS D, LWK D and WS DK studies 1863 to 2004
[Source: SUPERGEN Consortium Presentation].

Figure 31 shows the hours lost per failure foredght component faults according to the
results of the LWK study from 1993 to 2004. Gearlfmiures were determined to cause the
highest downtime.

Figure 32 shows the average failure rate per wimbdine based on the results of the LWK
study from 1993 to 2004.
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Figure 31: LWK survey on hours lost per failure for 1993-2004.
[Source: SUPERGEN Consortium Presentation].

Figure 32: LWK average failure for different wind turbines ©993-2004
[Source: SUPERGEN Consortium Presentation].

The average failure rates for WT components fromoua studies (Bussel G J W van,
Zaaijer M B., EWEC, 2001; Ribrant J, Bertling L. MEEE Transactions on Energy
Conversion, 2007; Ribrant J. Master’'s thesis, KTehdl of Electrical Engineering,
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Stockholm, 2006; Spinato F, Tavner P J, Bussel @ ¥an, Koutoulakos E., Renewable
Power Generation, IET, 2009) is shown in figure 33.

Considering the cumulative failure rate of each ponent, the control system has the highest
value, followed by the blades/pitch and then tleeteic system.

Gears, yaw system, hydraulic, brake, generatosaeand others form a group with medium
cumulative failure rate. Hubs, drive trains andistires all have low rates.

Hub
Blades/Pitch
Generator
Electric system
Control system
Drive train

Sensors

Components

Gears
Brakes
Hydraulics
Yaw system

Structure

Other

0 0.05 0.1 0.15 0.2 0.25 0.3

Failure rate
(failures per year per turbine)

Figure 33: Average rate of failure for various wind turbirengponents (Source: Bussel G J
W van, Zaaijer M B., EWEC, 2001; Ribrant J, Bedlin. M., IEEE Transactions on Energy
Conversion, 2007; Ribrant J. Master’s thesis, KTdh@®| of Electrical Engineering,
Stockholm, 2006; Spinato F, Tavner P J, BusseMGuan, Koutoulakos E., Renewable
Power Generation, IET, 2009)

Another study carried out by ECN considered a wardh of 9 multi-MW turbines with two
different types of gearboxes and generators.

Failures occurring in the wind farm were recordad analysed for three consecutive years.
It can be seen in figure 34 that failures were gvdistributed among the nine turbines.

Figure 35 shows the distribution of the failure a1
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Figure 34: Percentage of failures per turbine [26].

Figure 35: Distribution of the total number of recorded fads per turbine system [26].

It is evident that the gearbox-related failures thiee dominant fault for all turbines with the
power converter experiencing far less faults [26].

The graph in figure 36 shows the failure distribntper cause recorded in Sweden between
2000 and 2004. Figure 37 shows the associated doe/iper mode of failure.

Table 1 summarises the statistical findings ofgtuely carried out in Sweden [19]. Gearbox
failures are summarised in Table 2. The importantlimgs of the Swedish study are
summarised in Table 3.
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Figure 36: Distribution of number of failures for Swedish wipower plants between 2000-
2004 [19].

Figure 37: Distribution of downtime per failure mode.
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Table 1: Summary of statistical findings for Sweden, Fidamd Germany between 2000
and 2004 [19].

Table 2: Type of gearbox failure [19].

Table 3: Result of statistical findings for Sweden [19].
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Onshore and offshore wind turbines seem to expagieammilar failure rates in the power
electronics according to a study carried out byt&fdall recently as shown in Table 4.

However, experience of other wind farm operatonsifpout that power electronics suffer a
substantially higher failure rate in offshore witilbines in comparison to onshore.

Table 4: Average failure event rate per year for two défartypes of multi-MW turbines for
offshore and onshore wind farms [Source: T. Stdattenfall Presentation, 2013].

There is serious evidence that gearbox failuredh@ranain reason of downtime in offshore
wind farms. The Alpha Ventus offshore wind farm esipnced serious problems with a
number of gearboxes in 5 MW wind turbines.

The problems were associated with overheating @iribgs which were attributed to a
combination of materials selection (aluminium allogtead of steel) and lubrication.

The gearboxes of these turbines needed to be rgtie shortly after they were initially
commissioned.

The annual service time for this particular windrighas been indicated to be 450 hours per
wind turbine.

Significant problems with the gearbox have beeredgrpced in the offshore wind farms of
Kentish Flats, Egmond, Barrow, Thanet and Horns. Rev

Figure 38 shows the annual availability of seveff$hore wind farms in comparison to
normal average availability of onshore wind farms.

It is evident that in some cases the availabilitpftshore wind farms is reduced dramatically
predominantly due to gearbox related problems.
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Figure 38: Annual availability of selected offshore wind fasrmompared to the average
availability of onshore wind farms [Source: Paavafigld].

Figure 39 shows the number of failures associati#il planetary bearing faults at the Horns
Rev 1 wind farm reported by Vattenfall.

It is expected that repair requirements of offsheied turbine gearboxes will increase as the
number of wind turbines installed also increaseemally making resource planning more
complicated and costly.

According to Wind Power Monthly (Sara Knight, 201if)2010 there were approximately
16,000 wind turbines installed globally with abd@@% of them installed in Europe. It is
expected that by 2017-2020 there will be 5,500 lgears that were installed in 2010 which
will need to be refurbished in Europe alone.

This number does not include the gearboxes of wirltines that are already in service from
previous years.

The price for a new gearbox for a 2MW turbine isthie range of €160,000-190,000. The
standard cost of bearing replacement, gear tee¢ghhaul and regrinding and component
measurement in this type of gearbox is in the rasfgé90,000-105,000 according to Wind
Power Monthly.

This does not include the logistics of the repagieration which can cost a further €20,000-
40,000 if the whole operation takes place withie day.

This cost can be doubled if the gearbox needs tefeved, repaired and replaced at a later
date. If damage such as a broken shaft has tochiée@, the cost can rise up to €130,000. A

OPTIMUS/322430/Deliverable 1.1/2014/Version 1.0 33
Copyright © OPTIMUS ENERGY Consortium Members 2014



OPTIMUS - 322430
GA ENER/FP7/322430/0PTIMUS

damaged gearbox may be cost-effective to repatowgpcost of €150,000-160,000, after that
a wind farm operator will normally opt for a repdgeent gearbox instead [Source: Sara
Knight, Wind Power Monthly, 2011].

The above scenario refers to an onshore wind terbline costs can be much higher for an
offshore wind farm.

O&M costs for offshore wind farms can thus be tew@éven times higher than the average of
onshore wind turbines [29].

Figure 39: Planetary bearing failures at Horns Rev 1 offsivarel farm reported by
Vattenfall [Source: R&D Examples Presentation, N2y 2].

Significant gearbox problems have been reportedtier wind farms where some of the
wind turbines had to have their gearboxes replaegdral times.

The graph in Figure 40 shows the availability foffedent offshore wind farms. In the
aforementioned wind farms problems recorded indudenerator bearing failure and
planetary bearing failures which was also the ncaimse of downtime.

Some of the problems were revealed using endoscopy.

The photograph in Figure 41 shows a typical endosatevice used to assess the gearbox
components.
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Figure 40: Availability at four different offshore wind farnsetween July 2004 to December
2007 [Source: Y. Feng et al., Durham Universityc@®uaber 2010].

Table 5 summarises the typical design charactesisfia generic gearbox.

Table 5: Design of a generic gearbox.

OPTIMUS/322430/Deliverable 1.1/2014/Version 1.0 35
Copyright © OPTIMUS ENERGY Consortium Members 2014



OPTIMUS - 322430
GA ENER/FP7/322430/0PTIMUS

Figure 41: Gearbox endoscopy [Source: Wind Power Monthly].

Table 6 shows the main faults associated with theep converter of wind turbines and the
average downtime caused by different types of failiihe downtime has been classified for

wind turbines rated below and above 1 MW.

Table 6: Main failure types

Failure type WT<1MW average downtime | WT>1MW average downtime in
in hours hours
Inverter IGBT 155 8.9
Rectifier IGBT 5.8 7.9
Relays 1.9 3.8
Capacitors 0.4 0.9
Measurement ltems 5.8 3.4

The availability of specialised equipment and pensb is far more difficult and costly in the
case of offshore wind farms as shown in the phafalgs in figure 42.
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Figure 42: Equipment for construction and maintenance ofhaife wind turbines.

The photograph in Figure 43 shows the typical ayeament of an offshore wind farm.

Figure 43: Wind turbine arrangement in a typical offshore avfarm.

The graph in Figure 44 shows the typical failureesagrom various wind turbines. The data
have been acquired from the LWK study (2006-2009).
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Figure 44: Typical failure rates from various wind turbin&oprce: LWK 2006-2009].
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3. Conclusions

This deliverable report presented the data coldeatéh the help of the industrial partners of
the consortium about the failure modes that aff@otl turbines and from the literature. The
importance of failures associated with power cotererand gearboxes has been highlighted.
There seems to be a consistency in the failures ratgoower converters recorded for both
onshore and offshore wind farms. However, in theecaf gearboxes problems encountered
seem to be significantly higher in offshore windnfia. In general the planetary bearing are a
major consideration followed from high speed sbafirings.
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